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in this category, removing this pre-average would not change the final result within the quoted
uncertainty.

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of αs is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

9.4.3 Deep-inelastic scattering and global PDF fits:
Studies of DIS final states have led to a number of precise determinations of αs: a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q2, provides combined values of αs at different energy scales Q, as shown
in Fig. 9.3, and quotes a combined result of αs(M2

Z) = 0.1198 ± 0.0032. A more recent study
of multijet production [373], based on improved reconstruction and data calibration, confirms the
general picture, albeit with a somewhat smaller value of αs(M2

Z) = 0.1165±0.0039, still at NLO. An
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Table 9.1: Unweighted and weighted pre-averages of αs(m2
Z) for each sub-field in columns two and

three. The bottom line corresponds to the combined result (without lattice gauge theory) using the
χ2 averaging method. The same χ2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
τ decays & low Q2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e+e− jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a

�s(mZ
2) = 0.1180 ± 0.0009
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Figure 9.5: Summary of determinations of αs as a function of
the energy scale Q compared to the running of the coupling com-
puted at five loops taking as an input the current PDG average,
αs(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition,
numerous points have been updated or added.

average, but with our non-lattice average to give our final world
average value for αs.
9.4.8 Determination of the world average value of αs(m2

Z):
Obtaining a world average value for αs(m2

Z) is a non-trivial ex-
ercise. A certain arbitrariness and subjective component is in-
evitable because of the choice of measurements to be included in
the average, the treatment of (non-Gaussian) systematic uncer-
tainties of mostly theoretical nature, as well as the treatment of
correlations among the various inputs, of theoretical as well as
experimental origin.

We have chosen to determine pre-averages for sub-fields of mea-
surements that are considered to exhibit a maximum degree of in-
dependence among each other, considering experimental as well as
theoretical issues. The six pre-averages, illustrated also in Fig. 9.2,
are listed in column two of Table 9.1. We recall that these are
exclusively obtained from extractions that are based on (at least)
NNLO QCD predictions, and are published in peer-reviewed jour-
nals at the time of completing this Review. To obtain our final
world average, we first combine these six pre-averages, excluding
the lattice result, using a χ2 averaging method. This gives

αs(m2
Z) = 0.1175 ± 0.0010 (PDG 2023 without lattice) .

(9.24)
This result is fully compatible with the lattice estimate Eq. (9.23)
and has a comparable error. To avoid a possible over-reduction,
we combine these two numbers using an unweighted average and
take as an uncertainty the average between these two uncertain-
ties. This gives our final world average value

αs(m2
Z) = 0.1180 ± 0.0009 (PDG 2023 average) . (9.25)

If for the sub-field of hadron colliders we are more restrictive
and instead only accept results from a simultaneous fit of PDFs,
we arrive at 0.1157 ± 0.0021 for this sub-field leading to 0.1172 ±

0.0010 (without lattice) and αs(m2
Z) = 0.1178 ± 0.0009 for the

final average. Both the new world average value and the restricted
result are compatible with each other and changed only marginally
as compared to the values reported in the last edition of this
Review.

It also stands to question whether the sub-fields of PDF fits and
hadron colliders still are as independent as originally assumed. To
test the potential impact, the fit has been repeated while group-
ing all αs(m2

Z) determinations of both sub-fields into a common
one. We obtain 0.1164 ± 0.0024 for the new larger sub-field and
0.1178±0.0011 for the combination with all other sub-fields except
lattice, which is well within the estimated uncertainties. More-
over, we present in column four of Table 9.1 the combined result
for αs(m2

Z) when the respective sub-field is omitted from the com-
bination. The variation in values obtained for αs(m2

Z) is ±0.0004,
which is less than half our estimated uncertainty.

Since two long-standing issues causing offsets among determi-
nations of αs(m2

Z) in the sub-fields of τ decays and low Q2 and
e+e− jets & shapes have been resolved, it may be argued that a
weighted fit among the non-lattice sub-fields may be warranted.
We compare the outcome of weighted fits with our standard pro-
cedure in columns two and three of Table 9.1. We observe that
the weighted averages are rather close to the unweighted ones.
However, the uncertainties become significantly smaller. This ap-
proach may be too aggressive as it ignores the correlations among
the data, methods, and theory ingredients of the various determi-
nations. We feel that the uncertainty of ±0.0005 is an underes-
timation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger
than the spread of the results as given by the standard deviation.
In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent
concerns and a wealth of new results at NNLO, providing not
only a rather precise and reasonably stable world average value
of αs(m2

Z), but also a clear signature and proof of the energy
dependence of αs in full agreement with the QCD prediction of
asymptotic freedom. This is demonstrated in Fig. 9.5, where re-
sults of αs(Q2) obtained at discrete energy scales Q are summa-
rized, which now mostly include those based on NNLO QCD.15

Thanks to the results from the LHC, the energy scales, at which
αs is determined, now extend even beyond 2 TeV.16The points in
this plot are extracted from Refs. [280,458,459,518,619,630,653,
660,675–677,679,709,715,716].

In this combination, as in past combinations, we have consid-
ered lattice QCD calculations of αs independently of experimen-
tal/phenomenological determinations. In the future, when the
lattice continuum extrapolations are under better control, it may
be useful to group lattice QCD determinations of αs with ex-
perimental determinations of αs that have systematics of similar

15The uncertainties of the HERA jets points were, by mistake, shown at
only half their size. The uncertainties of the ALEPH points of the e+e−

jets/shapes sub-field now correspond to the total uncertainty.
16We note, however, that the relevant energy scale of a measurement is

not uniquely defined. In addition to being multiplied by factors of e.g. 1/2
or 2, for instance in studies of the ratio of three- to two-jet cross sections at
the LHC, the relevant scale can be taken to be the average of the transverse
momenta of the two leading jets [714], or alternatively might be chosen to
be the transverse momentum of the 3rd jet.
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Scale-setting example :  cold gas  of  massless quarks

Baryon number density : 

Quark density : 
<latexit sha1_base64="14V3T2lDdCCGlPE/z/iI70kRi9U="></latexit>

nq = Nf p3
F /π

2 = 3µ3/π2 (Nf = 3)
<latexit sha1_base64="8fc6PFPrGXhiM8CCn2IzKDMbsQ0=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1aRKdSOUunFZwT6gScNkMmmHTiZhZiKU0J0bf8WNC0Xc+gvu/BsnbRfaemCYwzn3cu89fsKoVJb1bSwtr6yurRc2iptb2zu75t5+S8apwKSJYxaLjo8kYZSTpqKKkU4iCIp8Rtr+8Cb32w9ESBrzezVKiBuhPqchxUhpyTOPHD9mgRxF+su4V4fX0InS3vmZk9BeZeyZJatsTQAXiT0jJTBDwzO/nCDGaUS4wgxJ2bWtRLkZEopiRsZFJ5UkQXiI+qSrKUcRkW42uWMMT7QSwDAW+nEFJ+rvjgxFMl9VV0ZIDeS8l4v/ed1UhVduRnmSKsLxdFCYMqhimIcCAyoIVmykCcKC6l0hHiCBsNLRFXUI9vzJi6RVKdvVcvXuolSrz+IogENwDE6BDS5BDdyCBmgCDB7BM3gFb8aT8WK8Gx/T0iVj1nMA/sD4/AH2+pi8</latexit>

nB = µ3/π2
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(Nf = 3)

Range of applicability for perturbative QCD :
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µ > 1GeV
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nB > 80n0
<latexit sha1_base64="QHJKZZHK1eOM3zYY8dE91ChG6lU=">AAACEHicbVDLSsNAFJ3UV62vqks3g0WsoCVRqW6EohuXFewDmhgmk4kdOpmEmYlQQj7Bjb/ixoUibl2682+ctllo64FhDufcy733eDGjUpnmt1GYm19YXCoul1ZW19Y3yptbbRklApMWjlgkuh6ShFFOWooqRrqxICj0GOl4g6uR33kgQtKI36phTJwQ3XMaUIyUltzyftX2IubLYai/lLsmvMhS2wugWbPq9mEQ3qVHJ1l24JYrZs0cA84SKycVkKPplr9sP8JJSLjCDEnZs8xYOSkSimJGspKdSBIjPED3pKcpRyGRTjo+KIN7WvFhEAn9uIJj9XdHikI5WllXhkj15bQ3Ev/zeokKzp2U8jhRhOPJoCBhUEVwlA70qSBYsaEmCAuqd4W4jwTCSmdY0iFY0yfPkvaxjq5WvzmtNC7zOIpgB+yCKrDAGWiAa9AELYDBI3gGr+DNeDJejHfjY1JaMPKebfAHxucPWQWbhA==</latexit>

(n0 = 0.16 fm−3)
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QCD running coupling
<latexit sha1_base64="pbU2ScVtIwOD2J3bLy4lW98rJYo="></latexit>
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COLD  QUARK  MATTER  in  pQCD
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Pressure
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Nf = 3
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µ =
µB

3

4

c3,2 11/12

c3,1 −6.5968(12)− 3 lnX

c3,0 5.1342(48) + 2
3 c0 − 18.284 lnX − 9

2 ln2 X

TABLE I. List of numerical values for the coefficients appear-
ing in Eq. (2).

dence of ph0 (X), leading to the form

ph0 (X) = −9

4
ln2 X − 26.367 lnX + c0. (7)

Equations (4)–(7) are our main result, and they fix the
coefficients in the pressure in Eq. (2) to be those given in
Table I, with c0 the remaining unknown constant from
the hard sector.

In Fig. 1 we show the partial N3LO pressure, neglect-
ing only the finite hard contribution ph0 (X) at this order.
In the figure, the uncertainty of the truncation of the per-
turbative series is estimated by varying of X ∈ [1/2, 2],
shown as a shaded uncertainty band. In this and all sub-
sequent figures, we use the three-loop beta function when
computing the running αs(Λ). We see from Fig. 1 that
the pressure contribution when including the screened
gluonic sector at N3LO is remarkably well converged. In
particular, it has nearly vanishing renormalization-scale
dependence for all µB > 2 GeV. In fact, we have verified
that one obtains a similarly well-converged result when
neglecting the hard contribution at N2LO as well. This is
consistent with the observation made in [41, 42]: In cold
QM, it is the hard terms ph(X) that drive the inevitable
breakdown of perturbation theory, in stark contrast to
the high-temperature case where the soft modes are re-
sponsible for the breakdown.

We turn now to an analysis of the full N3LO pressure,
which we have now determined up to a single unknown
constant from the hard sector c0. Upon substituting in
different values, we find that the N3LO pressure strongly
depends on c0. An approximate value for this constant
can only be determined by computing many hard four-
loop diagrams—a project which will take several years
of effort. Hence, we are motivated to find an alternative
way to estimate its value in order to quantify how well
converged we may expect the full N3LO result to be.

Since the perturbative series for the pressure of cold
QM is well-behaved up to N2LO, we turn to a Bayesian
model to identify which values of c0 are most consistent
with lower-order results [55]. In particular, we use the abc
model of convergent series as presented in [56] and im-
plemented in the publicly available MiHO code [57]. This
Bayesian model, as well as the geometric model from [58]
was recently applied to the high-density perturbative-
QCD EOS in [59]. These models assume that the pertur-
bative series can be approximated by independent draws
from a statistical model of convergent series. Upon con-
ditioning these models using the NLO and N2LO results

FIG. 1. The N3LO pressure normalized by the free pressure
as a function of baryon chemical potential, including all con-
tributions but the hard contributions ph0 (X) in Eq. (7). The
shaded region shows the usual scale variation of X ∈ [1/2, 2],
while the solid line is the central scale choice X = 1.

using Bayes’s theorem, they provide posterior distribu-
tions for the N3LO pressure as a function of µB and X,
quantifying the degree to which a given pN3LO is consis-
tent with the lower-order results. We choose to perform
the following analysis at a fixed µB = 2.6 GeV, which is
the canonical value down to which the N2LO results are
typically used [11]. We have checked that our conclusions
remain similar if we choose a slightly different matching
µB (see also [59]).
As the N3LO pressure is now a function of a single

parameter c0, posterior distributions of pN3LO at fixed X
can be converted to distributions of c0. To combine the
resulting c0 distributions for differentX values, we choose
to marginalize over the fictitious renormalization param-
eter X ∈ [1/2, 2] following the procedure introduced in
[58]. This marginalization weights different values of the
renormalization parameter in proportion to how well the
abc model is converged at that X. This results in larger
values of X receiving slightly larger weights, and further-
more leads to a slightly more conservative distribution
than would result from the alternative scale-averaging
procedure [56] in this case.

The above analysis leads to the probability distribution
P (c0) shown in the left panel of Fig. 2. The distribution
is rather broad, with a 68% credible interval correspond-
ing to c0 ∈ [−29,−6], denoted in Fig. 2 by the dashed
gray lines. We find that the distribution takes its highest
value at c0 = −23, denoted by the blue point in this fig-
ure. The resulting N3LO pressure corresponding to this
most-consistent value of c0 is shown in the right panel
of Fig. 2, where the shaded region denotes the standard
scale variation of X ∈ [1/2, 2]. We find that for this
value, the full N3LO pressure of cold QM lies inside the
N2LO result and is well converged. In particular, the
errors reach ±25% at µB = 2.2 GeV, corresponding to
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to “hard” quark and gluonic corrections from momenta
K ∼ µB, since the low-momentum quarks are Pauli
blocked and the screened gluonic sector is phase-space
suppressed:

∫
K<α1/2

s µB
d4K " α2

sµ
4
B. However, beginning

at next-to-next-to-leading order (N2LO) in αs, which was
computed in 1977 in the context of cold QM [35, 36], the
pressure becomes sensitive to long-wavelength, screened
gluonic fluctuations. These field modes can be described
via the hard thermal loop (HTL) effective theory [28, 37]
(or hard dense loop (HDL) [38–40]), which captures the

physics of the “soft” momentum scale mE ∼ α1/2
s µB,

corresponding to chromoelectric screening. At N2LO,
because of the phase-space suppression, self-interactions
between these screened gluons do not yet contribute.
At the next order in αs, however, interactions involving
these screened fluctuations must be included. In particu-
lar, there arise contributions from self-interactions among
the fluctuating soft modes and also interactions between
fluctuating soft and hard modes. The pressure correc-
tion arising from the self-interactions at N3LO has been
computed within the leading-order HTL theory [41, 42],
while the pressure correction arising from interactions be-
tween the soft and hard modes involves corrections to the
leading-order HTL theory. These corrections to high-
density HTL have been calculated within QED [43–45]

at zero and high temperatures, and recently within QCD
[33, 34] at high temperatures.

In total therefore, the pressure of cold QM at N3LO
can be written in the form

pN3LO = ps + pm + ph, (1)

where the three terms on the right-hand side come from
the different combinations of soft and hard momentum
scales. The first term ps is the purely soft contribution
arising from self-interactions between screened gluon field
modes. The second term pm, dubbed the mixed contribu-
tion, arises from the corrections within the HTL theory.
Finally, in addition to soft and mixed terms, there are
also fully hard contributions ph, entering the expansion
via four-loop vacuum graphs in full QCD (see [42] for a
list). In this work, we compute the screened correction
pm from the mixed sector.

The screened gluonic modes lead to nonanalyticities in
the pressure, arising from logarithms of the ratio of the
soft and hard scales ln(mE/µB). To N3LO, the pressure
p of cold and dense, beta-equilibrated three-color, three-
flavor (Nc = Nf = 3) unpaired QM with massless quarks
can be cast into the following form [36, 46–48], (see [49]
for the general Nc and Nf expressions)
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where pfree = 3(µB/3)4/4π2 is the pressure of a free Fermi
gas of quarks in beta equilibrium, αs = αs(Λ) is the
renormalized strong coupling constant in the MS scheme
at the renormalization scale Λ, and X ≡ 3Λ/(2µB) is
a quantity which should be taken to be O(1) to mini-
mize large logarithms. We have written logarithms of
αs by grouping them in the natural expansion parame-
ter Nfαs/π, and set Nf = 3. The coefficient c3,2 of the
leading logarithm was originally determined in [48]. Re-
cently, an all-order leading-logarithm resummation was
conducted in [50], using this term as input.

In this work, we conclusively determine the coefficient
c3,1(X) of the next-to-leading logarithm. It should be

emphasized that this term is a well-defined and indepen-
dent coefficient in the perturbative series. While the coef-
ficient is now fully determined, the parts of the c3,1(X)-
contribution proportional to lnX could already be in-
ferred from renormalization group invariance using lower-
order results. Likewise, given this newly determined con-
tribution, all parts of c3,0(X) proportional to lnk X can
now be inferred with similar arguments, thus resulting in
the entire pN3LO except for one constant from the hard
sector.
Overview of the calculation.—The mixed contributions

correspond to the following diagrams stemming from the
classification of [42]
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EdA
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The double wavy lines correspond to soft, HTL- resummed gluons; the wavy, solid, and dotted lines
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bag pressure pressure
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Fermi gas of massless quarks
<latexit sha1_base64="N0zpsWXzhpXwMpXdkQFIRqBBAYE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUpSRd0IRTeupAX7gDaEyXTSDp1MwsxECKH+ihsXirj1Q9z5N07aLLT1wL0czrmXuXO8iFGpLOvbKKysrq1vFDdLW9s7u3vm/kFHhrHApI1DFoqehyRhlJO2ooqRXiQICjxGut7kNvO7j0RIGvIHlUTECdCIU59ipLTkmuXqyG3Ba1gfnN67ftbwiWtWrJo1A1wmdk4qIEfTNb8GwxDHAeEKMyRl37Yi5aRIKIoZmZYGsSQRwhM0In1NOQqIdNLZ8VN4rJUh9EOhiys4U39vpCiQMgk8PRkgNZaLXib+5/Vj5V85KeVRrAjH84f8mEEVwiwJOKSCYMUSTRAWVN8K8RgJhJXOq6RDsBe/vEw69Zp9UTtrnVcaN3kcRXAIjkAV2OASNMAdaII2wCABz+AVvBlPxovxbnzMRwtGvlMGf2B8/gB3GpK7</latexit>

(gQ = 2Nf Nc)

Gluon gas
<latexit sha1_base64="bH4lo0TcYF5CgDxjM33mKMSw6xI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARWtCSVKluCkUXupIK9gFtDZPppB06mYSZiVBC3fgrblwo4ta/cOffOG2z0NYDFw7n3Mu997gho1JZ1reRWlhcWl5Jr2bW1jc2t8ztnboMIoFJDQcsEE0XScIoJzVFFSPNUBDku4w03MHl2G88ECFpwO/UMCQdH/U49ShGSkuOuZfrOVewDIvto9yNg++L8NjOl+1S3jGzVsGaAM4TOyFZkKDqmF/tboAjn3CFGZKyZVuh6sRIKIoZGWXakSQhwgPUIy1NOfKJ7MSTD0bwUCtd6AVCF1dwov6eiJEv5dB3daePVF/OemPxP68VKe+8E1MeRopwPF3kRQyqAI7jgF0qCFZsqAnCgupbIe4jgbDSoWV0CPbsy/OkXizYpcLJ7Wm2cpHEkQb74ADkgA3OQAVcgyqoAQwewTN4BW/Gk/FivBsf09aUkczsgj8wPn8A1mGTSw==</latexit>

(gG = 2 (N2
c − 1) = 16)

<latexit sha1_base64="/umzb3ytuW3uBRgk2jj4wp8VoCo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdFRVPRS8eK9gP6C4lm2bb2GSzJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFpeWV1bXiemljc2t7p7y719QyVYQ2iORStUOsKWcxbRhmOG0nimIRctoKh7cTv/VElWYyfjCjhAYC92MWMYKNlZq+SP2T62654lbdKdAi8XJSgRz1bvnL70mSChobwrHWHc9NTJBhZRjhdFzyU00TTIa4TzuWxlhQHWTTa8foyCo9FEllKzZoqv6eyLDQeiRC2ymwGeh5byL+53VSE10FGYuT1NCYzBZFKUdGosnrqMcUJYaPLMFEMXsrIgOsMDE2oJINwZt/eZE0T6veRfXs/rxSu8njKMIBHMIxeHAJNbiDOjSAwCM8wyu8OdJ5cd6dj1lrwcln9uEPnM8f+W2Ovg==</latexit>µ : chemical potential of quarks

<latexit sha1_base64="di47mdXPEjDE9z5Gaa/qnh9NKgQ="></latexit>

PQ =
gQ
12

T 4
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30
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T
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+

1

2π2
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T
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<latexit sha1_base64="GoD3HWUQ/lfP25K7nI0AdpeKA44=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgopSkFh8LoeiiLiv0ITRpmEwn7dDJg5mJUEK+wI2/4saFIm5du/NvnLZZaOuBgcM593DnHjdiVEjD+NZyK6tr6xv5zcLW9s7unr5/0BFhzDFp45CF/N5FgjAakLakkpH7iBPku4x03fHN1O8+EC5oGLTkJCK2j4YB9ShGUkmOXkos14NNp5HCKzh0GlY5sSLar1qhSsFLI7XKrX7N0YtGxZgBLhMzI0WQoenoX9YgxLFPAokZEqJnGpG0E8QlxYykBSsWJEJ4jIakp2iAfCLsZHZOCktKGUAv5OoFEs7U34kE+UJMfFdN+kiOxKI3Ff/zerH0LuyEBlEsSYDni7yYQRnCaTdwQDnBkk0UQZhT9VeIR4gjLFWDBVWCuXjyMulUK+ZZ5fSuVqxfZ3XkwRE4BifABOegDm5BE7QBBo/gGbyCN+1Je9HetY/5aE7LMofgD7TPHwhqmjU=</latexit>

PG = gG
π2

90
T 4

<latexit sha1_base64="PHuMmotDEEzDFF3BJt7f250O1d8=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkqiUl0W3bisYh/QhDKZTtqhM0mYmQg1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3niDhTGnH+bYWFpeWV1YLa8X1jc2tbXtnt6HiVBJaJzGPZSvAinIW0bpmmtNWIikWAafNYHA99psPVCoWR/d6mFBf4F7EQkawNlLH3s+8IER3yFNMIKdc8U5CMerYJafsTIDmiZuTEuSodewvrxuTVNBIE46VartOov0MS80Ip6OilyqaYDLAPdo2NMKCKj+bXD9CR0bpojCWpiKNJurviQwLpYYiMJ0C676a9cbif1471eGln7EoSTWNyHRRmHKkYzSOAnWZpETzoSGYSGZuRaSPJSbaBFY0IbizL8+TxmnZrZTPbs9L1as8jgIcwCEcgwsXUIUbqEEdCDzCM7zCm/VkvVjv1se0dcHKZ/bgD6zPH1QYk90=</latexit>

R ∼ 0.6 fm
<latexit sha1_base64="SEGZhTDNoQDfyTw240GNyWnLtQs=">AAACGnicbVC7SgNBFJ31GeMramkzGAQLibshRMuQCFpYJGAekI1hdnI3GTL7cGZWCMt+h42/YmOhiJ3Y+DdOHoUmHrhwOOfemXuPE3ImlWl+G0vLK6tr66mN9ObW9s5uZm+/IYNIUKjTgAei5RAJnPlQV0xxaIUCiOdwaDrDythvPoCQLPBv1SiEjkf6PnMZJUpL3YwV246Ly3exdVZIsC2ZB/fYzOXz9ukVNCYCtm/0ez3SjWuVyyTpZrJmzpwALxJrRrJohmo382n3Ahp54CvKiZRtywxVJyZCMcohSduRhJDQIelDW1OfeCA78eS0BB9rpYfdQOjyFZ6ovydi4kk58hzd6RE1kPPeWPzPa0fKvejEzA8jBT6dfuRGHKsAj3PCPSaAKj7ShFDB9K6YDoggVOk00zoEa/7kRdLI56xirlgrZEvlWRwpdIiO0Amy0DkqoWtURXVE0SN6Rq/ozXgyXox342PaumTMZg7QHxhfP4yonsA=</latexit>

B1/4 ! 0.22GeV ∼ ΛQCDbag constant:

<latexit sha1_base64="nvT36Zu+GFIB79TGP9wWxFM9GuM=">AAACFHicbVBLSwMxGMzWV62vVY9egkUQKmXXluqlUFoEL0It9gHdWrJptg3NPkiyQln2R3jxr3jxoIhXD978N6btHrR1IDCZmY/kGztgVEjD+NZSK6tr6xvpzczW9s7unr5/0BJ+yDFpYp/5vGMjQRj1SFNSyUgn4AS5NiNte1yb+u0HwgX1vTs5CUjPRUOPOhQjqaS+noss24FX5ahm+SoHG3EuKloBnd8KcdU6g437AizDm7ivZ428MQNcJmZCsiBBva9/WQMfhy7xJGZIiK5pBLIXIS4pZiTOWKEgAcJjNCRdRT3kEtGLZkvF8EQpA+j4XB1Pwpn6eyJCrhAT11ZJF8mRWPSm4n9eN5TOZS+iXhBK4uH5Q07IoPThtCE4oJxgySaKIMyp+ivEI8QRlqrHjCrBXFx5mbTO82YpX7otZivVpI40OALH4BSY4AJUwDWogybA4BE8g1fwpj1pL9q79jGPprRk5hD8gfb5A06OnHU=</latexit>

E =
C

R
+

4π

3
BR3 = M

<latexit sha1_base64="AObv6p39uGWcMS+gN7wmYiNsU9U=">AAACD3icbVDNS8MwHE3n15xfVY9egkPxIKN1Mr0IY168CFPcB6x1pFm6haVpSVJhlP4HXvxXvHhQxKtXb/43ZlsPuvkg8PLe+5H8nhcxKpVlfRu5hcWl5ZX8amFtfWNzy9zeacowFpg0cMhC0faQJIxy0lBUMdKOBEGBx0jLG16O/dYDEZKG/E6NIuIGqM+pTzFSWuqah4nj+bB2AZOyE+ogtCtORFPnOLme3m/vy2kKu2bRKlkTwHliZ6QIMtS75pfTC3EcEK4wQ1J2bCtSboKEopiRtODEkkQID1GfdDTlKCDSTSb7pPBAKz3oh0IfruBE/T2RoEDKUeDpZIDUQM56Y/E/rxMr/9xNKI9iRTiePuTHDKoQjsuBPSoIVmykCcKC6r9CPEACYaUrLOgS7NmV50nzpGRXSpWb02K1ltWRB3tgHxwBG5yBKrgCddAAGDyCZ/AK3own48V4Nz6m0ZyRzeyCPzA+fwB8PZsU</latexit>

B =
3

16π

M

R3

<latexit sha1_base64="UgaPyoB0CemdP8DO5O1+4+ZaHcA=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCykzWqobodiNG6GKfUCnlEyaaUMzyZBkhDKMG3/FjQtF3PoX7vwb03YW2nogcDjnXG7u8SNGlXacb2thcWl5ZTW3ll/f2Nzatnd2G0rEEpM6FkzIlo8UYZSTuqaakVYkCQp9Rpr+sDr2mw9EKir4vR5FpBOiPqcBxUgbqWvvJ54fwOolTM48YYKwlN54J3cp7NoFp+hMAOeJm5ECyFDr2l9eT+A4JFxjhpRqu06kOwmSmmJG0rwXKxIhPER90jaUo5CoTjK5IIVHRunBQEjzuIYT9fdEgkKlRqFvkiHSAzXrjcX/vHasg4tOQnkUa8LxdFEQM6gFHNcBe1QSrNnIEIQlNX+FeIAkwtqUljcluLMnz5PGadEtF8u3pULlKqsjBw7AITgGLjgHFXANaqAOMHgEz+AVvFlP1ov1bn1MowtWNrMH/sD6/AEQ9JVg</latexit>

C =
3

4
MR

<latexit sha1_base64="G/tmOmAi928eK/RKBcrYprvxlQw=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCBymJSPVY9KAXoYL9gCaUzXbSLt1swu5GKKH+FS8eFPHqD/Hmv3Hb5qCtDwYe780wMy9IOFPacb6twsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooAzAU3NNIdOIoFEAYd2MLqe+u1HkIrF4kGPE/AjMhAsZJRoI/XscuYFIb7zFIuw653eQGuCe3bFqToz4GXi5qSCcjR69pfXj2kagdCUE6W6rpNoPyNSM8phUvJSBQmhIzKArqGCRKD8bHb8BB8bpY/DWJoSGs/U3xMZiZQaR4HpjIgeqkVvKv7ndVMdXvoZE0mqQdD5ojDlWMd4mgTuMwlU87EhhEpmbsV0SCSh2uRVMiG4iy8vk9ZZ1a1Va/fnlfpVHkcRHaIjdIJcdIHq6BY1UBNRNEbP6BW9WU/Wi/VufcxbC1Y+U0Z/YH3+ANayk50=</latexit>

M ∼ 1GeV
<latexit sha1_base64="pQDPRSPUe8+GYsAIJq0/GUsWowQ=">AAAB83icbVDLSgMxFM34rPVVdekmWIS6KTMi1Y1QFMRlBfuAzlAyaaYNTTIhD6EM/Q03LhRx68+4829M21lo64ELh3Pu5d57YsmoNr7/7a2srq1vbBa2its7u3v7pYPDlk6twqSJU5aqTow0YVSQpqGGkY5UBPGYkXY8up367SeiNE3FoxlLEnE0EDShGBknhZWQW3gNZe/uDPZKZb/qzwCXSZCTMsjR6JW+wn6KLSfCYIa07ga+NFGGlKGYkUkxtJpIhEdoQLqOCsSJjrLZzRN46pQ+TFLlShg4U39PZIhrPeax6+TIDPWiNxX/87rWJFdRRoW0hgg8X5RYBk0KpwHAPlUEGzZ2BGFF3a0QD5FC2LiYii6EYPHlZdI6rwa1au3holy/yeMogGNwAiogAJegDu5BAzQBBhI8g1fw5lnvxXv3PuatK14+cwT+wPv8AcxQkD4=</latexit>

(µ = pF )



  in the           diagram
6

Massless Quarks  under  Pressure
- Baryons  vs.  Quark Fermi Gas -

  Note:  assuming

Critical temperature 
at deconfinement crossover

<latexit sha1_base64="MrnqvW2PSu7jz/ulLGZdlE8fsf4=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwUUvio7opFN24ESr0BU0Ik+mkHTp5MDMRSkh/wo2/4saFIm7FnX/jpO1CWw8MczjnXu69x40YFdIwvrXc0vLK6lp+vbCxubW9o+/utUQYc0yaOGQh77hIEEYD0pRUMtKJOEG+y0jbHd5kfvuBcEHDoCFHEbF91A+oRzGSSnL0k8RyPdioNhwMq9C8qFilO9Ial8aWG7KeGPnqSyw/TpVrpI5eNMrGBHCRmDNSBDPUHf3L6oU49kkgMUNCdE0jknaCuKSYkbRgxYJECA9Rn3QVDZBPhJ1MzkrhkVJ60Au5eoGEE/V3R4J8kW2oKn0kB2Ley8T/vG4svSs7oUEUSxLg6SAvZlCGMMsI9ignWLKRIghzqnaFeIA4wlIlWVAhmPMnL5LWadmslM/uz4u161kceXAADsExMMElqIFbUAdNgMEjeAav4E170l60d+1jWprTZj374A+0zx9Krp2f</latexit>

T = Tc = 156MeV , µ = 0

total pressure

Critical isobaric curve (line of constant     )    
<latexit sha1_base64="eARIHWg6KzWVS2aq80XK+GhCFG0=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWVGRV0W3bis0Bd0hpJJM21oMhmSjFCGATf+ihsXirj1J9z5N2baWWjrgZDDOfdy7z1BzKjSjvNtlZaWV1bXyuuVjc2t7R17d6+tRCIxaWHBhOwGSBFGI9LSVDPSjSVBPGCkE4xvc7/zQKSiImrqSUx8joYRDSlG2kh9+yD1ghA2M3gKvUCwgZpw86UeT7K+XXVqzhRwkbgFqYICjb795Q0ETjiJNGZIqZ7rxNpPkdQUM5JVvESRGOExGpKeoRHiRPnp9IYMHhtlAEMhzYs0nKq/O1LEVb6cqeRIj9S8l4v/eb1Eh9d+SqM40STCs0FhwqAWMA8EDqgkWLOJIQhLanaFeIQkwtrEVjEhuPMnL5L2Wc29rJ3fX1TrN0UcZXAIjsAJcMEVqIM70AAtgMEjeAav4M16sl6sd+tjVlqyip598AfW5w+LUpd9</latexit>

T− µ

<latexit sha1_base64="O0utjOQDG9dLB/PwH0dji1IzcAk="></latexit>

P(T, µ) =
19

36
π2 T 4 +

3

2
µ2 T 2 +

3

4π2
µ4

<latexit sha1_base64="YWdQSCJVQ+xMSxyuTwnPH0DcUIQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9m1ol6EohdPUsF+SLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0sLa+srq3nNvKbW9s7u4W9/YaOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwfBm4jefqNIskg9mFFNf4L5kISPYWOmxdNcN0RWqnHQLRbfsToEWiZeRImSodQtfnV5EEkGlIRxr3fbc2PgpVoYRTsf5TqJpjMkQ92nbUokF1X46PXiMjq3SQ2GkbEmDpurviRQLrUcisJ0Cm4Ge9ybif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN78y4ukcVr2zsuV+7Ni9TqLIweHcAQl8OACqnALNagDAQHP8ApvjnJenHfnY9a65GQzB/AHzucPih2O8A==</latexit>

(Nf = 3)
baryon 
density

<latexit sha1_base64="pux3o0O2zUJ/znguEt1mHLb/OzU=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzEOSJcxOZpMh81hmZoWw5Cu8eFDEq5/jzb9xkuxBEwsaiqpuuruihDNjff/bK6ysrq1vFDdLW9s7u3vl/YOmUakmtEEUV7odYUM5k7RhmeW0nWiKRcRpKxrdTv3WE9WGKflgxwkNBR5IFjOCrZMes24Uo3qPTHrlil/1Z0DLJMhJBXLUe+Wvbl+RVFBpCcfGdAI/sWGGtWWE00mpmxqaYDLCA9pxVGJBTZjNDp6gE6f0Uay0K2nRTP09kWFhzFhErlNgOzSL3lT8z+ukNr4OMyaT1FJJ5ovilCOr0PR71GeaEsvHjmCimbsVkSHWmFiXUcmFECy+vEyaZ9Xgsnp+f1Gp3eRxFOEIjuEUAriCGtxBHRpAQMAzvMKbp70X7937mLcWvHzmEP7A+/wBahaQKg==</latexit>

Pc

quark 
chemical 
potential

baryon  
density

Prototype 
of a

phase diagram

PHYSIK
DEPARTMENT

Basic schematic 
exercise (contd.)

<latexit sha1_base64="/c2PCtrcERBMQNMmfn9F5pN5qHk=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQQeKuCepFED3oSRTMA7IxzE56dcjM7jozK4Ql+QAv/ooXD4p49e7Nv3HyOKixoKGo6qa7y4s4U9q2v6zUxOTU9Ex6NjM3v7C4lF1eqagwlhTKNOShrHlEAWcBlDXTHGqRBCI8DlWvfdL3q/cgFQuDK92JoCHITcB8Rok2UjO74Som4C5xPR/bhZK7fQqVHV9cF7u9Xv686eNDXNxqZnN2wR4AjxNnRHJohItm9tNthTQWEGjKiVJ1x450IyFSM8qhm3FjBRGhbXIDdUMDIkA1ksE3XbxplBb2Q2kq0Hig/pxIiFCqIzzTKYi+VX+9vvifV4+1f9BIWBDFGgI6XOTHHOsQ96PBLSaBat4xhFDJzK2Y3hJJqDYBZkwIzt+Xx0llt+DsFYqXpdzR8SiONFpD6yiPHLSPjtAZukBlRNEDekIv6NV6tJ6tN+t92JqyRjOr6Besj2/1t5mR</latexit>

! 0.4GeV/fm3 (Nf = 3)

<latexit sha1_base64="dYwAGXeUGpVZOk95evobkINY8TQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQi2JSnUjFN24rGAf0MQymU7aoZNJmJkIJWTpxl9x40IRt36CO//GaZuFth64cDjnXu69x4sYlcqyvo3cwuLS8kp+tbC2vrG5ZW7vNGUYC0waOGShaHtIEkY5aSiqGGlHgqDAY6TlDa/HfuuBCElDfqdGEXED1OfUpxgpLXXN/ZJTThzPh7xrwUtoVeyqU/aD++T4NE2d8lHXLFoVawI4T+yMFEGGetf8cnohjgPCFWZIyo5tRcpNkFAUM5IWnFiSCOEh6pOOphwFRLrJ5JEUHmqlB/1Q6OIKTtTfEwkKpBwFnu4MkBrIWW8s/ud1YuVfuAnlUawIx9NFfsygCuE4FdijgmDFRpogLKi+FeIBEggrnV1Bh2DPvjxPmic6vEr19qxYu8riyIM9cABKwAbnoAZuQB00AAaP4Bm8gjfjyXgx3o2PaWvOyGZ2wR8Ynz8P05bZ</latexit>

(n0 = 0.16 fm−3 )

<latexit sha1_base64="ib1+VzFBvgNP3svfVJLdqaxczJQ="></latexit>

nB =
1

3

∂P

∂µ
= µT 2 +

µ3

π2

T

<latexit sha1_base64="MeOjHXnWOgvYmy1+RUnakU8qwrk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V+gVtKJvtpF262YTdjVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZU6WT8ISXM2KFfcqrsAWSdeTiqQozEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w7IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEt37GZZIalGy5KEwFMTGZ/06GXCEzYmoJZYrbWwkbU0WZsQmVbAje6svrpH1V9WrV68dapX6Xx1GEMziHS/DgBurwAA1oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP/rfj1g=</latexit>

[MeV]

<latexit sha1_base64="lfS25OBPLNw3u7cbRiZvV8zq/sc=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL16ECOYBmyXMTmaTIbOzy0yvEJZ8hhcPinj1a7z5N04eB00saCiquunuClMpDLrut1NYW9/Y3Cpul3Z29/YPyodHLZNkmvEmS2SiOyE1XArFmyhQ8k6qOY1Dydvh6Hbqt5+4NiJRjzhOeRDTgRKRYBSt5OfdMCL+PW8Fk1654lbdGcgq8RakAgs0euWvbj9hWcwVMkmN8T03xSCnGgWTfFLqZoanlI3ogPuWKhpzE+SzkyfkzCp9EiXalkIyU39P5DQ2ZhyHtjOmODTL3lT8z/MzjK6DXKg0Q67YfFGUSYIJmf5P+kJzhnJsCWVa2FsJG1JNGdqUSjYEb/nlVdK6qHq16uVDrVK/WcRRhBM4hXPw4ArqcAcNaAKDBJ7hFd4cdF6cd+dj3lpwFjPH8AfO5w/CY5Ds</latexit>

0

<latexit sha1_base64="05Fj9/KkpNAL9v1aB2C3v5Htj44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSdDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h9qlcZtHkcRzuAcLsGDa2jAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDEK480</latexit>

100

<latexit sha1_base64="6/LJ+l1HAk0gbmLBNgt5Am2aKHA=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8lKRY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7C2vrG5Vdwu7ezu7R+UD49aJk41ZU0ai1h3QmKY4Io1LbeCdRLNiAwFa4fj25nffmLa8Fg92EnCAkmGikecEuukx6wXRsjHeNovV3AVz4FWiZ+TCuRo9MtfvUFMU8mUpYIY0/VxYoOMaMupYNNSLzUsIXRMhqzrqCKSmSCbHzxFZ04ZoCjWrpRFc/X3REakMRMZuk5J7MgsezPxP6+b2ug6yLhKUssUXSyKUoFsjGbfowHXjFoxcYRQzd2tiI6IJtS6jEouBH/55VXSuqj6terlfa1Sv8njKMIJnMI5+HAFdbiDBjSBgoRneIU3T3sv3rv3sWgtePnMMfyB9/kDpZGPqQ==</latexit>

50

<latexit sha1_base64="+JwZFr3Z6nkMEmNQkHy+UNrAimA=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUyXpBSGrutF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfja/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMnueDLhCZsTEEsoUt7cSNqKKMmMjKtkQvOWXV0nroupdVmv3l5X6TR5HEU7gFM7Bgyuowx00oAkMBDzDK7w5j86L8+58LFoLTj5zDH/gfP4AO6ePcw==</latexit>

150

<latexit sha1_base64="bpbVsbGc5kWW0wmrzpvwyAwqepo=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKQY9BLx4jmIckS5idzCZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyc9Zr0oRkHNn/bLFb/qz4FWSZCTCuRo9MtfvYEiqaDSEo6N6QZ+YsMMa8sIp9NSLzU0wWSMh7TrqMSCmjCbHzxFZ04ZoFhpV9Kiufp7IsPCmImIXKfAdmSWvZn4n9dNbXwdZkwmqaWSLBbFKUdWodn3aMA0JZZPHMFEM3crIiOsMbEuo5ILIVh+eZW0LqrBZbV2f1mp3+RxFOEETuEcAriCOtxBA5pAQMAzvMKbp70X7937WLQWvHzmGP7A+/wBrS+Prg==</latexit>

quark− gluon area

<latexit sha1_base64="x6ZVFvflpwifWSvgNMEuKsuM8KQ=">AAAB/3icbVC7SgNBFJ31GeNrVbCxGQyCjWFXIloGbSwjmAckIdydzCZDZmfXeQhhjeCv2FgoYutv2Pk3TpItNPHAwOGce7h3TpBwprTnfTsLi0vLK6u5tfz6xubWtruzW1OxkYRWScxj2QhAUc4ErWqmOW0kkkIUcFoPBldjv35PpWKxuNXDhLYj6AkWMgLaSh13P20FIb4zIAcnPW5i8Qg2Puq4Ba/oTYDniZ+RAspQ6bhfrW5MTESFJhyUavpeotspSM0Ip6N8yyiaABlAjzYtFRBR1U4n94/wkVW6OIylfULjifo7kUKk1DAK7GQEuq9mvbH4n9c0Orxop0wkRlNBpotCw7GO8bgM3GWSEs2HlgCRzN6KSR8kEG0ry9sS/Nkvz5PaadEvFc9uSoXyZVZHDh2gQ3SMfHSOyugaVVAVEfSAntErenOenBfn3fmYji44WWYP/YHz+QNe25ZY</latexit>

hadronic area

<latexit sha1_base64="IA9npwVD/0negr4lFICI/sX3F4g=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmkosuiG5cV7APaUCaTSTt0MgkzEyGE9lfcuFDErR/izr9x2mahrQcGDufcw71z/IQzpR3n2yptbG5t75R3K3v7B4dH9vFJR8WpJLRNYh7Lno8V5UzQtmaa014iKY58Trv+5G7ud5+oVCwWjzpLqBfhkWAhI1gbaWhX84EfojEOZCwYmWGTnQ7tmlN3FkDrxC1IDQq0hvbXIIhJGlGhCcdK9V0n0V6OpWaE02llkCqaYDLBI9o3VOCIKi9fHD9F50YJUBhL84RGC/V3IseRUlnkm8kI67Fa9ebif14/1eGNlzORpJoKslwUphzpGM2bQAGTlGieGYKJZOZWRMZYYqJNXxVTgrv65XXSuay7jfrVQ6PWvC3qKMMpnMEFuHANTbiHFrSBQAbP8Apv1sx6sd6tj+VoySoyVfgD6/MHDlyVDA==</latexit>

nuclear

<latexit sha1_base64="3ln6RzVkKoUnbjJWh8G4G2qqYiM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVRY9FLx4r2A9ol5JNs21oNrsms4Wy9Hd48aCIV3+MN/+NabsHbX0w8HhvJpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3c381phrI2L1iJOE+xEdKBEKRtFKftYNQqJSJjnV01654lbdOcgq8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjcK+OC11U8MTykZ0wDuWKhpx42fzpafkzCp9EsbalkIyV39PZDQyZhIFtjOiODTL3kz8z+ukGN74mVBJilyxxUdhKgnGZJYA6QvNGcqJJZRpYXclbEg1ZWhzKtkQvOWTV0nzoupdVq8eLiu12zyOIpzAKZyDB9dQg3uoQwMYPMEzvMKbM3ZenHfnY9FacPKZY/gD5/MH2iiSKg==</latexit>

liquid− gas

<latexit sha1_base64="LFNYcNMkhzS/1h8k0KslL9vVW+0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBiyWRih6LXjxWsB/QhrLZbNqlm03c3RRK6D/x4kERr/4Tb/4bN20O2vpg4PHeDDPz/IQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRW8WpJLRFYh7Lro8V5UzQlmaa024iKY58Tjv++C73OxMqFYvFo54m1IvwULCQEayNNLDtrO+HiLOnlAUXQ6xmA7vq1Jw50CpxC1KFAs2B/dUPYpJGVGjCsVI910m0l2GpGeF0VumniiaYjPGQ9gwVOKLKy+aXz9CZUQIUxtKU0Giu/p7IcKTUNPJNZ4T1SC17ufif10t1eONlTCSppoIsFoUpRzpGeQwoYJISzaeGYCKZuRWREZaYaBNWxYTgLr+8StqXNbdeu3qoVxu3RRxlOIFTOAcXrqEB99CEFhCYwDO8wpuVWS/Wu/WxaC1Zxcwx/IH1+QNd4pN/</latexit>

transition

<latexit sha1_base64="OZ5qxx9w0iBhkRL02sKvonr0DUc=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkoseiF48V7Ae0pWy2m3bpZhN2J4US+k+8eFDEq//Em//GTduDtj4YeLw3w8y8IJHCoOd9O4WNza3tneJuaW//4PDIPT5pmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3grG97nfmnBtRKyecJrwXkSHSoSCUbRS33WzbhAS1FQZkSuzvlv2Kt4cZJ34S1KGJep996s7iFkacYVMUmM6vpdgL6MaBZN8VuqmhieUjemQdyxVNOKml80vn5ELqwxIGGtbCslc/T2R0ciYaRTYzojiyKx6ufif10kxvO1lQiUpcsUWi8JUEoxJHgMZCM0ZyqkllGn7OiNsRDVlaMMq2RD81ZfXSfOq4lcr14/Vcu1uGUcRzuAcLsGHG6jBA9ShAQwm8Ayv8OZkzovz7nwsWgvOcuYU/sD5/AHpTJPa</latexit>

<latexit sha1_base64="YMJFKtEG2Hlk6nWblMgW015DgOI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mqqMeiF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXXSY9YNI+RjPOmVK7iKZ0DLxM9JBXLUe+Wvbj+mqWTKUkGM6fg4sUFGtOVUsEmpmxqWEDoiA9ZxVBHJTJDNDp6gE6f0URRrV8qimfp7IiPSmLEMXackdmgWvan4n9dJbXQdZFwlqWWKzhdFqUA2RtPvUZ9rRq0YO0Ko5u5WRIdEE2pdRiUXgr/48jJpnlX9y+r5/UWldpPHUYQjOIZT8OEKanAHdWgABQnP8ApvnvZevHfvY95a8PKZQ/gD7/MHpZWPqQ==</latexit>

100
<latexit sha1_base64="FGNBx8YyasRYFzpR63i0Uj0rfQY=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4Ktkq6rHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Dem7R609cHA470ZZuaFieDGYvztrayurW9sFraK2zu7e/ulg8OmiVNNWYPGItbtkBgmuGINy61g7UQzIkPBWuHoduq3npg2PFYPdpywQJKB4hGnxDrpMeuGEapiPOmVyriCZ0DLxM9JGXLUe6Wvbj+mqWTKUkGM6fg4sUFGtOVUsEmxmxqWEDoiA9ZxVBHJTJDNDp6gU6f0URRrV8qimfp7IiPSmLEMXackdmgWvan4n9dJbXQdZFwlqWWKzhdFqUA2RtPvUZ9rRq0YO0Ko5u5WRIdEE2pdRkUXgr/48jJpViv+ZeX8/qJcu8njKMAxnMAZ+HAFNbiDOjSAgoRneIU3T3sv3rv3MW9d8fKZI/gD7/MHpxyPqg==</latexit>

200
<latexit sha1_base64="BKFLhXw8QuJjbNjTOM4sbDYnlb4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mqqMeiF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNE6easgaNRazbITFMcMUallvB2olmRIaCtcLR7dRvPTFteKwe7DhhgSQDxSNOiXXSY9YNI3SO8aRXruAqngEtEz8nFchR75W/uv2YppIpSwUxpuPjxAYZ0ZZTwSalbmpYQuiIDFjHUUUkM0E2O3iCTpzSR1GsXSmLZurviYxIY8YydJ2S2KFZ9Kbif14ntdF1kHGVpJYpOl8UpQLZGE2/R32uGbVi7AihmrtbER0STah1GZVcCP7iy8ukeVb1L6vn9xeV2k0eRxGO4BhOwYcrqMEd1KEBFCQ8wyu8edp78d69j3lrwctnDuEPvM8fqKOPqw==</latexit>

300
<latexit sha1_base64="2lnXF9oqEZx+92R2JsDEMZZtT/M=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8lqUY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfeg1QcDj/dmmJkXJoIbi/GXV1hZXVvfKG6WtrZ3dvfK+wctE6easiaNRaw7ITFMcMWallvBOolmRIaCtcPxzcxvPzJteKzu7SRhgSRDxSNOiXXSQ9YLI1TDeNovV3AVz4H+Ej8nFcjR6Jc/e4OYppIpSwUxpuvjxAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2P3iKTpwyQFGsXSmL5urPiYxIYyYydJ2S2JFZ9mbif143tdFVkHGVpJYpulgUpQLZGM2+RwOuGbVi4gihmrtbER0RTah1GZVcCP7yy39J66zqX1TP72qV+nUeRxGO4BhOwYdLqMMtNKAJFCQ8wQu8etp79t6890VrwctnDuEXvI9vqiqPrA==</latexit>

400
<latexit sha1_base64="a8wfV+4+F5LGZxLDZWm2wWTocJU=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZ8L4tuXFawD2mHkkkzbWiSGZKMUIZ+hRsXirj1c9z5N6btLLR64MLhnHu5954wEdxYz/tChaXlldW14nppY3Nre6e8u9c0caopa9BYxLodEsMEV6xhuRWsnWhGZChYKxzdTP3WI9OGx+rejhMWSDJQPOKUWCc9ZN0wwueeN+mVK17VmwH/JX5OKpCj3it/dvsxTSVTlgpiTMf3EhtkRFtOBZuUuqlhCaEjMmAdRxWRzATZ7OAJPnJKH0exdqUsnqk/JzIijRnL0HVKYodm0ZuK/3md1EZXQcZVklqm6HxRlApsYzz9Hve5ZtSKsSOEau5uxXRINKHWZVRyIfiLL/8lzZOqf1E9vTur1K7zOIpwAIdwDD5cQg1uoQ4NoCDhCV7gFWn0jN7Q+7y1gPKZffgF9PENq7GPrQ==</latexit>

500

<latexit sha1_base64="9y3fxaq8PXzIpossgt5ZCaH9pl0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9m1ol6EohdPUsF+QLuUbJptQ5PsmmQLZenv8OJBEa/+GG/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g4aOEkVonUQ8Uq0Aa8qZpHXDDKetWFEsAk6bwfB26jdHVGkWyUczjqkvcF+ykBFsrOSnnSBE990QXaPKpFssuWV3BrRMvIyUIEOtW/zq9CKSCCoN4VjrtufGxk+xMoxwOil0Ek1jTIa4T9uWSiyo9tPZ0RN0YpUeCiNlSxo0U39PpFhoPRaB7RTYDPSiNxX/89qJCa/8lMk4MVSS+aIw4chEaJoA6jFFieFjSzBRzN6KyAArTIzNqWBD8BZfXiaNs7J3Ua48nJeqN1kceTiCYzgFDy6hCndQgzoQeIJneIU3Z+S8OO/Ox7w152Qzh/AHzucPF0ORAw==</latexit>

Nf = 3

0

<latexit sha1_base64="05Fj9/KkpNAL9v1aB2C3v5Htj44=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSdDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h9qlcZtHkcRzuAcLsGDa2jAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDEK480</latexit>

<latexit sha1_base64="F3v7/idq6t7ljvDhmcCkmWoz73Q=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9FLx4r2A9sl5JNs21oNrsks0JZ+i+8eFDEq//Gm//GtN2Dtj4Iebw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1gOOE+xEdKBEKRtFKj1k3CIlbdb1Jr1yx/wxkmXg5qUCOeq/81e3HLI24QiapMR3PTdDPqEbBJJ+UuqnhCWUjOuAdSxWNuPGz2cYTcmKVPgljbZ9CMlN/d2Q0MmYcBbYyojg0i95U/M/rpBhe+5lQSYpcsfmgMJUEYzI9n/SF5gzl2BLKtLC7EjakmjK0IZVsCN7iycukeVb1Lqvn9xeV2k0eRxGO4BhOwYMrqMEd1KEBDBQ8wyu8OcZ5cd6dj3lpwcl7DuEPnM8fEseP4Q==</latexit>

0.01
<latexit sha1_base64="OrfrbPXvZUbKRNL3M5q/6hlbqMg=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hU1GPRi8cK9kPaUDbbTbt0dxN2N0IJ+RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O6WV1bX1jfJmZWt7Z3evun/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTsc30799hNVmsXywUwSGgg8lCxiBBsrPWa9MEKe6+f9as1zvRnQMvELUoMCjX71qzeISSqoNIRjrbu+l5ggw8owwmle6aWaJpiM8ZB2LZVYUB1ks4NzdGKVAYpiZUsaNFN/T2RYaD0Roe0U2Iz0ojcV//O6qYmug4zJJDVUkvmiKOXIxGj6PRowRYnhE0swUczeisgIK0yMzahiQ/AXX14mrTPXv3TP7y9q9ZsijjIcwTGcgg9XUIc7aEATCAh4hld4c5Tz4rw7H/PWklPMHMIfOJ8/ooePpw==</latexit>

0.1
<latexit sha1_base64="wgk33+EWIb31eWiEx6bFIutlCnQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUtMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQlKb9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfFsOZnQiUpcsUWi8JUEozJ7HcyEJozlBNLKNPC3krYiGrK0CZUsiF4yy+vktZF1buuXj5cVeq3eRxFOIFTOAcPbqAO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPQV488</latexit>

8
<latexit sha1_base64="IxKK/dTkJFfotqYQgJp4xEAFz1k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUznpBSLxpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7ulJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jsZcIXMiIkllClubyVsRBVlxiZUsiF4yy+vktZF1buqXj7UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AHFtI81</latexit>

1
<latexit sha1_base64="yz5ABeIpXNCnNOPJuI/wLqMkr1Y=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSO+sGIfHcSa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmT5P+kJzhnJsCWVa2FsJG1JNGdqISjYEb/HlZdI8q3qX1fP7i0rtJo+jCEdwDKfgwRXU4A7q0AAGEp7hFd6cR+fFeXc+5q0FJ585hD9wPn8ANZOPbw==</latexit>

10
<latexit sha1_base64="Ty9Xk4ijG0iWKXs7SedUwDNvimc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUznpBSGrTfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzcKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7Hcy4AqZERNLKFPc3krYiCrKjE2oZEPwll9eJa1a1buqXjxcVuq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPHOY82</latexit>

2
<latexit sha1_base64="+jBohPpU1OLWmjnjYkb17vk/k0Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQlKb9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqndVvXyoVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPKQ484</latexit>

4
<latexit sha1_base64="vLgQgu1za7LzEccdYSS+QDBewAQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQlKb9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa2LqlerXj5cVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPNTY86</latexit>

6
<latexit sha1_base64="UVNQL3nKbjKynnrksXbSqYw1hUI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgadnV+DgGvXiMYB6SLGF2MpsMmZldZmaFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7woQzbTzv2ymsrK6tbxQ3S1vbO7t75f2Dpo5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hY6THrhhHy3ItJr1zxXG8GtEz8nFQgR71X/ur2Y5IKKg3hWOuO7yUmyLAyjHA6KXVTTRNMRnhAO5ZKLKgOstnBE3RilT6KYmVLGjRTf09kWGg9FqHtFNgM9aI3Ff/zOqmJroOMySQ1VJL5oijlyMRo+j3qM0WJ4WNLMFHM3orIECtMjM2oZEPwF19eJs0z1790z++rldpNHkcRjuAYTsGHK6jBHdShAQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH6ibj6s=</latexit>

0.5

<latexit sha1_base64="MWVDIjblV0UgFSToIswAJDGSdIw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclURFXRbduBEq2AckoUwmk3boJBNmJkIJ6caNv+LGhSJu/QZ3/o2TNgttPTDM4Zx7ufceP2FUKsv6NhYWl5ZXVitr1fWNza1tc2e3LXkqMGlhzrjo+kgSRmPSUlQx0k0EQZHPSMcfXhd+54EISXl8r0YJ8SLUj2lIMVJa6pkHrs9ZIEeR/jI3SvPxOHP9EDq3pO3lPbNm1a0J4DyxS1IDJZo988sNOE4jEivMkJSObSXKy5BQFDOSV91UkgThIeoTR9MYRUR62eSMHB5pJYAhF/rFCk7U3x0ZimSxqa6MkBrIWa8Q//OcVIWXXkbjJFUkxtNBYcqg4rDIBAZUEKzYSBOEBdW7QjxAAmGlk6vqEOzZk+dJ+6Run9dP785qjasyjgrYB4fgGNjgAjTADWiCFsDgETyDV/BmPBkvxrvxMS1dMMqePfAHxucPMxSZlg==</latexit>

µ [MeV]

<latexit sha1_base64="7TiQF4HAqp3llDFoF0ZNXEuoPrw=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQLDVRUZelblxWsA9oQphMJu3QSSbMTIQS+hFu/BU3LhRx68Kdf+OkzUJbDwxzOOde7r3HTxiVyrK+jdLS8srqWnm9srG5tb1j7u51JE8FJm3MGRc9H0nCaEzaiipGeokgKPIZ6fqjm9zvPhAhKY/v1TghboQGMQ0pRkpLnnni+JwFchzpL3PEkE+8plM7dWqLuuWZVatuTQEXiV2QKijQ8swvJ+A4jUisMENS9m0rUW6GhKKYkUnFSSVJEB6hAelrGqOISDebHjWBR1oJYMiFfrGCU/V3R4Yime+nKyOkhnLey8X/vH6qwms3o3GSKhLj2aAwZVBxmCcEAyoIVmysCcKC6l0hHiKBsNI5VnQI9vzJi6RzVrcv6+d3F9VGs4ijDA7AITgGNrgCDXALWqANMHgEz+AVvBlPxovxbnzMSktG0bMP/sD4/AGh3p8w</latexit>

ρB /ρ0

<latexit sha1_base64="tRWzYoubDlRiF/R6ByFf7eOx8vw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KoqBeh6MVjBfsBbQib7aZdutmE3YlYQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0srq2vlHerGxt7+zu2fvVto5TRVmLxiJW3YBoJrhkLeAgWDdRjESBYJ1gfDv1O49MaR7LB5gkzIvIUPKQUwJG8u1q1g9C3PRpjq8xjaWGum/XnLozA14mbkFqqEDTt7/6g5imEZNABdG65zoJeBlRwKlgeaWfapYQOiZD1jNUkohpL5vdnuNjowxwGCtTEvBM/T2RkUjrSRSYzojASC96U/E/r5dCeOVlXCYpMEnni8JUYIjxNAg84IpREBNDCFXc3IrpiChCwcRVMSG4iy8vk/Zp3b2on92f1xo3RRxldIiO0Aly0SVqoDvURC1E0RN6Rq/ozcqtF+vd+pi3lqxi5gD9gfX5A50ek4c=</latexit>

Pc = const.

<latexit sha1_base64="TUjF8a+khmteen6LXfPqTBnv72Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkLizQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLcGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/Hcy5AqZEVNLKFPc3krYmCrKjE2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDFJY83</latexit>

0
<latexit sha1_base64="1Xeyze6jJ6zhxzYvGhHWxgHvnFs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/YLiWbZtvQbHZJZoWy9F948aCIV/+NN/+NabsHbX0Q8nhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqAScJ9yM6VCIUjKKVHrNeEBK36nrTfrli/znIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn842n5MwqAxLG2j6FZK7+7shoZMwkCmxlRHFklr2Z+J/XTTG89jOhkhS5YotBYSoJxmR2PhkIzRnKiSWUaWF3JWxENWVoQyrZELzlk1dJ66Lq1aq1+8tK/SaPowgncArn4MEV1OEOGtAEBgqe4RXeHOO8OO/Ox6K04OQ9x/AHzucPE72P5A==</latexit>

0.01
<latexit sha1_base64="oha6xZehOPP1z5D5dxpujZc+NT8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hEqseiF48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZqDtj4YeLw3w8y8MOFMG8/7dkpr6xubW+Xtys7u3v5B9fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044uZ37nSeqNIvlg5kmNBB4JFnECDZWesz6YYQ8158NqjXP9XKgVeIXpAYFmoPqV38Yk1RQaQjHWvd8LzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5QfP0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HFhuAvv7xK2heuX3fr95e1xk0RRxlO4BTOwYcraMAdNKEFBAQ8wyu8Ocp5cd6dj0VrySlmjuEPnM8fo32Pqg==</latexit>

0.1
<latexit sha1_base64="j2rCzBBsSu0HuT9huvRi9Zy9/os=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IrtnosevFYwX5Iu5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf2D8uFRS8epIrRJYh6rTog15UzSpmGG006iKBYhp+1wfDvz209UaRbLBzNJaCDwULKIEWys9Jj1wgh5bnXaL1c815sDrRI/JxXI0eiXv3qDmKSCSkM41rrre4kJMqwMI5xOS71U0wSTMR7SrqUSC6qDbH7wFJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8bmqi6yBjMkkNlWSxKEo5MjGafY8GTFFi+MQSTBSztyIywgoTYzMq2RD85ZdXSevC9Wtu7f6yUr/J4yjCCZzCOfhwBXW4gwY0gYCAZ3iFN0c5L86787FoLTj5zDH8gfP5A6mRj64=</latexit>

0.5
<latexit sha1_base64="CrOD1baU/WaVAoc9FYRVqY4ENRM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSbDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDGqo84</latexit>

1
<latexit sha1_base64="Jdk1f0GuguV49mnSBf0lZTKvF6w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkNRmg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68Ttq1qlev1h+uKo3bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHIL485</latexit>

2
<latexit sha1_base64="NIKVJQ1f8SGSmPhnX9aXtnNCz1o=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkNRmg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68TtpXVa9erT/UKo3bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHLOY87</latexit>

4
<latexit sha1_base64="p+i3/GWjmAaOgba0x/jbUsh2R/w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkNRmg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68TtpXVa9WrT1cVxq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHOQ489</latexit>

6
<latexit sha1_base64="eO22ESRhOwAal83KnxLIvLbMTjo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEao9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhKQ+G5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6KYd3PhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHN9CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHRTY8/</latexit>

8
<latexit sha1_base64="Mde6ZMBwWmTDYHMEGhkR9QhfZ7A=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTtYLQuK503654lbdOcgq8XJSgRyNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fze6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMnueDITmDOXEEsq0sLcSNqKaMrQRlWwI3vLLq6R1UfVq1dr9ZaV+k8dRhBM4hXPw4ArqcAcNaAIDCc/wCm/Oo/PivDsfi9aCk88cwx84nz82iY9y</latexit>

10
<latexit sha1_base64="cFC4HU+efFqC1JsaCJEt+l2RgCE=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrsi1WOpF48V7Ae0y5JNs21oNlmTbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2O7mZ+e0yVZlI8mklC/RgPBIsYwcZKftYLIySC+qUI3GlQKrsVdw60SryclCFHIyh99fqSpDEVhnCsdddzE+NnWBlGOJ0We6mmCSYjPKBdSwWOqfaz+dFTdG6VPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpia69TMmktRQQRaLopQjI9EsAdRnihLDJ5Zgopi9FZEhVpgYm1PRhuAtv7xKWlcVr1qpPlyXa/U8jgKcwhlcgAc3UIN7aEATCDzBM7zCmzN2Xpx352PRuubkMyfwB87nD8+PkX4=</latexit>

nB/n0

<latexit sha1_base64="OgX1UvSxCychAzDNY8hjAy2xnVg=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBEqlDIjUl0W3bisYB/QGUomzbShmWRIMkIZ+gFu/BU3LhRx6we4829MHwttvRA4nHPvubknTDjTxnW/nZXVtfWNzdxWfntnd2+/cHDY1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2gqHNxO99UCVZlLcm1FCgxj3BYsYwcZS3UIx88MIDXBPScGIXy4RKSLrFVNhzvwytl5j2+VW3GmhZeDNQRHmVe8WvvyeJOnEg3CsdcdzExNkWBlGOB3n/VTTBJMh7tOOhQLHVAfZ9JgxOrVMD0VS2ScMmrK/JzIcaz2KQ9sZYzPQi9qE/E/rpCa6CjImktRQQWaLopQjI9EkGdRjihLDRxZgopj9KyIDrDAxNr+8DcFbPHkZNM8rXrVSvbso1q7nceTgGE6gBB5cQg1uoQ4NIPAIz/AKb86T8+K8Ox+z1hVnPnMEf8r5/AFKLpso</latexit>

hadronic (confinement)area
<latexit sha1_base64="5EAI3PqCgCVDcH18+U/WwvDDYOU=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahgpQZkepGKLpxOUJf0ClDJs20oUlmSDJCGQpu/BU3LhRx60+4829M21lo9cCFk3PuJfeeMGFUacf5sgpLyyura8X10sbm1vaOvbvXUnEqMWnimMWyEyJFGBWkqalmpJNIgnjISDsc3Uz99j2RisaioccJ6XE0EDSiGGkjBfZB5ocR9AIMr6A3qTQCfOrz1Dyck8AuO1VnBviXuDkpgxxeYH/6/RinnAiNGVKq6zqJ7mVIaooZmZT8VJEE4REakK6hAnGietnshgk8NkofRrE0JTScqT8nMsSVGvPQdHKkh2rRm4r/ed1UR5e9jIok1UTg+UdRyqCO4TQQ2KeSYM3GhiAsqdkV4iGSCGsTW8mE4C6e/Je0zqpurVq7Oy/Xr/M4iuAQHIEKcMEFqINb4IEmwOABPIEX8Go9Ws/Wm/U+by1Y+cw++AXr4xs1FZVT</latexit>

Pc = P(Tc, µ = 0)

Critical pressure

<latexit sha1_base64="pYZAfrJVWLqfTY7K+kaCuExxMTA=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUI8eIxgnlAsoTZSW8yZHZ2nZkNhCXf4cWDIl79GG/+jZPHQRMLGoqqbrq7gkRwbVz321lb39jc2s7t5Hf39g8OC0fHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkM76Z+c4RK81g+mnGCfkT7koecUWMlP+sEIal1Gbkl1Um3UHRL7gxklXgLUoQFat3CV6cXszRCaZigWrc9NzF+RpXhTOAk30k1JpQNaR/blkoaofaz2dETcm6VHgljZUsaMlN/T2Q00nocBbYzomagl72p+J/XTk1442dcJqlByeaLwlQQE5NpAqTHFTIjxpZQpri9lbABVZQZm1PehuAtv7xKGpclr1wqP1wVK9VFHDk4hTO4AA+uoQL3UIM6MHiCZ3iFN2fkvDjvzse8dc1ZzJzAHzifPy1/kRQ=</latexit>

Pc = B
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as via pulsar timing arrays [39]. The purpose of this re-
view is to outline our current understanding of the micro-
scopic physics of dense matter in the interior of neutron
stars, and from this standpoint to construct families of
equations of state useful for interpretation of both elec-
tromagnetic and gravitational observations.

In addition, as the only source of “data” on cold high
density matter in QCD, neutron stars provide a rich test-
ing ground for microscopic theories of dense nuclear mat-
ter, providing an approach complementary to probing
dense matter in ultrarelativistic heavy ion collision ex-
periments at the Relativistic Heavy Ion Collider (RHIC)
in Brookhaven and the Large Hadron Collider (LHC) at
CERN. A major challenge is to understand the facets
of microscopic interactions that allow the existence of
massive neutron stars. Discoveries in recent years of
neutron stars with M ∼ 2 solar masses (M!), includ-
ing the binary millisecond pulsar J1614-2230, with mass
1.928±0.017M! [40] (the original mass measurement was
1.97 ± 0.04M! [41]), and the pulsar J0348+0432 with
mass 2.01 ± 0.04M! [42] present a direct challenge to
theoretical models of dense nuclear matter.1

The existence of such massive stars has important im-
plications for dense matter in QCD. For example, they
require a stiff equation of state, i.e., with large pressure
for a given energy (or mass) density, and thus rule out
a number of softer theoretical models, and at the same
time impose severe constraints on the possible phases of
dense QCD matter. In particular, massive neutron stars
are difficult (but not impossible) to explain in the context
of hadronic models of neutron star matter in which the
emergence of strange hadrons around twice nuclear sat-
uration density softens the equation of state and limits
the maximum stable star mass.

A. Phases of dense matter

Figure 1 summarizes the phases of dense nuclear mat-
ter in the baryon chemical potential µB – temperature
T plane [47]. [The baryon chemical potential, increas-
ing with increasing baryon density, here nucleons, is the
derivative of the free energy density with respect to the
density of baryons.] At low temperature and chemical
potential the degrees of freedom are hadronic, i.e., neu-
trons, protons, mesons, etc.; and at high temperature or
chemical potential matter is in the form of a quark-gluon
plasma (QGP) in which the fundamental degrees of free-
dom are quarks and gluons. The nature of the transitions
from hadronic to a QGP are sketched in Figs. 2 and 3

1 In addition the extreme black widow millisecond pulsars PSR
J1957+20 [43], PSR J2215+5135 [44], and PSR J1311-3430 [45,
46] possibly have masses as large as 2.5 M!; however the masses
remain uncertain owing to the need for more complete modeling
of the heating of the companion stars by the neutron stars.

FIG. 1: . Schematic phase diagram of dense nuclear matter, in
the baryon chemical potential µB–temperature T plane. At zero
temperature, nucleons are present only above µB ∼ MN , the
nucleon mass. At the low temperatures inside neutron stars, mat-
ter evolves from nuclear matter at low densities to a quark-gluon
plasma at high density. BCS pairing of quarks in the plasma
regime leads to the matter being a color superconductor. (Low
temperature BCS pairing states of nucleons are not shown.) At
higher temperatures, matter becomes a quark-gluon plasma, with
a possible line of first order transitions, the solid line, terminat-
ing at high temperatures at the proposed Asakawa-Yazaki critical
point [48]. In addition, the solid line may terminate in a low tem-
perature critical point [49].

below. The temperatures in neutron stars, characteris-
tically much smaller than 1 MeV (or 1010 K), are well
below the temperature scale in Fig. 1, of order 10-102

MeV; matter in neutron stars lives essentially along the
chemical potential axis in this figure. The exception is
at neutron star births in supernovae where temperatures
can be tens of MeV, and in final gravitational mergers
where temperatures could reach ∼ 102 MeV. The main
problem on which we focus in this review is the descrip-
tion of such matter, and the resulting models of neutron
stars, i.e., the profiles of baryons density, etc., as a func-
tions of radius from the center of the star.

B. Neutron star models – the TOV equation

We briefly recall that to construct a model of a neu-
tron star – once one specifies the equation of state, which
gives the pressure, P , as a function of the mass density,
ρ = ε/c2, where ε is the total energy density and c is
the speed of light – one integrates the general relativistic
Tolman-Oppenheimer-Volkov (TOV) equation of hydro-
static balance [50, 51]:

∂P (r)

∂r
= (1)

−GN
ρ(r) + P (r)/c2

r (r − 2GNm(r)/c2)
[m(r) + 4πr3P (r)/c2],

from:  G. Baym, T. Hatsuda, et al.,  arXiv:1707.04966 [astro-ph.HE]
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as via pulsar timing arrays [39]. The purpose of this re-
view is to outline our current understanding of the micro-
scopic physics of dense matter in the interior of neutron
stars, and from this standpoint to construct families of
equations of state useful for interpretation of both elec-
tromagnetic and gravitational observations.

In addition, as the only source of “data” on cold high
density matter in QCD, neutron stars provide a rich test-
ing ground for microscopic theories of dense nuclear mat-
ter, providing an approach complementary to probing
dense matter in ultrarelativistic heavy ion collision ex-
periments at the Relativistic Heavy Ion Collider (RHIC)
in Brookhaven and the Large Hadron Collider (LHC) at
CERN. A major challenge is to understand the facets
of microscopic interactions that allow the existence of
massive neutron stars. Discoveries in recent years of
neutron stars with M ∼ 2 solar masses (M!), includ-
ing the binary millisecond pulsar J1614-2230, with mass
1.928±0.017M! [40] (the original mass measurement was
1.97 ± 0.04M! [41]), and the pulsar J0348+0432 with
mass 2.01 ± 0.04M! [42] present a direct challenge to
theoretical models of dense nuclear matter.1

The existence of such massive stars has important im-
plications for dense matter in QCD. For example, they
require a stiff equation of state, i.e., with large pressure
for a given energy (or mass) density, and thus rule out
a number of softer theoretical models, and at the same
time impose severe constraints on the possible phases of
dense QCD matter. In particular, massive neutron stars
are difficult (but not impossible) to explain in the context
of hadronic models of neutron star matter in which the
emergence of strange hadrons around twice nuclear sat-
uration density softens the equation of state and limits
the maximum stable star mass.

A. Phases of dense matter

Figure 1 summarizes the phases of dense nuclear mat-
ter in the baryon chemical potential µB – temperature
T plane [47]. [The baryon chemical potential, increas-
ing with increasing baryon density, here nucleons, is the
derivative of the free energy density with respect to the
density of baryons.] At low temperature and chemical
potential the degrees of freedom are hadronic, i.e., neu-
trons, protons, mesons, etc.; and at high temperature or
chemical potential matter is in the form of a quark-gluon
plasma (QGP) in which the fundamental degrees of free-
dom are quarks and gluons. The nature of the transitions
from hadronic to a QGP are sketched in Figs. 2 and 3

1 In addition the extreme black widow millisecond pulsars PSR
J1957+20 [43], PSR J2215+5135 [44], and PSR J1311-3430 [45,
46] possibly have masses as large as 2.5 M!; however the masses
remain uncertain owing to the need for more complete modeling
of the heating of the companion stars by the neutron stars.

FIG. 1: . Schematic phase diagram of dense nuclear matter, in
the baryon chemical potential µB–temperature T plane. At zero
temperature, nucleons are present only above µB ∼ MN , the
nucleon mass. At the low temperatures inside neutron stars, mat-
ter evolves from nuclear matter at low densities to a quark-gluon
plasma at high density. BCS pairing of quarks in the plasma
regime leads to the matter being a color superconductor. (Low
temperature BCS pairing states of nucleons are not shown.) At
higher temperatures, matter becomes a quark-gluon plasma, with
a possible line of first order transitions, the solid line, terminat-
ing at high temperatures at the proposed Asakawa-Yazaki critical
point [48]. In addition, the solid line may terminate in a low tem-
perature critical point [49].
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at neutron star births in supernovae where temperatures
can be tens of MeV, and in final gravitational mergers
where temperatures could reach ∼ 102 MeV. The main
problem on which we focus in this review is the descrip-
tion of such matter, and the resulting models of neutron
stars, i.e., the profiles of baryons density, etc., as a func-
tions of radius from the center of the star.

B. Neutron star models – the TOV equation

We briefly recall that to construct a model of a neu-
tron star – once one specifies the equation of state, which
gives the pressure, P , as a function of the mass density,
ρ = ε/c2, where ε is the total energy density and c is
the speed of light – one integrates the general relativistic
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view is to outline our current understanding of the micro-
scopic physics of dense matter in the interior of neutron
stars, and from this standpoint to construct families of
equations of state useful for interpretation of both elec-
tromagnetic and gravitational observations.

In addition, as the only source of “data” on cold high
density matter in QCD, neutron stars provide a rich test-
ing ground for microscopic theories of dense nuclear mat-
ter, providing an approach complementary to probing
dense matter in ultrarelativistic heavy ion collision ex-
periments at the Relativistic Heavy Ion Collider (RHIC)
in Brookhaven and the Large Hadron Collider (LHC) at
CERN. A major challenge is to understand the facets
of microscopic interactions that allow the existence of
massive neutron stars. Discoveries in recent years of
neutron stars with M ∼ 2 solar masses (M!), includ-
ing the binary millisecond pulsar J1614-2230, with mass
1.928±0.017M! [40] (the original mass measurement was
1.97 ± 0.04M! [41]), and the pulsar J0348+0432 with
mass 2.01 ± 0.04M! [42] present a direct challenge to
theoretical models of dense nuclear matter.1

The existence of such massive stars has important im-
plications for dense matter in QCD. For example, they
require a stiff equation of state, i.e., with large pressure
for a given energy (or mass) density, and thus rule out
a number of softer theoretical models, and at the same
time impose severe constraints on the possible phases of
dense QCD matter. In particular, massive neutron stars
are difficult (but not impossible) to explain in the context
of hadronic models of neutron star matter in which the
emergence of strange hadrons around twice nuclear sat-
uration density softens the equation of state and limits
the maximum stable star mass.

A. Phases of dense matter

Figure 1 summarizes the phases of dense nuclear mat-
ter in the baryon chemical potential µB – temperature
T plane [47]. [The baryon chemical potential, increas-
ing with increasing baryon density, here nucleons, is the
derivative of the free energy density with respect to the
density of baryons.] At low temperature and chemical
potential the degrees of freedom are hadronic, i.e., neu-
trons, protons, mesons, etc.; and at high temperature or
chemical potential matter is in the form of a quark-gluon
plasma (QGP) in which the fundamental degrees of free-
dom are quarks and gluons. The nature of the transitions
from hadronic to a QGP are sketched in Figs. 2 and 3

1 In addition the extreme black widow millisecond pulsars PSR
J1957+20 [43], PSR J2215+5135 [44], and PSR J1311-3430 [45,
46] possibly have masses as large as 2.5 M!; however the masses
remain uncertain owing to the need for more complete modeling
of the heating of the companion stars by the neutron stars.

FIG. 1: . Schematic phase diagram of dense nuclear matter, in
the baryon chemical potential µB–temperature T plane. At zero
temperature, nucleons are present only above µB ∼ MN , the
nucleon mass. At the low temperatures inside neutron stars, mat-
ter evolves from nuclear matter at low densities to a quark-gluon
plasma at high density. BCS pairing of quarks in the plasma
regime leads to the matter being a color superconductor. (Low
temperature BCS pairing states of nucleons are not shown.) At
higher temperatures, matter becomes a quark-gluon plasma, with
a possible line of first order transitions, the solid line, terminat-
ing at high temperatures at the proposed Asakawa-Yazaki critical
point [48]. In addition, the solid line may terminate in a low tem-
perature critical point [49].
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tion of such matter, and the resulting models of neutron
stars, i.e., the profiles of baryons density, etc., as a func-
tions of radius from the center of the star.
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tron star – once one specifies the equation of state, which
gives the pressure, P , as a function of the mass density,
ρ = ε/c2, where ε is the total energy density and c is
the speed of light – one integrates the general relativistic
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e− collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

√
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small difference are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental effort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly different c.m. energies in
the K+/π+ and Λ/π+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) ∝ exp(BµB/T ). Consequently, the
ratios p/π+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(−µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

rameter region the model can be mapped directly to the
nuclear droplet model.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[13]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [14]. (Our normalization of σ differs by a factor 2
from [14].) Our new results extend the analysis to non-
vanishing temperature.

We consider our calculation as a reliable estimate of
the temperature and density dependence of thermody-
namic equilibrium quantities within the region of valid-
ity indicated in fig. 1. Input from observations is only
used for T = 0. An important ingredient is the depen-
dence of particle masses on the chiral order parameter
σ. In turn, σ depends on µ and T . This effect goes be-
yond a resonance gas model with fixed vacuum masses
and permits to cover nuclear matter as well. Nearby the
gas-liquid phase transition line and its possible continu-
ation beyond the critical endpoint by a crossover line we
find that the σ-dependence of particle masses is quan-
titatively important and crucial for an understanding of
the phase diagram and thermodynamic quantities. It is
an important finding of our paper , however, that this
effect becomes small for the parameter region of the ex-
perimentally realized chemical freeze-out.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
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hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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out points extracted from experimental data sets in our own
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of σ differs by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
in the field

φab =

(
1√
2
(σ + iπ0) iπ−

iπ+ 1√
2
(σ − iπ0)

)
. (1)

The effective Lagrangian is of the form

L = ψ̄a iγν(∂ν − i g ων − i µ δ0ν) ψa

+
√
2h

[
ψ̄a

( 1+γ5

2

)
φabψb + ψ̄a

( 1−γ5

2

)
(φ†)abψb

]

+ 1
2φ

∗
ab(−∂µ∂

µ)φab + Umic(ρ,σ)

+
1

4
(∂µων − ∂νωµ)(∂

µων − ∂νωµ) +
1

2
m2

ω ωµω
µ.

(2)

Here we use the chiral invariant scalar field combination
ρ = 1

2φ
∗
abφab and Umic(ρ,σ) is a microscopic form of the

effective potential

Umic(ρ,σ) = Ū(ρ)−m2
πfπσ. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ×SU(2)A×U(1)V ×U(1)A where the nucleon
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e− collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

√
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small difference are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental effort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly different c.m. energies in
the K+/π+ and Λ/π+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) ∝ exp(BµB/T ). Consequently, the
ratios p/π+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(−µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields for central collisions at different energies. The freeze-
out points extracted from experimental data sets in our own
analysis (squares) and other similar analyses [74, 79, 91, 92]
are compared to predictions from LQCD [30, 93] shown as a
band. The inverted triangle marks the value for ground state
nuclear matter (atomic nuclei).
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of σ differs by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
in the field

φab =

(
1√
2
(σ + iπ0) iπ−

iπ+ 1√
2
(σ − iπ0)

)
. (1)

The effective Lagrangian is of the form

L = ψ̄a iγν(∂ν − i g ων − i µ δ0ν) ψa

+
√
2h

[
ψ̄a

( 1+γ5

2

)
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]

+ 1
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+
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(∂µων − ∂νωµ)(∂
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µ.

(2)

Here we use the chiral invariant scalar field combination
ρ = 1

2φ
∗
abφab and Umic(ρ,σ) is a microscopic form of the

effective potential

Umic(ρ,σ) = Ū(ρ)−m2
πfπσ. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ×SU(2)A×U(1)V ×U(1)A where the nucleon
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e− collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

√
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small difference are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental effort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly different c.m. energies in
the K+/π+ and Λ/π+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) ∝ exp(BµB/T ). Consequently, the
ratios p/π+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(−µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields for central collisions at different energies. The freeze-
out points extracted from experimental data sets in our own
analysis (squares) and other similar analyses [74, 79, 91, 92]
are compared to predictions from LQCD [30, 93] shown as a
band. The inverted triangle marks the value for ground state
nuclear matter (atomic nuclei).
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of σ differs by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
in the field
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ρ = 1
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effective potential

Umic(ρ,σ) = Ū(ρ)−m2
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The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ×SU(2)A×U(1)V ×U(1)A where the nucleon
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e− collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

√
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small difference are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental effort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly different c.m. energies in
the K+/π+ and Λ/π+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) ∝ exp(BµB/T ). Consequently, the
ratios p/π+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(−µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields for central collisions at different energies. The freeze-
out points extracted from experimental data sets in our own
analysis (squares) and other similar analyses [74, 79, 91, 92]
are compared to predictions from LQCD [30, 93] shown as a
band. The inverted triangle marks the value for ground state
nuclear matter (atomic nuclei).
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of σ differs by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
in the field

φab =

(
1√
2
(σ + iπ0) iπ−

iπ+ 1√
2
(σ − iπ0)

)
. (1)

The effective Lagrangian is of the form

L = ψ̄a iγν(∂ν − i g ων − i µ δ0ν) ψa

+
√
2h

[
ψ̄a

( 1+γ5

2

)
φabψb + ψ̄a

( 1−γ5

2

)
(φ†)abψb

]

+ 1
2φ

∗
ab(−∂µ∂

µ)φab + Umic(ρ,σ)

+
1

4
(∂µων − ∂νωµ)(∂

µων − ∂νωµ) +
1

2
m2

ω ωµω
µ.

(2)

Here we use the chiral invariant scalar field combination
ρ = 1

2φ
∗
abφab and Umic(ρ,σ) is a microscopic form of the

effective potential

Umic(ρ,σ) = Ū(ρ)−m2
πfπσ. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ×SU(2)A×U(1)V ×U(1)A where the nucleon

.
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significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e− collisions, where equilibration should be
absent, may be a consequence of the generic nature of
hadronization in strong interactions.

From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters TCF and
µB has been determined [41, 51, 74, 79–82]. While µB de-
creases smoothly with increasing energy, the dependence
of TCF on energy exhibits a striking feature which is il-
lustrated in Fig. 3: TCF increases with increasing energy
(decreasing µB) from about 50 MeV to about 160 MeV,
where it exhibits a saturation for

√
sNN > 20 GeV. The

slight increase of this value compared to TCF = 156.5
MeV obtained at LHC energy is due to the inclusion of
points from data at RHIC energies, the details of this
small difference are currently not fully understood.

The saturation of TCF observed in Fig. 3 lends sup-
port to the earlier proposal [48, 50, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [51],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic mat-
ter cannot be heated beyond this limit. Whether there
is, at the lower energies, a critical end-point [86] in the
QCD phase diagram is currently at the focus of intense
theoretical [19] and experimental effort [74].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of TCF and µB there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly different c.m. energies in
the K+/π+ and Λ/π+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [87].

In the statistical approach in Eq. 2 and in the Boltz-
mann approximation, the density n(µB , T ) of hadrons
carrying baryon number B scales with the chemical po-
tential as n(µB , T ) ∝ exp(BµB/T ). Consequently, the
ratios p/π+ and d/p scale as exp(µB/T ), whereas the
corresponding anti-particle ratios scale as exp(−µB/T ).
From Fig. 3, it is apparent that µB/TCF decreases with
collision energy, accounting for the basic features of par-
ticle ratios in the upper part of Fig. 4. On the other
hand, strangeness conservation unambigously connects,
for every T value, the strangeness- and baryo-chemical
potentials, µS = µS(µB). As a consequence, the yields
of K+ and K− increase and, respectively, decrease with
µB/T . At higher energies, where T and hence pion densi-
ties saturate, the Λ/π+ and K+/π+ ratios are decreasing

with energy (see lower part of Fig. 3).

We further note that, for energies beyond that of the
LHC, the thermal parameter TCF is determined by the
QCD pseudo-critical temperature and the value of µB

vanishes. Combined with the energy dependence of over-
all particle production [88] in central Pb-Pb collisions
this implies that the statistical hadronization model pre-
diction of particle yields at any energy, including those
at the possible Future Circular Collider (FCC) [89] or in
ultra-high energy cosmic ray collisions [90], can be made
with an estimated precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (TCF ,µB) values, these
points can be used to construct a T vs. µB diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see
Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µB = 931 MeV). As argued in [52] this limit is
not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields for central collisions at different energies. The freeze-
out points extracted from experimental data sets in our own
analysis (squares) and other similar analyses [74, 79, 91, 92]
are compared to predictions from LQCD [30, 93] shown as a
band. The inverted triangle marks the value for ground state
nuclear matter (atomic nuclei).
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[10]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [11]. (Our normalization of σ differs by a factor 2
from [11].) Our new results extend the analysis to non-
vanishing temperature.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars
in the field

φab =

(
1√
2
(σ + iπ0) iπ−

iπ+ 1√
2
(σ − iπ0)

)
. (1)

The effective Lagrangian is of the form

L = ψ̄a iγν(∂ν − i g ων − i µ δ0ν) ψa

+
√
2h

[
ψ̄a

( 1+γ5

2

)
φabψb + ψ̄a

( 1−γ5

2

)
(φ†)abψb

]

+ 1
2φ

∗
ab(−∂µ∂

µ)φab + Umic(ρ,σ)

+
1

4
(∂µων − ∂νωµ)(∂

µων − ∂νωµ) +
1

2
m2

ω ωµω
µ.

(2)

Here we use the chiral invariant scalar field combination
ρ = 1

2φ
∗
abφab and Umic(ρ,σ) is a microscopic form of the

effective potential

Umic(ρ,σ) = Ū(ρ)−m2
πfπσ. (3)

The Lagrangian (2) is invariant under the chiral symme-
try SU(2)V ×SU(2)A×U(1)V ×U(1)A where the nucleon
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FIG. 1: Curve of constant baryon number nBaryons =
0.15 nnuclear in the Meson-Baryon model (solid black line).
The points with error-bars mark the chemical freeze-out as
obtained from the fits to experimentally measured particle
yields [3]. The red line marks the first order phase transition
to nuclear matter. The dashed and dashed-dotted lines indi-
cate an estimate for the range of applicability of our model.
More specific, in the region to the right of the dashed line the
relative contribution of pions to the pressure is smaller than
20%. In the region to the left of the dashed-dotted line the
baryon density nBaryons is smaller than 1.5 times the nuclear
saturation density nnuclear = 0.153/fm3. In this region no
signs of a phase transition are visible.
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FIG. 2: Number density of baryons as a function of the
temperature for µ = 750 MeV (solid line). Note that the
number of anti-baryons is negligible within the plot resolu-
tion. We also show the number of pions (dashed line). The
dot marks the experimental result for the chemical freeze-
out temperature Tch = 56+9.6

−2.0 MeV corresponding to µch =
760± 22.8MeV.

rameter region the model can be mapped directly to the
nuclear droplet model.

The computational task concerns then mainly the dif-
ference of the effective meson potential U(σ;T, µ) −
U(σ; 0, µc). This can be done by various methods – for
example one could employ functional renormalization by
adding nucleon degrees of freedom to the setting of ref.
[13]. For our limited purpose a very simple approach
will do. The potential difference is directly related to
difference of pressure for the parameters (σ;T, µ) and
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FIG. 3: Chiral order parameter as a function of the tempera-
ture for µ = 750 MeV. The dot marks the experimental result
for the chemical freeze-out temperature Tch = 56+9.6

−2.0 MeV
corresponding to µch = 760± 22.8MeV.

(σ; 0, µc). This can be approximated by a free gas of
nucleons with σ-dependent mass. We can consider σ as
an additional parameter in thermodynamics. Its value
can be varied by varying the quark mass. If needed, me-
son fluctuations can be added in a similar way. We will
discuss the linear nucleon-meson model in the setting of
ref. [14]. (Our normalization of σ differs by a factor 2
from [14].) Our new results extend the analysis to non-
vanishing temperature.

We consider our calculation as a reliable estimate of
the temperature and density dependence of thermody-
namic equilibrium quantities within the region of valid-
ity indicated in fig. 1. Input from observations is only
used for T = 0. An important ingredient is the depen-
dence of particle masses on the chiral order parameter
σ. In turn, σ depends on µ and T . This effect goes be-
yond a resonance gas model with fixed vacuum masses
and permits to cover nuclear matter as well. Nearby the
gas-liquid phase transition line and its possible continu-
ation beyond the critical endpoint by a crossover line we
find that the σ-dependence of particle masses is quan-
titatively important and crucial for an understanding of
the phase diagram and thermodynamic quantities. It is
an important finding of our paper , however, that this
effect becomes small for the parameter region of the ex-
perimentally realized chemical freeze-out.

Linear nucleon-meson model

We use an effective model for baryons ψa (a is an
isospin index with ψ1 describing protons and ψ2 neu-
trons), an isospin singlet vector meson ωµ, a scalar meson
σ and pseudo-scalar mesons π0 = π3, π± = 1√

2
(π1± iπ2).

It is convenient to combine the scalars and pseudo-scalars

.
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0.5
<latexit sha1_base64="9Z38ao6aJNiy85aDU0JkqegDqZM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVE8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDo5mPmw==</latexit><latexit sha1_base64="9Z38ao6aJNiy85aDU0JkqegDqZM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVE8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDo5mPmw==</latexit><latexit sha1_base64="9Z38ao6aJNiy85aDU0JkqegDqZM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVE8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDo5mPmw==</latexit><latexit sha1_base64="9Z38ao6aJNiy85aDU0JkqegDqZM=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVE8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDo5mPmw==</latexit>

0.6
<latexit sha1_base64="zFhUOTRDuSDjJ5bZBMjJMrqe4sQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVQ8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpR6PnA==</latexit><latexit sha1_base64="zFhUOTRDuSDjJ5bZBMjJMrqe4sQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVQ8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpR6PnA==</latexit><latexit sha1_base64="zFhUOTRDuSDjJ5bZBMjJMrqe4sQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVQ8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpR6PnA==</latexit><latexit sha1_base64="zFhUOTRDuSDjJ5bZBMjJMrqe4sQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVQ8Fbx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpR6PnA==</latexit>

0.7
<latexit sha1_base64="VX9Ct2EkNkeTur8qE7vkgPO15LU=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBVPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBkVXQjB8smr0LysBI7vr8q1mzyOApzCGVxAAFWowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+mo4+d</latexit><latexit sha1_base64="VX9Ct2EkNkeTur8qE7vkgPO15LU=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBVPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBkVXQjB8smr0LysBI7vr8q1mzyOApzCGVxAAFWowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+mo4+d</latexit><latexit sha1_base64="VX9Ct2EkNkeTur8qE7vkgPO15LU=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBVPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBkVXQjB8smr0LysBI7vr8q1mzyOApzCGVxAAFWowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+mo4+d</latexit><latexit sha1_base64="VX9Ct2EkNkeTur8qE7vkgPO15LU=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBVPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBkVXQjB8smr0LysBI7vr8q1mzyOApzCGVxAAFWowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+mo4+d</latexit>

0.8
<latexit sha1_base64="jcSpN9gblnGlb/o7NB+AL6aarco=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBZPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMqr1M6CRFrtnioyiVBGMyu54MhOEM5cQBZUa4XQkbUUMZuoyKLoRg+eRVaF5WAsf3V+XaTR5HAU7hDC4ggGuowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+oKI+e</latexit><latexit sha1_base64="jcSpN9gblnGlb/o7NB+AL6aarco=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBZPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMqr1M6CRFrtnioyiVBGMyu54MhOEM5cQBZUa4XQkbUUMZuoyKLoRg+eRVaF5WAsf3V+XaTR5HAU7hDC4ggGuowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+oKI+e</latexit><latexit sha1_base64="jcSpN9gblnGlb/o7NB+AL6aarco=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBZPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMqr1M6CRFrtnioyiVBGMyu54MhOEM5cQBZUa4XQkbUUMZuoyKLoRg+eRVaF5WAsf3V+XaTR5HAU7hDC4ggGuowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+oKI+e</latexit><latexit sha1_base64="jcSpN9gblnGlb/o7NB+AL6aarco=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCBZPBS8eK9gPaUvJptk2NMkuyaxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5hIYdH3v7219Y3Nre3CTnF3b//gsHR03LRxahhvsFjGph1Sy6XQvIECJW8nhlMVSt4Kx7ezeuuJGyti/YCThPcUHWoRCUbRWY9ZN4yIX6lO+6WyX/HnIqsQ5FCGXPV+6as7iFmquEYmqbWdwE+wl1GDgkk+LXZTyxPKxnTIOw41Vdz2svnCU3LunAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMqr1M6CRFrtnioyiVBGMyu54MhOEM5cQBZUa4XQkbUUMZuoyKLoRg+eRVaF5WAsf3V+XaTR5HAU7hDC4ggGuowR3UoQEMFDzDK7x5xnvx3r2PReual8+cwB95nz+oKI+e</latexit>

0.9
<latexit sha1_base64="FvdhNUsk315qilJ/l45yPGym9jc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RfDjVPDisYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjm6m9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAifvVq0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7TqPowhHcAynEMAF1OAW6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPqa2Pnw==</latexit><latexit sha1_base64="FvdhNUsk315qilJ/l45yPGym9jc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RfDjVPDisYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjm6m9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAifvVq0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7TqPowhHcAynEMAF1OAW6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPqa2Pnw==</latexit><latexit sha1_base64="FvdhNUsk315qilJ/l45yPGym9jc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RfDjVPDisYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjm6m9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAifvVq0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7TqPowhHcAynEMAF1OAW6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPqa2Pnw==</latexit><latexit sha1_base64="FvdhNUsk315qilJ/l45yPGym9jc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RfDjVPDisYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjm6m9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAifvVq0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7TqPowhHcAynEMAF1OAW6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPqa2Pnw==</latexit>

1.0
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more than 50 years ago, by Hagedorn [34] that hadronic matter cannot
be heated beyond this limit. The parametrizations shown in Fig. 2 are:
TCF = T lim

CF /(1 + exp(2.60 − ln(
√
sNN)/0.45)), µB = a/(1 + 0.288

√
sNN),

with
√
sNN in GeV and the ’limiting temperature’ T lim

CF = 158.4± 1.4 MeV
and a = 1307.5 MeV.

To illustrate how well the thermal description of particle production in
central nuclear collisions works we show, in Fig. 2 (right), the energy de-
pendence (excitation function) of the relative abundance of several hadron
species along with the prediction using the SHM and the parametrized evo-
lution of the parameters. In particular, the maxima (occuring at slightly
different c.m. energies) in the K+/π+ and Λ/π+ ratios are naturally ex-
plained [33] as the interplay between the energy dependence of TCF and µB

and the consequence of strangeness conservation.
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Fig. 3. Phenomenological phase di-
agram of strongly interacting matter
constructed from chemical freeze-out
points for central collisions at differ-
ent energies, extracted from experi-
mental data sets in our own analy-
sis (squares) and other similar analyses
[35, 36, 37, 25] are compared to predic-
tions from LQCD [10, 11] shown as a
band. The inverted triangle marks the
value for ground state nuclear matter
(atomic nuclei).

Since the statistical hadronization analysis at each collision energy yields
a pair of (TCF ,µB) values, these points can be used to construct a T vs. µB

diagram, shown in Fig. 3. Note that the points at low temperature seem
to converge towards the value for ground state nuclear matter (µB = 931
MeV). As argued in [38] this limit is not necessarily connected to a phase
transition. While the situation at low temperatures and collision energies is
complex and at present cannot be investigated with first-principle calcula-
tions, the high temperature, high collision energy limit allows a quantitative
interpretation in terms of fundamental QCD predictions.

3. Statistical hadronization of charm quarks

An interesting question is whether the production of hadrons with heavy
quarks can be described with similar statistical hadronization concepts. We
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  CHEMICAL FREEZE-OUT  

Freeze-out temperature

Low-temperature freeze-out trajectory :  
NOT  a  first-order phase transition line

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel
Nature 561 (2018) 321                arXiv:2101.05747

TCF = 156± 2 MeV
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CHAPTER 7. QCD ON THE LATTICE (LQCD)

7. 1. Field theories on a lattice

• Lagrangian L(Φ, ∂µΦ); Fields Φ(x), xµ = (x0, "x ) = (t, "x ).

Φ(x) stands generically for quark or gluon fields.

• Green’s function (n-point function):

G(n)(x1, · · · , xn) = N 〈0|T [Φ(x1) · · ·Φ(xn)]|0〉 (7.1)

• Action functional:

S[Φ] =

∫
d4xL (Φ(x), ∂µΦ(x)) (7.2)

• Path integrals:

G(n)(x1, · · · , xn) =

∫
DΦ Φ(x1) · · ·Φ(xn) eiS[Φ]

∫
DΦ eiS[Φ]

(7.3)

• Goal of field theory on a lattice: perform path integrals for G(n) on a discretized

Euclidean space-time lattice numerically.

• Field theories involve renormalization and ultraviolet regularizations.

! Regularization automatically “built-in” in lattice field theory.

• Continuum limit (a → 0).

• Infrared (“long wavelength”) cutoff ↔ finite volume V .

• Minkowski space NOT appropriate (eiS complex and potentially rapidly oscillating).

! Euclidean space: t ≡ x0 → −ix4 ≡ −iτ (τ : Euclidean time)
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     QCD  THERMODYNAMICS 

Large-scale computer simulations on EUCLIDEAN SPACE-TIME  Lattices

Non-perturbative “condensed matter physics”  of  QCD

τ = 1/T=̂Euclidean time

quarks on lattice sites

gluon fields  on links

Partition function

Z =

∫
[dU dψ dψ̄] e−SG(U)−Sq(ψ,ψ̄,U)

11
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inverse temperature
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Uµ(n) = 1 + iaAµ(n) +O(a2)
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Figure 5. Spline fits to the trace anomaly for several values of the lattice spacing aT = 1/Nτ and the result of our continuum
extrapolation (left). Note that the error bands shown here do not include the 2% scale error. The right hand panel shows
suitably normalized pressure, energy density, and entropy density as a function of the temperature. In this case the 2% scale
error is included in the error bands. The dark lines show the prediction of the HRG model. The horizontal line at 95π2/60
in the right panel corresponds to the ideal gas limit for the energy density and the vertical band marks the crossover region,
Tc = (154± 9) MeV.

find that the Nτ = 6 data lie outside the range of applica-
bility of the quadratic ansatz. The same error bands are
compared with the final continuum extrapolated result
(black band) in Fig. 5.

Having determined the final fit, we obtained the pres-
sure p/T 4 by numerically integrating the bootstrap sam-
ples for Θµµ(T ) between 130 MeV and 400 MeV using
Eq. (12). For the integration constant p0, the pressure
at T = 130 MeV, we picked a value from a normal dis-
tribution with the mean value p0/T 4

0 = 0.4391, again
taken from the HRG model, and width 0.0439, a con-
servative 10% error estimate on this HRG value. Since
the estimate of p0/T 4

0 is independent of the calculation
of Θµµ(T ), this choice effectively adds a δp0 in quadra-
ture to the errors from integrating Θµµ(T )/T 4. Knowing
Θµµ(T )/T 4 ≡ (ε−3p)/T 4 and p/T 4, it is straightforward
to derive the energy density, ε, and the entropy density
s = (ε+ p)/T .

The final systematic error that is folded into the esti-
mates of all the thermodynamic quantities is the uncer-
tainty in the determination of the lattice scale a, and thus
the values of the temperature T used in the fits. Based
on the uncertainty analyses in the determination of the
lattice scale a (∼ 1.3%) and tuning of the ms to stay on
the LCP presented in Appendices B and C, we assigned
an overall conservative 2% uncertainty in T , which we
add linearly to the error estimates already assigned by
the bootstrap process. In practice, at each T and for
each observable, we picked the minimum and maximum
values of the 1σ bootstrap envelope in the region T ±2%.
This new envelope is then used as the final uncertainty
band for all the continuum results shown in the figures
and discussed below.

Our continuum extrapolated results for the trace
anomaly and other thermodynamic observables are

shown in Fig. 5 and the data are given in Table I. For
T < 150 MeV, the trace anomaly is well approximated
by the HRG estimate shown by the solid line in Fig. 5
(left). For T > 150 MeV, the Nτ ≥ 8 lattice results are
systematically higher than the HRG estimate as shown
in Fig. 3, and the slopes of the HRG and continuum ex-
trapolated curves start to differ as shown in Fig. 5. In
the peak region, (ε − 3p)/T 4 has a maximum of about
4.05(15) at T ∼ 204 MeV. This maximal value from simu-
lations with the HISQ/tree action is significantly smaller
than our previous results with the p4 and asqtad actions
which were incorporated in the HotQCD parametrization
[23] of the EoS, as well as in the s95p parametrization of
the EoS that is frequently used in hydrodynamic models
[42].
The final continuum extrapolated estimates of the

pressure, energy density and entropy density are shown
in Fig. 5 (right) and compared with HRG predictions for
T < 170 MeV. Again, there is reasonable agreement for
T < 150 MeV. Above T = 150 MeV, HRG estimates
lie along the lower edge of the error-band of the lattice
estimates.
We can now compare our results with the results ob-

tained by the Wuppertal-Budapest Collaboration using
the stout action [26]. This comparison is shown in Fig.
6 for the trace anomaly, the pressure and the entropy
density. We find good agreement in the trace anomaly
with the stout results over the full temperature range
(130 − 400) MeV. Note, however, that above the peak
the central values with the stout action lie systemati-
cally below ours. As a result, our estimates of the pres-
sure become systematically larger for T > 200 MeV.
By T = 400 MeV, the difference between the central
values in the two calculations increases to about 6%.
The two results, however, still agree within errors. The

µB = 0

Entropy
Density

Tc = 156.5± 1.5 MeV
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the description of QCD thermodynamics at finite chemi-
cal potential. Moreover, our procedure is systematically
improvable with sufficient computing power, and might
prove to be a better strategy than existing “canonical”
approaches.

In this work we limited ourselves to the case where the
strange and electric chemical potentials are set to zero.
We reserve for future work the exploration of the phe-
nomenologically relevant case of strangeness neutrality
and fixed electric charge to baryon ratio.
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FIG. 10. Comparison of baryon density (left) and energy density (right) at different values of µ̂B in the case where a κBB
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parameter is used (darker shades) or omitted (lighter shades). The HRG results are shown with solid lines.

the description of QCD thermodynamics at finite chemi-
cal potential. Moreover, our procedure is systematically
improvable with sufficient computing power, and might
prove to be a better strategy than existing “canonical”
approaches.

In this work we limited ourselves to the case where the
strange and electric chemical potentials are set to zero.
We reserve for future work the exploration of the phe-
nomenologically relevant case of strangeness neutrality
and fixed electric charge to baryon ratio.

Acknowledgments

This project was funded by the DFG grant SFB/TR55.
The project also received support from the BMBF Grant
No. 05P18PXFCA. This work was also supported by the
Hungarian National Research, Development and Innova-
tion Office, NKFIH grant KKP126769. A.P. is supported
by the J. Bolyai Research Scholarship of the Hungarian

Academy of Sciences and by the ÚNKP-20-5 New Na-
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Extrapolations to non-zero baryon chemical potential

Pressure

P (T, µB) = T 4
∑

n=0

χ2n(T, 0)

(2n)!

(µB

T

)2n
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6 BACKGROUND

FIG. 2.1. Stages in the stellar evolution of massive stars: through stellar nucleosynthesis an iron-rich
core forms in a supergiant star. When the core mass exceeds 1.4 solar masses, it collapses. The
implosion is halted by strong force repulsion and neutron degeneracy pressure, and bounces back into
a supernova. After most of the material has been ejected, the remaining collapsed core forms either a
black hole or a neutron star, depending on its mass [images created with DALL·E, openAI [150]].

contraction is impeded by the repulsion of strong nuclear forces and neutron degeneracy
pressure, leading to a rebound and outward bounce. The resultant shock wave combined
with the released neutrinos triggers a supernova explosion that expels most of the star’s
material, leaving behind only the collapsed core. Depending on its mass, the remnant
forms either a neutron star or a black hole. Neutron stars can also originate from white
dwarfs that collapsed following mass accretion from a companion or through a merger.

Because the angular momentum of the initial star is conserved, but its radius is dramati-
cally reduced in the collapse, the remaining neutron star has a greatly increased rotational
speed. The fastest observed neutron stars have orbital periods of only 1.4 ms [44, 152] and
correspondingly large angular velocities ω of 4.5 × 103 rotations per second. The velocity
at the surface of the neutron star must be less than or equal to the speed of light c,

vsurf = ωR ≤ c . (2.1)

This shows that with the increase of ω due to the collapse, the radius R reduces from
the star’s initial value of about 106 km to only R ∼ 10 km. Conservation of the magnetic
flux, φ = BπR2, implies that the magnetic field strength B must increase considerably
with the drastic reduction of the radius. Consequently, neutron stars exhibit some of the
most intense magnetic fields observed in the universe, reaching values up to 1015 G at their
surfaces [153]. These strong magnetic fields accelerate particles, leading to the emission
of synchrotron radiation. If the star’s magnetic- and rotation axis are not aligned, the
double cone of emitted radiation rotates with the frequency of the neutron star. If earth
lies within this radiation path, we can observe regularly recurring signals from this pulsar.
This is how neutron stars were first discovered in 1967 [11]. Since then several thousand
pulsar sources have been detected [154, 155]. Over time, pulsars gradually spin down due
to the conversion of their rotational energy into emitted electromagnetic radiation [4].

For the stars to maintain stability, the gravitational force acting on a test mass m at
their surface must be equal or greater than the outwards directed centrifugal force,

GN
Mm

R2 = mω2R , (2.2)
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).

25.07.21, 17:20The golden age of neutron-star physics has arrived

Page 1 of 13https://www.nature.com/articles/d41586-020-00590-8

NEWS FEATURE 04 March 2020

The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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J1614-2230
most edge-on binary
pulsar known (89.17°)
+ massive white dwarf
companion (0.5 Msun)

heaviest neutron star
with 1.97±0.04 Msun

Nature, Oct. 28, 2010

J. Antoniadis et al. 
Science 340 (2013) 6131

  MASSIVE  NEUTRON  STARS

M = 2.01 ± 0.04

Many physically motivated extensions to general relativity (GR) predict sig-
nificant deviations in the properties of spacetime surrounding massive neu-
tron stars. We report the measurement of a 2.01±0.04 solar mass (M!) pul-
sar in a 2.46-hr orbit with a 0.172±0.003 M! white dwarf. The high pulsar
mass and the compact orbit make this system a sensitive laboratory of a pre-
viously untested strong-field gravity regime. Thus far, the observed orbital
decay agrees with GR, supporting its validity even for the extreme conditions
present in the system. The resulting constraints on deviations support the use
of GR-based templates for ground-based gravitational wave detectors. Addi-
tionally, the system strengthens recent constraints on the properties of dense
matter and provides insight to binary stellar astrophysics and pulsar recycling.

Neutron stars (NSs) with masses above 1.8 M! manifested as radio pulsars are valuable
probes of fundamental physics in extreme conditions unique in the observable Universe and
inaccessible to terrestrial experiments. Their high masses are directly linked to the equation-
of-state (EOS) of matter at supra-nuclear densities (1, 2) and constrain the lower mass limit
for production of astrophysical black holes (BHs). Furthermore, they possess extreme internal
gravitational fields which result in gravitational binding energies substantially higher than those
found in more common, 1.4 M! NSs. Modifications to GR, often motivated by the desire for
a unified model of the four fundamental forces, can generally imprint measurable signatures in
gravitational waves (GWs) radiated by systems containing such objects, even if deviations from
GR vanish in the Solar System and in less massive NSs (3–5).

However, the most massive NSs known today reside in long-period binaries or other systems
unsuitable for GW radiation tests. Identifying a massive NS in a compact, relativistic binary
is thus of key importance for understanding gravity-matter coupling under extreme conditions.
Furthermore, the existence of a massive NS in a relativistic orbit can also be used to test current
knowledge of close binary evolution.

Results
PSR J0348+0432 & optical observations of its companion PSR J0348+0432, a pulsar spin-
ning at 39 ms in a 2.46-hr orbit with a low-mass companion, was detected by a recent sur-
vey (6, 7) conducted with the Robert C. Byrd Green Bank Telescope (GBT). Initial timing ob-
servations of the binary yielded an accurate astrometric position, which allowed us to identify
its optical counterpart in the Sloan Digital Sky Survey (SDSS) archive (8). The colors and flux
of the counterpart are consistent with a low-mass white dwarf (WD) with a helium core at a dis-
tance of d ∼ 2.1 kpc. Its relatively high apparent brightness (g′ = 20.71 ± 0.03 mag) allowed us
to resolve its spectrum using the Apache Point Optical Telescope. These observations revealed
deep Hydrogen lines, typical of low-mass WDs, confirming our preliminary identification. The
radial velocities of the WD mirrored that of PSR J0348+0432, also verifying that the two stars
are gravitationally bound.

2

PSR J0348+0432

P.B. Demorest et al. 
Nature 467 (2010) 1081
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A two-solar-mass neutron star measured using
Shapiro delay
P. B. Demorest1, T. Pennucci2, S. M. Ransom1, M. S. E. Roberts3 & J. W. T. Hessels4,5

Neutron stars are composed of the densest form of matter known
to exist in our Universe, the composition and properties of which
are still theoretically uncertain. Measurements of the masses or
radii of these objects can strongly constrain the neutron starmatter
equation of state and rule out theoretical models of their composi-
tion1,2. The observed range of neutron star masses, however, has
hitherto been too narrow to rule out many predictions of ‘exotic’
non-nucleonic components3–6. The Shapiro delay is a general-relat-
ivistic increase in light travel time through the curved space-time
near a massive body7. For highly inclined (nearly edge-on) binary
millisecond radio pulsar systems, this effect allows us to infer the
masses of both the neutron star and its binary companion to high
precision8,9. Here we present radio timing observations of the binary
millisecond pulsar J1614-223010,11 that show a strong Shapiro delay
signature.We calculate the pulsarmass to be (1.976 0.04)M[, which
rules out almost all currently proposed2–5 hyperon or boson con-
densate equations of state (M[, solar mass). Quark matter can sup-
port a star thismassive only if the quarks are strongly interacting and
are therefore not ‘free’ quarks12.
In March 2010, we performed a dense set of observations of J1614-

2230 with the National Radio Astronomy Observatory Green Bank
Telescope (GBT), timed to follow the system through one complete
8.7-d orbit with special attention paid to the orbital conjunction, where
theShapirodelay signal is strongest.Thesedatawere takenwith thenewly
built Green Bank Ultimate Pulsar Processing Instrument (GUPPI).
GUPPI coherently removes interstellar dispersive smearing from the
pulsar signal and integrates the data modulo the current apparent pulse
period, producing a set of average pulse profiles, or flux-versus-rota-
tional-phase light curves. From these, we determined pulse times of
arrival using standard procedures, with a typical uncertainty of,1ms.
We used themeasured arrival times to determine key physical para-

meters of the neutron star and its binary system by fitting them to a
comprehensive timing model that accounts for every rotation of the
neutron star over the time spanned by the fit. The model predicts at
what times pulses should arrive at Earth, taking into account pulsar
rotation and spin-down, astrometric terms (sky position and proper
motion), binary orbital parameters, time-variable interstellar disper-
sion and general-relativistic effects such as the Shapiro delay (Table 1).
We compared the observed arrival times with the model predictions,
and obtained best-fit parameters by x2 minimization, using the
TEMPO2 software package13. We also obtained consistent results
using the original TEMPO package. The post-fit residuals, that is,
the differences between the observed and the model-predicted pulse
arrival times, effectively measure how well the timing model describes
the data, and are shown in Fig. 1. We included both a previously
recorded long-term data set and our new GUPPI data in a single fit.
The long-term data determine model parameters (for example spin-
down rate and astrometry) with characteristic timescales longer than
a few weeks, whereas the new data best constrain parameters on
timescales of the orbital period or less. Additional discussion of the

long-termdata set, parameter covariance and dispersionmeasure vari-
ation can be found in Supplementary Information.
As shown in Fig. 1, the Shapiro delay was detected in our data with

extremely high significance, and must be included to model the arrival
times of the radio pulses correctly.However, estimating parameter values
and uncertainties can be difficult owing to the high covariance between
many orbital timing model terms14. Furthermore, the x2 surfaces for the
Shapiro-derived companionmass (M2) and inclination angle (i) are often
significantly curved or otherwise non-Gaussian15. To obtain robust error
estimates, we used a Markov chain Monte Carlo (MCMC) approach to
explore the post-fitx2 space andderive posterior probability distributions
for all timing model parameters (Fig. 2). Our final results for the model

1National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, Virginia 22093, USA. 2Astronomy Department, University of Virginia, Charlottesville, Virginia 22094-4325, USA. 3Eureka
Scientific, Inc., Oakland, California 94602, USA. 4Netherlands Institute for Radio Astronomy (ASTRON), Postbus 2, 7990 AA Dwingeloo, The Netherlands. 5Astronomical Institute ‘‘Anton Pannekoek’’,
University of Amsterdam, 1098 SJ Amsterdam, The Netherlands.

Table 1 | Physical parameters for PSR J1614-2230
Parameter Value

Ecliptic longitude (l) 245.78827556(5)u
Ecliptic latitude (b) 21.256744(2)u
Proper motion in l 9.79(7)mas yr21

Proper motion in b 230(3)mas yr21

Parallax 0.5(6)mas
Pulsar spin period 3.1508076534271(6)ms
Period derivative 9.6216(9) 310221 s s21

Reference epoch (MJD) 53,600
Dispersion measure* 34.4865pc cm23

Orbital period 8.6866194196(2) d
Projected semimajor axis 11.2911975(2) light s
First Laplace parameter (esinv) 1.1(3) 31027

Second Laplace parameter (ecosv) 21.29(3) 31026

Companion mass 0.500(6)M[
Sine of inclination angle 0.999894(5)
Epoch of ascending node (MJD) 52,331.1701098(3)
Span of timing data (MJD) 52,469–55,330
Number of TOAs{ 2,206 (454, 1,752)
Root mean squared TOA residual 1.1 ms

Right ascension (J2000) 16h 14min 36.5051(5) s
Declination (J2000) 222u 309 31.081(7)99
Orbital eccentricity (e) 1.30(4) 31026

Inclination angle 89.17(2)u
Pulsar mass 1.97(4)M[
Dispersion-derived distance{ 1.2 kpc
Parallax distance .0.9 kpc
Surface magnetic field 1.8 3108G
Characteristic age 5.2Gyr
Spin-down luminosity 1.2 31034 erg s21

Average flux density* at 1.4GHz 1.2mJy
Spectral index, 1.1–1.9GHz 21.9(1)
Rotation measure 228.0(3) radm22

Timingmodel parameters (top), quantities derived from timingmodel parameter values (middle) and
radio spectral and interstellar medium properties (bottom). Values in parentheses represent the 1s
uncertainty in the final digit, asdeterminedbyMCMCerror analysis. The fit includedboth ‘long-term’ data
spanning seven years and new GBT–GUPPI data spanning three months. The new data were observed
using an800-MHz-wide band centred at a radio frequency of 1.5GHz. The rawprofileswere polarization-
and flux-calibrated and averaged into 100-MHz, 7.5-min intervals using the PSRCHIVE software
package25, from which pulse times of arrival (TOAs) were determined. MJD, modified Julian date.
*These quantities vary stochastically on>1-d timescales. Values presented here are the averages for
our GUPPI data set.
{Shown in parentheses are separate values for the long-term (first) and new (second) data sets.
{Calculated using the NE2001 pulsar distance model26.
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parameters, withMCMC error estimates, are given in Table 1. Owing to
the high significance of this detection, our MCMC procedure and a
standard x2 fit produce similar uncertainties.
From the detected Shapiro delay, we measure a companion mass of

(0.50060.006)M[, which implies that the companion is a helium–
carbon–oxygenwhite dwarf16. The Shapiro delay also shows the binary

system to be remarkably edge-on, with an inclination of 89.17u6 0.02u.
This is the most inclined pulsar binary system known at present. The
amplitude and sharpness of the Shapiro delay increase rapidly with
increasing binary inclination and the overall scaling of the signal is
linearly proportional to the mass of the companion star. Thus, the
unique combination of the high orbital inclination and massive white
dwarf companion in J1614-2230 cause a Shapiro delay amplitude
orders of magnitude larger than for most other millisecond pulsars.
In addition, the excellent timing precision achievable from the pulsar
with the GBT and GUPPI provide a very high signal-to-noise ratio
measurement of both Shapiro delay parameters within a single orbit.
The standardKeplerian orbital parameters, combinedwith the known

companionmass and orbital inclination, fully describe the dynamics of a
‘clean’ binary system—one comprising two stable compact objects—
under general relativity and therefore also determine the pulsar’s mass.
Wemeasure a pulsar mass of (1.976 0.04)M[, which is by far the high-
est preciselymeasured neutron star mass determined to date. In contrast
with X-ray-based mass/radius measurements17, the Shapiro delay pro-
videsno informationabout theneutron star’s radius.However, unlike the
X-ray methods, our result is nearly model independent, as it depends
only on general relativity being an adequate description of gravity.
In addition, unlike statistical pulsar mass determinations based on
measurement of the advance of periastron18–20, pure Shapiro delay mass
measurements involve no assumptions about classical contributions to
periastron advance or the distribution of orbital inclinations.
The mass measurement alone of a 1.97M[ neutron star signifi-

cantly constrains the nuclear matter equation of state (EOS), as shown
in Fig. 3. Any proposed EOS whose mass–radius track does not inter-
sect the J1614-2230 mass line is ruled out by this measurement. The
EOSs that produce the lowestmaximummasses tend to be thosewhich
predict significant softening past a certain central density. This is a
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Figure 1 | Shapiro delay measurement for PSR
J1614-2230. Timing residual—the excess delay
not accounted for by the timing model—as a
function of the pulsar’s orbital phase. a, Full
magnitude of the Shapiro delay when all other
model parameters are fixed at their best-fit values.
The solid line shows the functional form of the
Shapiro delay, and the red points are the 1,752
timingmeasurements in ourGBT–GUPPI data set.
The diagrams inset in this panel show top-down
schematics of the binary system at orbital phases of
0.25, 0.5 and 0.75 turns (from left to right). The
neutron star is shown in red, the white dwarf
companion in blue and the emitted radio beam,
pointing towards Earth, in yellow. At orbital phase
of 0.25 turns, the Earth–pulsar line of sight passes
nearest to the companion (,240,000 km),
producing the sharp peak in pulse delay.We found
no evidence for any kind of pulse intensity
variations, as from an eclipse, near conjunction.
b, Best-fit residuals obtained using an orbitalmodel
that does not account for general-relativistic effects.
In this case, some of the Shapiro delay signal is
absorbed by covariant non-relativistic model
parameters. That these residuals deviate
significantly from a random, Gaussian distribution
of zero mean shows that the Shapiro delay must be
included to model the pulse arrival times properly,
especially at conjunction. In addition to the red
GBT–GUPPI points, the 454 grey points show the
previous ‘long-term’ data set. The drastic
improvement in data quality is apparent. c, Post-fit
residuals for the fully relativistic timing model
(including Shapiro delay), which have a root mean
squared residual of 1.1ms and a reduced x2 value of
1.4 with 2,165 degrees of freedom. Error bars, 1s.
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Figure 2 | Results of theMCMCerror analysis. a, Grey-scale image shows the
two-dimensional posterior probability density function (PDF) in theM2–i
plane, computed from a histogram ofMCMC trial values. The ellipses show 1s
and 3s contours based on a Gaussian approximation to the MCMC results.
b, PDF for pulsar mass derived from the MCMC trials. The vertical lines show
the 1s and 3s limits on the pulsar mass. In both cases, the results are very well
described by normal distributions owing to the extremely high signal-to-noise
ratio of our Shapiro delay detection. Unlike secular orbital effects (for example
precession of periastron), the Shapiro delay does not accumulate over time, so
the measurement uncertainty scales simply as T21/2, where T is the total
observing time. Therefore, we are unlikely to see a significant improvement on
these results with currently available telescopes and instrumentation.
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parameters, withMCMC error estimates, are given in Table 1. Owing to
the high significance of this detection, our MCMC procedure and a
standard x2 fit produce similar uncertainties.
From the detected Shapiro delay, we measure a companion mass of

(0.50060.006)M[, which implies that the companion is a helium–
carbon–oxygenwhite dwarf16. The Shapiro delay also shows the binary

system to be remarkably edge-on, with an inclination of 89.17u6 0.02u.
This is the most inclined pulsar binary system known at present. The
amplitude and sharpness of the Shapiro delay increase rapidly with
increasing binary inclination and the overall scaling of the signal is
linearly proportional to the mass of the companion star. Thus, the
unique combination of the high orbital inclination and massive white
dwarf companion in J1614-2230 cause a Shapiro delay amplitude
orders of magnitude larger than for most other millisecond pulsars.
In addition, the excellent timing precision achievable from the pulsar
with the GBT and GUPPI provide a very high signal-to-noise ratio
measurement of both Shapiro delay parameters within a single orbit.
The standardKeplerian orbital parameters, combinedwith the known

companionmass and orbital inclination, fully describe the dynamics of a
‘clean’ binary system—one comprising two stable compact objects—
under general relativity and therefore also determine the pulsar’s mass.
Wemeasure a pulsar mass of (1.976 0.04)M[, which is by far the high-
est preciselymeasured neutron star mass determined to date. In contrast
with X-ray-based mass/radius measurements17, the Shapiro delay pro-
videsno informationabout theneutron star’s radius.However, unlike the
X-ray methods, our result is nearly model independent, as it depends
only on general relativity being an adequate description of gravity.
In addition, unlike statistical pulsar mass determinations based on
measurement of the advance of periastron18–20, pure Shapiro delay mass
measurements involve no assumptions about classical contributions to
periastron advance or the distribution of orbital inclinations.
The mass measurement alone of a 1.97M[ neutron star signifi-

cantly constrains the nuclear matter equation of state (EOS), as shown
in Fig. 3. Any proposed EOS whose mass–radius track does not inter-
sect the J1614-2230 mass line is ruled out by this measurement. The
EOSs that produce the lowestmaximummasses tend to be thosewhich
predict significant softening past a certain central density. This is a
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Figure 1 | Shapiro delay measurement for PSR
J1614-2230. Timing residual—the excess delay
not accounted for by the timing model—as a
function of the pulsar’s orbital phase. a, Full
magnitude of the Shapiro delay when all other
model parameters are fixed at their best-fit values.
The solid line shows the functional form of the
Shapiro delay, and the red points are the 1,752
timingmeasurements in ourGBT–GUPPI data set.
The diagrams inset in this panel show top-down
schematics of the binary system at orbital phases of
0.25, 0.5 and 0.75 turns (from left to right). The
neutron star is shown in red, the white dwarf
companion in blue and the emitted radio beam,
pointing towards Earth, in yellow. At orbital phase
of 0.25 turns, the Earth–pulsar line of sight passes
nearest to the companion (,240,000 km),
producing the sharp peak in pulse delay.We found
no evidence for any kind of pulse intensity
variations, as from an eclipse, near conjunction.
b, Best-fit residuals obtained using an orbitalmodel
that does not account for general-relativistic effects.
In this case, some of the Shapiro delay signal is
absorbed by covariant non-relativistic model
parameters. That these residuals deviate
significantly from a random, Gaussian distribution
of zero mean shows that the Shapiro delay must be
included to model the pulse arrival times properly,
especially at conjunction. In addition to the red
GBT–GUPPI points, the 454 grey points show the
previous ‘long-term’ data set. The drastic
improvement in data quality is apparent. c, Post-fit
residuals for the fully relativistic timing model
(including Shapiro delay), which have a root mean
squared residual of 1.1ms and a reduced x2 value of
1.4 with 2,165 degrees of freedom. Error bars, 1s.
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Figure 2 | Results of theMCMCerror analysis. a, Grey-scale image shows the
two-dimensional posterior probability density function (PDF) in theM2–i
plane, computed from a histogram ofMCMC trial values. The ellipses show 1s
and 3s contours based on a Gaussian approximation to the MCMC results.
b, PDF for pulsar mass derived from the MCMC trials. The vertical lines show
the 1s and 3s limits on the pulsar mass. In both cases, the results are very well
described by normal distributions owing to the extremely high signal-to-noise
ratio of our Shapiro delay detection. Unlike secular orbital effects (for example
precession of periastron), the Shapiro delay does not accumulate over time, so
the measurement uncertainty scales simply as T21/2, where T is the total
observing time. Therefore, we are unlikely to see a significant improvement on
these results with currently available telescopes and instrumentation.
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parameters, withMCMC error estimates, are given in Table 1. Owing to
the high significance of this detection, our MCMC procedure and a
standard x2 fit produce similar uncertainties.
From the detected Shapiro delay, we measure a companion mass of

(0.50060.006)M[, which implies that the companion is a helium–
carbon–oxygenwhite dwarf16. The Shapiro delay also shows the binary

system to be remarkably edge-on, with an inclination of 89.17u6 0.02u.
This is the most inclined pulsar binary system known at present. The
amplitude and sharpness of the Shapiro delay increase rapidly with
increasing binary inclination and the overall scaling of the signal is
linearly proportional to the mass of the companion star. Thus, the
unique combination of the high orbital inclination and massive white
dwarf companion in J1614-2230 cause a Shapiro delay amplitude
orders of magnitude larger than for most other millisecond pulsars.
In addition, the excellent timing precision achievable from the pulsar
with the GBT and GUPPI provide a very high signal-to-noise ratio
measurement of both Shapiro delay parameters within a single orbit.
The standardKeplerian orbital parameters, combinedwith the known

companionmass and orbital inclination, fully describe the dynamics of a
‘clean’ binary system—one comprising two stable compact objects—
under general relativity and therefore also determine the pulsar’s mass.
Wemeasure a pulsar mass of (1.976 0.04)M[, which is by far the high-
est preciselymeasured neutron star mass determined to date. In contrast
with X-ray-based mass/radius measurements17, the Shapiro delay pro-
videsno informationabout theneutron star’s radius.However, unlike the
X-ray methods, our result is nearly model independent, as it depends
only on general relativity being an adequate description of gravity.
In addition, unlike statistical pulsar mass determinations based on
measurement of the advance of periastron18–20, pure Shapiro delay mass
measurements involve no assumptions about classical contributions to
periastron advance or the distribution of orbital inclinations.
The mass measurement alone of a 1.97M[ neutron star signifi-

cantly constrains the nuclear matter equation of state (EOS), as shown
in Fig. 3. Any proposed EOS whose mass–radius track does not inter-
sect the J1614-2230 mass line is ruled out by this measurement. The
EOSs that produce the lowestmaximummasses tend to be thosewhich
predict significant softening past a certain central density. This is a
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Figure 1 | Shapiro delay measurement for PSR
J1614-2230. Timing residual—the excess delay
not accounted for by the timing model—as a
function of the pulsar’s orbital phase. a, Full
magnitude of the Shapiro delay when all other
model parameters are fixed at their best-fit values.
The solid line shows the functional form of the
Shapiro delay, and the red points are the 1,752
timingmeasurements in ourGBT–GUPPI data set.
The diagrams inset in this panel show top-down
schematics of the binary system at orbital phases of
0.25, 0.5 and 0.75 turns (from left to right). The
neutron star is shown in red, the white dwarf
companion in blue and the emitted radio beam,
pointing towards Earth, in yellow. At orbital phase
of 0.25 turns, the Earth–pulsar line of sight passes
nearest to the companion (,240,000 km),
producing the sharp peak in pulse delay.We found
no evidence for any kind of pulse intensity
variations, as from an eclipse, near conjunction.
b, Best-fit residuals obtained using an orbitalmodel
that does not account for general-relativistic effects.
In this case, some of the Shapiro delay signal is
absorbed by covariant non-relativistic model
parameters. That these residuals deviate
significantly from a random, Gaussian distribution
of zero mean shows that the Shapiro delay must be
included to model the pulse arrival times properly,
especially at conjunction. In addition to the red
GBT–GUPPI points, the 454 grey points show the
previous ‘long-term’ data set. The drastic
improvement in data quality is apparent. c, Post-fit
residuals for the fully relativistic timing model
(including Shapiro delay), which have a root mean
squared residual of 1.1ms and a reduced x2 value of
1.4 with 2,165 degrees of freedom. Error bars, 1s.
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Figure 2 | Results of theMCMCerror analysis. a, Grey-scale image shows the
two-dimensional posterior probability density function (PDF) in theM2–i
plane, computed from a histogram ofMCMC trial values. The ellipses show 1s
and 3s contours based on a Gaussian approximation to the MCMC results.
b, PDF for pulsar mass derived from the MCMC trials. The vertical lines show
the 1s and 3s limits on the pulsar mass. In both cases, the results are very well
described by normal distributions owing to the extremely high signal-to-noise
ratio of our Shapiro delay detection. Unlike secular orbital effects (for example
precession of periastron), the Shapiro delay does not accumulate over time, so
the measurement uncertainty scales simply as T21/2, where T is the total
observing time. Therefore, we are unlikely to see a significant improvement on
these results with currently available telescopes and instrumentation.
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Mmax = 1.65M! → 1.97 ± 0.04 M!

Calculation of neutron star properties require EOS up to high densities.

Strategy: 
Use observations to constrain the high-density part of the nuclear EOS.

High-density constraints from observations:

Fig. 1. Radial velocities and spectrum of the white dwarf companion
to PSR J0348+0432. (A) Radial velocities of the WD companion to PSR
J0348+0432 plotted against the orbital phase (shown twice for clarity). Over-
plotted is the best-fit orbit of the WD (blue line) and the mirror orbit of the
pulsar (green). Error bars indicate 1-s confidence intervals. (B) Details of the
fit to the Balmer lines (Hb to H12) in the average spectrumof theWD companion

to PSR J0348+0432 created by the coherent addition of 26 individual spectra
shifted to zero velocity. Lines from Hb (bottom) to H12 are shown. The red
solid lines are the best-fit atmospheric model (see text). Two models, one with
Teff = 9900 K and log10g = 5.70 and one with Teff = 10,200 K and log10 g =
6.30, each ∼ 3-s off from the best-fit central value (including systematics), are
shown for comparison (dashed blue lines).

Fig. 2. Mass measurement of the white dwarf companion to PSR
J0348+0432. (A) Constraints on Teff and g for the WD companion to PSR
J0348+0432 compared with theoretical WD models. The shaded areas depict
the c2 − c2min = 2.3, 6.2, and 11.8 intervals (equivalent to 1-, 2-, and 3-s) of
our fit to the average spectrum. Dashed lines show the detailed theoretical

cooling models of (11). Continuous lines depict tracks with thick envelopes for
masses up to ∼0.2M◉ that yield the most conservative constraints for the mass
of the WD. (B) Finite-temperature mass-radius relations for our models to-
gether with the constraints imposed from modeling of the spectrum. Low
mass–high temperature points are an extrapolation from lower temperatures.
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A Massive Pulsar in a 
Compact Relativistic Binary
John Antoniadis,* Paulo C. C. Freire, Norbert Wex, Thomas M. Tauris, Ryan S. Lynch, 
Marten H. van Kerkwijk, Michael Kramer, Cees Bassa, Vik S. Dhillon, Thomas Driebe, 
Jason W. T. Hessels, Victoria M. Kaspi, Vladislav I. Kondratiev, Norbert Langer, 
Thomas R. Marsh, Maura A. McLaughlin, Timothy T. Pennucci, Scott M. Ransom, 
Ingrid H. Stairs, Joeri van Leeuwen, Joris P. W. Verbiest, David G. Whelan

Introduction: Neutron stars with masses above 1.8 solar masses (M!), possess extreme gravitational 
fi elds, which may give rise to phenomena outside general relativity. Hitherto, these strong-fi eld devia-
tions have not been probed by experiment, because they become observable only in tight binaries 
containing a high-mass pulsar and where orbital decay resulting from emission of gravitational waves 
can be tested. Understanding the origin of such a system would also help to answer fundamental ques-
tions of close-binary evolution.

Methods: We report on radio-timing observations of the pulsar J0348+0432 and phase-resolved 
optical spectroscopy of its white-dwarf companion, which is in a 2.46-hour orbit. We used these to 
derive the component masses and orbital parameters, infer the system’s motion, and constrain its age.

Results: We fi nd that the white dwarf has a mass of 0.172 ± 0.003 M!, which, combined with orbital 
velocity measurements, yields a pulsar mass of 2.01 ± 0.04 M!. Additionally, over a span of 2 years, 
we observed a signifi cant decrease in the orbital period, P!b

obs = –8.6 ± 1.4 µs year−1 in our radio-
timing data.

Discussion: Pulsar J0348+0432 is only the second neutron star with a precisely determined mass 
of 2 M! and independently confi rms the existence of such massive neutron stars in nature. For these 

masses and orbital period, general relativity 
predicts a significant orbital decay, which 
matches the observed value, P!b

obs/ P!b
GR = 1.05 

± 0.18.
The pulsar has a gravitational binding 

energy 60% higher than other known neu-
tron stars in binaries where gravitational-
wave damping has been detected. Because 
the magnitude of strong-field deviations 
generally depends nonlinearly on the bind-
ing energy, the measurement of orbital 
decay transforms the system into a gravita-
tional laboratory for an as-yet untested grav-
ity regime. The consistency of the observed 
orbital decay with general relativity  therefore 
supports its validity, even for such extreme 
gravity-matter couplings, and rules out 
strong-fi eld phenomena predicted by physi-
cally well-motivated alternatives. Moreover, 
our result supports the use of general rela-
tivity–based templates for the detection of 
gravitational waves from merger events with 
advanced ground-based detectors.

Lastly, the system provides insight into 
pulsar-spin evolution after mass accretion. 
Because of its short merging time scale of 
400 megayears, the system is a direct chan-
nel for the formation of an ultracompact x-ray 
binary, possibly leading to a pulsar-planet 
system or the formation of a black hole.

Artist’s impression of the PSR J0348+0432 system. 
The compact pulsar (with beams of radio emission) produces 
a strong distortion of spacetime (illustrated by the green 
mesh). Conversely, spacetime around its white dwarf com-
panion (in light blue) is substantially less curved. According 
to relativistic theories of gravity, the binary system is subject 
to energy loss by gravitational waves.
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companionwith awell-determinedmass of 0.20M◉
(15) that appears to be hot (10), suggesting that its
envelope is thick. For this reason, we base the
WD mass estimate on cooling tracks with thick
hydrogen atmospheres for masses up to 0.2M◉,
which we constructed by using the MESA stellar
evolution code (8, 16). Initial models were built
for masses identical to the ones in (11), for which
previous comparisons have yielded good agree-
ment with observations (14), with the addition
of tracks with 0.175 and 0.185 M◉ for finer
coverage (Fig. 2). For masses up to 0.169M◉, our
models show excellent agreement with (11);
however, our 0.196 M◉ model is quite different,
because it has a thick envelope instead of a thin
one. Being closer to the constraints for the WD
companion to PSR J0348+0432, it yields a more
conservative mass constraint, MWD = 0.165 to
0.185 at 99.73% confidence (Fig. 3 and Table 1),
which we adopt. The corresponding radius is
RWD = 0.046 to 0.092 R◉ at 99.73% confidence.
Our models yield a cooling age of tcool ∼ 2 Gy.

Pulsar Mass
The derived WD mass and the observed mass
ratio q imply a NSmass in the range from 1.97 to
2.05M◉ at 68.27% or 1.90 to 2.18M◉ at 99.73%
confidence. Hence, PSR J0348+0432 is only the
second NS with a precisely determined mass
around 2M◉, after PSR J1614−2230 (2). It has a
3-s lower mass limit 0.05M◉ higher than the latter
and therefore provides a verification, using a dif-
ferent method, of the constraints on the EOS of
superdense matter present in NS interiors (2, 17).
For these masses and the known orbital period,
GR predicts that the orbital period should decrease

at the rate of P
:GR
b ¼ ð−2:58þ0:07

−0:11 Þ % 10−13 s s−1

(68.27%confidence) because of energy loss through
GW emission.

Radio Observations
Since April 2011, we have been observing PSR
J0348+0432 with the 1.4-GHz receiver of the
305-m radio telescope at the Arecibo Observatory
by using its four wide-band pulsar processors (18).
In order to verify the Arecibo data, we have been
independently timing PSR J0348+0432 at 1.4 GHz
by using the 100-m radio telescope in Effelsberg,
Germany. The two timing data sets produce con-
sistent rotational models, providing added con-
fidence in both. Combining the Arecibo and
Effelsberg data with the initial GBTobservations
(7), we derived the timing solution presented in
Table 1. To match the arrival times, the solution
requires a significant measurement of orbital de-
cay, P

:
b ¼ −2:73 % 10−13 T 0:45% 10−13 s s−1

(68.27% confidence).
The total proper motion and distance estimate

(Table 1) allowed us to calculate the kinematic
corrections to P

:
b from its motion in the Galaxy,

plus any contribution from possible variations of
G: dP

:
b ¼ 0:016% 10−13 T 0:003% 10−13 s s−1.

This is negligible compared to the measurement
uncertainty. Similarly, the small rate of rotational
energy loss of the pulsar (Table 1) excludes any
substantial contamination resulting frommass loss
from the system; furthermore, we can exclude
substantial contributions to P

:
b from tidal effects

[see (8) for details]. Therefore, the observedP
:
b is

caused by GW emission, and its magnitude is
entirely consistent with the one predicted by GR:
P
:
b=P

:GR
b ¼ 1:05 T 0:18 (Fig. 3).

If we assume that GR is the correct theory of
gravity, we can then derive the component masses
from the intersection of the regions allowed by
q and P

:
b (Fig. 3): MWD ¼ 0:177þ0:017

−0:018 M◉ and
MPSR ¼ 2:07þ0:20

−0:21 M◉ (68.27% confidence). These
values are not too constraining yet. However, the
uncertainty of the measurement of P

:
b decreases

with T baseline
−5/2 (where Tbaseline is the timing base-

line); therefore, this method will yield very precise
mass measurements within a couple of years.

Discussion

PSR J0348+0432 as a Testbed for Gravity
There are strong arguments for GR not to be valid
beyond a (yet unknown) critical point, like its
incompatibility with quantum theory and its pre-
diction of the formation of spacetime singularities.
Therefore, it remains an open question whether
GR is the final description of macroscopic gravity.
This strongly motivates testing gravity regimes
that have not been tested before, in particular
regimes where gravity is strong and highly non-
linear. Presently, binary pulsars provide the best
high-precision experiments to probe strong-field
deviations from GR and the best tests of the
radiative properties of gravity (19–23). The orbital
period of PSR J0348+0432 is only 15 s longer
than that of the double pulsar system PSR J0737–
3039, but it has ∼two times more fractional grav-
itational binding energy than each of the double-
pulsar NSs. This places it far outside the presently
tested binding energy range (Fig. 4A) (8). Be-
cause the magnitude of strong-field effects gener-
ally depends nonlinearly on the binding energy,
the measurement of orbital decay transforms the

Fig. 3. System masses and
orbital-inclination constraints.
Constraints on system masses and
orbital inclination from radio and
optical measurements of PSR
J0348+0432 and its WD compan-
ion. Each triplet of curves corre-
sponds to the most likely value
and standard deviations (68.27%
confidence) of the respective pa-
rameters. Of these, two (q and MWD)
are independent of specific gravity
theories (in black). The contours
contain the 68.27 and 95.45% of
the two-dimensional probability
distribution. The constraints from
the measured intrinsic orbital decay
(P
:
b
int, in orange) are calculated as-

suming that GR is the correct theory
of gravity. All curves intersect in
the same region, meaning that
GR passes this radiative test (8).
(Bottom left) cosi-MWD plane. The
gray region is excluded by the con-
dition MPSR > 0. (Bottom right)
MPSR-MWD plane. The gray region
is excluded by the condition sini ≤ 1. The lateral graphs depict the one-dimensional probability-distribution function for the WD mass (right), pulsar mass
(top right), and inclination (top left) based on the mass function, MWD, and q.
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→ 2.01± 0.04M!

19

Figure 3. Probability maps and posterior PDFs of the traditional Shapiro-delay parameters measured for PSRs J0613−0200, J1600−3053, and J1614−2230.
The maps and PDFs for J1600−3053 were constrained assuming that the observed ω̇ is due to GR (see Section 5.3). The inner, middle and outer red contours
encapsulate 68.3%, 95.4% and 99.7% of the total probability defined on each two-dimensional map, respectively. In all slimmer panels, the blue solid lines
represent posterior PDFs obtained from marginalizing the appropriate two-dimensional map, the vertical red-dashed lines are bounds of the 68.3% credible
interval, and the red-solid line is the median value.

M = 1.928 ± 0.017 M!

white dwarf neutron star

E. Fonseca et al. ,  Astrophys. J. 832 (2016) 167

     Neutron Star - White Dwarf binaries

PSR J1614+2230 PSR J0348+0432

    Strong constraints for the stiffness of the Equation-of State of cold & dense baryonic matter
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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NEWS FEATURE 04 March 2020

The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and

25.07.21, 17:20The golden age of neutron-star physics has arrived

Page 10 of 13https://www.nature.com/articles/d41586-020-00590-8

matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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Gravitational wave strain (a) and power spectrum (b) for two binary neutron star systems with component masses 1.3M! and 1.3M!

simulated with either the DD2 EoS or the BHB!φ EoS. The two EoSs are identical at the densities relevant for the inspiral, but they
diverge in the postmerger because of the appearance of ! hyperons in the BHB!φ. For more details regarding the simulations, readers
are referred to Reference 9. Abbreviation: EoS, equation of state.

correlate with R1.6 (81, 133), with only a weak dependency on mass ratio and NS spin (135, 136).
A more general quasi-universal relation was found to link f2 and κT2 (or !̃) in a study by Bernuzzi
et al. (57). Both relations could be used to tightly constrain the NS EoS if the postmerger signal
is detected (57–59, 81, 137).

Interestingly, even though the densities reached in the postmerger are up to a factor of a few
larger than those of the inspiral, these quasi-universal relations imply that the postmerger GW
signal should be determined by the lower-density physics that !xes R1.6 and κT2 . The reason for
this is that f2 is initially set by the orbital frequency of the stars at merger, which is known to
depend only on κT2 (45). Subsequently, the rates at which angular momentum and binding energy
are radiated in GWs are proportional to each other, so f2 remains roughly constant as the mas-
sive NS contracts, at least until the last few cycles before collapse (20, 57, 108, 136). This trend is
con!rmed in simulations that include second-order phase transitions after merger. In these sim-
ulations, the energy liberated by the phase transition boosts the overall GW luminosity but has
only a small impact on f2 (9) (see also Figure 5). The only exception is when a strong !rst-order
phase transition is present after merger (11). In such cases, the merger remnant contracts within
a single dynamical timescale, so it is the angular momentum and not the angular velocity—as is
the case for more gradual contraction due to second-order phase transitions—to be approximately
conserved. A strong !rst-order phase transition could then be revealed by a tension between the
κT2 inferred from the inspiral signal and that inferred from the postmerger signal (11), assuming
that the phase transition does not result in immediate BH formation (10).

4. MATTER EJECTION, KILONOVAE, AND NUCLEOSYNTHESIS
The ejection of neutron-rich material is possibly one of the most important consequences of NS
mergers (26). The ejecta are thought to undergo the r-process and produce heavy nuclei, making
NS mergers an important, if not dominant, astrophysical site of production for these elements
(12). The associated kN signal was observed in GW170817, and because of its quasi-isotropic
character, it is considered to be the most promising EM counterpart for future events (25).
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    Additional constraints on Equation-of-State:     
Binary tidal deformability

<latexit sha1_base64="JEV8on6WiASbWiAtiWgXLOagetA=">AAACFHicbVDLSgMxFM3UV62vqks3wSJUhDKjoi6LblwoVLEP6IxDJs20oZkHyR2hDP0IN/6KGxeKuHXhzr8xbWehrQcCJ+eeQ3KPFwuuwDS/jdzc/MLiUn65sLK6tr5R3NxqqCiRlNVpJCLZ8ohigoesDhwEa8WSkcATrOn1L0bz5gOTikfhHQxi5gSkG3KfUwJacosH9pU2d4jLbcUDbAvmQzm91ddIx/C1y4e25N0e7N9rd8msmGPgWWJlpIQy1Nzil92JaBKwEKggSrUtMwYnJRI4FWxYsBPFYkL7pMvamoYkYMpJx0sN8Z5WOtiPpD4h4LH6O5GSQKlB4GlnQKCnpmcj8b9ZOwH/zEl5GCfAQjp5yE8EhgiPGsIdLhkFMdCEUMn1XzHtEUko6B4LugRreuVZ0jisWCeVo5vjUvU8qyOPdtAuKiMLnaIqukQ1VEcUPaJn9IrejCfjxXg3PibWnJFlttEfGJ8/kReeiA==</latexit>

Λi ∼
(
Ri

Mi

)n<latexit sha1_base64="9bPnFeydpIJ5MRX2LTYjriw6pos="></latexit>

Λ̃ =
16

13

(M1 + 12M2)M4
1Λ1

(M1 +M2)5
+ (1 ↔ 2)

B.P. Abbot et al. :  Phys. Rev. Lett. 119 (2017) 161101     Phys. Rev. X9 (2019) 011001

<latexit sha1_base64="ChMwJMW0pjl5jGhxi3xVKZyWJuQ=">AAAB/HicbVDJSgNBEK1xjXEbzdFLYxA8hDAT43oKetBjBLNAJoSeTk/SpGehu0cYhvgrXjwo4tUP8ebf2EnmoIkPCh7vVVFVz404k8qyvo2l5ZXVtfXcRn5za3tn19zbb8owFoQ2SMhD0XaxpJwFtKGY4rQdCYp9l9OWO7qZ+K1HKiQLgweVRLTr40HAPEaw0lLPLKSO66HbllOyL61q5dQpXY17ZtEqW1OgRWJnpAgZ6j3zy+mHJPZpoAjHUnZsK1LdFAvFCKfjvBNLGmEywgPa0TTAPpXddHr8GB1ppY+8UOgKFJqqvydS7EuZ+K7u9LEaynlvIv7ndWLlXXRTFkSxogGZLfJijlSIJkmgPhOUKJ5ogolg+lZEhlhgonReeR2CPf/yImlWyvZZ+eS+WqxdZ3Hk4AAO4RhsOIca3EEdGkAggWd4hTfjyXgx3o2PWeuSkc0U4A+Mzx+TXZLK</latexit>

GW190425 :

<latexit sha1_base64="pqyI9C6dTUivtexv7jWsWz0K2nw=">AAACFnicbVDLSgMxFM34rPU16tJNsAhCbZmpxboRim7cFCrYB7R1yGTSNjQzGZKMUIb5Cjf+ihsXirgVd/6NaTsLbT2Q3MM595Lc44aMSmVZ38bS8srq2npmI7u5tb2za+7tNyWPBCYNzBkXbRdJwmhAGooqRtqhIMh3GWm5o+uJ33ogQlIe3KlxSHo+GgS0TzFSWnLMQg1ewppjw7y+S5qXipXyfZy3ilY5ceKCrnbSPa05Xe5x5Zg5LUwBF4mdkhxIUXfMr67HceSTQGGGpOzYVqh6MRKKYkaSbDeSJER4hAako2mAfCJ78XStBB5rxYN9LvQJFJyqvydi5Es59l3d6SM1lPPeRPzP60Sqf9GLaRBGigR49lA/YlBxOMkIelQQrNhYE4QF1X+FeIgEwkonmdUh2PMrL5JmqWifF89uy7nqVRpHBhyCI3ACbFABVXAD6qABMHgEz+AVvBlPxovxbnzMWpeMdOYA/IHx+QMuQZp5</latexit>

M = M1 +M2 = 2.74+0.04
−0.01 M"

<latexit sha1_base64="b4APB5HykrLtiNp7bU8DkO/T4ac=">AAACDHicbVBPS8MwHE3nvzn/TT16CQ5BUEq7iXoRhl68DCa4P7CWkqbpFpY2JUmFUfYBvPhVvHhQxKsfwJvfxmzrQTcfJDzeez+S3/MTRqWyrG+jsLS8srpWXC9tbG5t75R399qSpwKTFuaMi66PJGE0Ji1FFSPdRBAU+Yx0/OHNxO88ECEpj+/VKCFuhPoxDSlGSkteudKAV7Dh2fBE31XNa2bNSSJombZz2vAcHnClU5ZpTQEXiZ2TCsjR9MpfTsBxGpFYYYak7NlWotwMCUUxI+OSk0qSIDxEfdLTNEYRkW42XWYMj7QSwJALfWIFp+rviQxFUo4iXycjpAZy3puI/3m9VIWXbkbjJFUkxrOHwpRBxeGkGRhQQbBiI00QFlT/FeIBEggr3V9Jl2DPr7xI2lXTPjdrd2eV+nVeRxEcgENwDGxwAergFjRBC2DwCJ7BK3gznowX4934mEULRj6zD/7A+PwBDX2XQA==</latexit>

M = M1 +M2 = 3.3± 0.1M!
B.P. Abbot et al. :  Astroph. J. Lett. 892 (2020) L3

PHYSIK
DEPARTMENT

GRAVITATIONAL WAVES  from
BINARY NEUTRON STAR MERGERS

LIGO and Virgo Collaborations  2017 - 2020

18

D. Radice, S. Bernuzzi,  A. Perego :  Ann. Rev. Nucl. Part. Sci.  70 (2020) 95

<latexit sha1_base64="7jM1r3oAEHaf5jwE4M+PYvGc0eg=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4kJKo2OKq6EKXFewDmlAm00k7dPJgZiKWED/FjQtF3Poj7vwbp20W2nrgwuGce7n3Hi/mTCrL+jaWlldW19YLG8XNre2dXXOv1JJRIghtkohHouNhSTkLaVMxxWknFhQHHqdtb3Q98dsPVEgWhfdqHFM3wIOQ+YxgpaWeWUodz0c3befErlo1u5o9XfbMslWxpkCLxM5JGXI0euaX049IEtBQEY6l7NpWrNwUC8UIp1nRSSSNMRnhAe1qGuKASjed3p6hI630kR8JXaFCU/X3RIoDKceBpzsDrIZy3puI/3ndRPk1N2VhnCgaktkiP+FIRWgSBOozQYniY00wEUzfisgQC0yUjquoQ7DnX14krdOKfVE5uzsv16/yOApwAIdwDDZUoQ630IAmEHiEZ3iFNyMzXox342PWumTkM/vwB8bnD19ckrk=</latexit>

GW170817 :

Annual Reviews

binary  
neutron star  
GW signal 

(red)

J.S. Lattimer  :   Ann. Rev. Nucl. Part. Sci.  71 (2021) 433

merger postmerger

simulation

B.P. Abbot et al. :  Phys. Rev. Lett. 121 (2018) 161101

<latexit sha1_base64="0Db+vvRh2lpCyUzwNOJpKp9I/l0=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiCGJJaql0IRTcuXFSwD2hqmEym7dDJg5mJUEL+wo2/4saFIm515984abPQ1gvDHM65h3vvcSNGhTTNb21hcWl5ZbWwVlzf2Nza1nd2WyKMOSZNHLKQd1wkCKMBaUoqGelEnCDfZaTtjq4yvf1AuKBhcCfHEen5aBDQPsVIKsrRDdsNmSfGvvoS+0YZPeQkllFJ4QW0auZ9cnxaM1MnObHKZpo6esk0zEnBeWDloATyajj6l+2FOPZJIDFDQnQtM5K9BHFJMSNp0Y4FiRAeoQHpKhggn4heMrkrhYeK8WA/5OoFEk7Y344E+SJbXXX6SA7FrJaR/2ndWPbPewkNoliSAE8H9WMGZQizkKBHOcGSjRVAmFO1K8RDxBGWKsqiCsGaPXketMqGVTWqt5VS/TKPowD2wQE4AhY4A3VwDRqgCTB4BM/gFbxpT9qL9q59TFsXtNyzB/6U9vkD8ved3w==</latexit>

Λ1.4 = 190+390
−120



19

9

101 100 101

10

10

10

PSRs+GWs+NICER

FIG. 3. 90% symmetric credible regions for the (top) pressure at each density and (bottom) radius at each mass. We show

(left) prior processes conditioned on only QMC(2018)
N2LO,l

predictions up to approximately (from lighter shading to darker shading)

0.5×, 1×, and 2nsat, (middle) posteriors conditioned on massive PSRs and GW data, as well as (right) posteriors conditioned
on massive PSRs, GWs, and NICER observations. In all panels, analogous results obtained with a completely agnostic analysis
not conditioned on χEFT [27] are shown in as colored lines.

taneously. By marginalizing over the posteriors condi-
tioned on separate pmax, sometimes called model averag-
ing, we allow the data itself to not only tell us the relative
likelihood of each pmax but automatically incorporate the
pmax uncertainty into the posterior for any other quantity
we wish. Similar approaches have been proposed to miti-
gate theoretical uncertainty in, e.g., GW waveforms [76].

To wit,

P (X|data) =
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dpmax P (X, pmax|data)
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∫
dpmax P (X|data, pmax)P (pmax|data)

∝
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dpmax [P (X|data, pmax)

×P (data|pmax)P (pmax)] , (3)

and we see that if the data strongly prefer a single pmax,
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Figure 4. Upper panels: The 68% and 95% credible regions of the EOS given the mass-radius estimate of PSR J0740+6620
by Riley et al. (2021), using the PP model (left) and CS model (right). The black dashed lines and orange dashed-dotted lines
indicate the 95% credible region of the prior and the constraints given the radio mass measurement of PSR J0740+6620 by
Fonseca et al. (2021), respectively. The red contour shows the posterior distribution on central energy density and pressure for
this source, and in the inset we plot the KL-divergence as a function of energy density. Lower panels: Same as upper panels but
for the mass-radius space. Also shown in blue, dotted lines is the 95% credible region of the EOS posterior distribution, when
analyzing the result from Riley et al. (2021) without the inclusion of the XMM -dataset (so NICER only). In addition, we show
the mass-radius posterior for PSR J0740+6620 by Riley et al. (2021) as dark-green contours (68% and 95%). Note that when
considering both NICER and XMM data, the posterior distribution (green shaded) is very close to the constraints obtained
from the radio mass measurement of PSR J0740+6620 (orange), due to this mass-radius posterior (dark green) showing support
over an extended range of radii.

3.3. NICER mass-radius and multimessenger
constraints

Next we study the constraints on the EOS from the
new mass-radius estimate of PSR J0740+6620 using
data from NICER and XMM, presented in Riley et al.

(2021). They find a radius of 12.39+1.30
−0.98 km, and a

mass of 2.072+0.067
−0.066 M", where the upper and lower

limit bound the 68% credible regions. The EOS re-
sults are shown in Figure 4, both in energy density-
pressure and mass-radius space. From the Kullback-
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Figure 4. Upper panels: The 68% and 95% credible regions of the EOS given the mass-radius estimate of PSR J0740+6620
by Riley et al. (2021), using the PP model (left) and CS model (right). The black dashed lines and orange dashed-dotted lines
indicate the 95% credible region of the prior and the constraints given the radio mass measurement of PSR J0740+6620 by
Fonseca et al. (2021), respectively. The red contour shows the posterior distribution on central energy density and pressure for
this source, and in the inset we plot the KL-divergence as a function of energy density. Lower panels: Same as upper panels but
for the mass-radius space. Also shown in blue, dotted lines is the 95% credible region of the EOS posterior distribution, when
analyzing the result from Riley et al. (2021) without the inclusion of the XMM -dataset (so NICER only). In addition, we show
the mass-radius posterior for PSR J0740+6620 by Riley et al. (2021) as dark-green contours (68% and 95%). Note that when
considering both NICER and XMM data, the posterior distribution (green shaded) is very close to the constraints obtained
from the radio mass measurement of PSR J0740+6620 (orange), due to this mass-radius posterior (dark green) showing support
over an extended range of radii.
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Figure 1: Timing residuals from all observations of J0740+6620 as a function of orbital phase,
with superior conjunction at orbital phase = 0.25. Orange points are multi-frequency timing
residuals, while dark blue points are averages of each group (i.e. timing epoch) of these points
with 1-σ error bars. Averages were taken over a minimum of four data points to avoid showing
misleading residuals from faint observations. Blue boxes indicate the orbital phases over which
each of the three supplemental observations were taken (the box over conjunction is slightly

darker because we made two superior conjunction observations). The top panel shows the full fit
(including Shapiro delay parameters and all dispersion measure parameters — i.e. the full timing
solution). The middle panel is the best fit with the measurable Shapiro delay signal added; this is
the signal to which we are actually sensitive. The bottom panel is the “full” Shapiro delay signal.

Both the second and third panels are calculated based on the orbital and system parameters
determined from the full fit. The lighter blue line in the middle and bottom panels represents the
theoretical measurable and full Shapiro delay, respectively (and marks a 0-µs residual in the top

panel). The width of the line in each panel is equal to the root mean squared error of the
averaged points.
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Comparison
! Comparison between theory and experiment difficult because measurements

have complicated form

→ Measurements cannot easily be parametrized, i.e. as a Gaussian

[Miller et al., Astrophys.J.Lett. 887 (2019), Miller et al., arXiv:2105.06979 [astro-ph.HE]]

! How to translate these measurements into constraints for theoretical
predictions?

→ Many analyses based of Bayesian inference
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and

25.07.21, 17:20The golden age of neutron-star physics has arrived
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA

<latexit sha1_base64="oue4gPffC5rCnTRTaBNbBMQ2V8s=">AAAB/nicbVBNS8NAEN3Ur1q/quLJy2IRPJVERT0WvXisYj8gCWWz3bRLd5OwOxFLqPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCARXINtf1uFhcWl5ZXiamltfWNzq7y909Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK7GfuueKc3j6A6GCfMl6UU85JSAkTrlvcwLQnw7enQ9YA+gZDaQI79TrthVewI8T5ycVFCOeqf85XVjmkoWARVEa9exE/AzooBTwUYlL9UsIXRAesw1NCKSaT+bnD/Ch0bp4jBWpiLAE/X3REak1kMZmE5JoK9nvbH4n+emEF74GY+SFFhEp4vCVGCI8TgL3OWKURBDQwhV3NyKaZ8oQsEkVjIhOLMvz5PmcdU5q57cnFZql3kcRbSPDtARctA5qqFrVEcNRFGGntErerOerBfr3fqYthasfGYX/YH1+QPinpYZ</latexit>

R [km]
<latexit sha1_base64="u0u0e1HmyjiP34V3/9D23VGK4fM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZFXVZdOOmUME+oDMMmTTThmaSIckIZZyFv+LGhSJu/Q13/o1pOwttPRA4nHMu9+aECaNKO863VVpaXlldK69XNja3tnfs3b22EqnEpIUFE7IbIkUY5aSlqWakm0iC4pCRTji6mfidByIVFfxejxPix2jAaUQx0kYK7IPMCyOYNTxhUrAReKIvdJ4HdtWpOVPAReIWpAoKNAP7y+sLnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9QzmKifKz6f05PDZKH0ZCmsc1nKq/JzIUKzWOQ5OMkR6qeW8i/uf1Uh1d+RnlSaoJx7NFUcqgFnBSBuxTSbBmY0MQltTcCvEQSYS1qaxiSnDnv7xI2qc196J2dnderV8XdZTBITgCJ8AFl6AObkETtAAGj+AZvII368l6sd6tj1m0ZBUz++APrM8f3ueWBg==</latexit>

M

M!

Tidal deformabilities

28

FIG. 3. Phases of the coalescence of binary neutron stars. During the inspiral phase (before

touching), the neutron stars are deformed due to their gravitational pull and one can extract the

tidal deformability Λ. The inspiral is the only phase currently measurable from gravitational waves.

The post-merger is the point where the neutron stars touch, finite T and YQ play a role, and the

gravitational waves from this phase may be measurable in O5 or 3G [362]. The remnant (the final

remaining object) is either a hypermassive neutron star or black hole. Figure taken from [363].

next several months, and measurements will also be reported for three additional neutron

stars with weaker signals. It is expected that by the end of the NICER mission it will at

least double the total exposure on each of these neutron stars, which will lead to an expected

reduction in the current ∼ 1 − 2 km radius uncertainties by a factor of
√
2, and possibly

more depending on the total exposure.

B. Inspiral of neutron stars

Ground-based detectors observe gravitational waves from the coalescence of two neutron

stars for minutes, depending on their low frequency sensitivity. Though the neutron star

structure does not affect the majority of the signal (modulo potential resonance effects), this

long inspiral can be used to measure the chirp mass of the system to astonishing relative

accuracy O(10−4) [364]. The mass ratio of the system is less well measured and correlated

with the spin, making the precise determination of the individual masses challenging [365].

In the coming years, as more systems are observed, information about the population dis-

tribution of merging neutron star spins can help alleviate this degeneracy and obtain more

(Green Bank,   Effelsberg)

Masses  and  radii 

(NICER Telescope @ ISS)

X rays from hot spots on the 
surface of rotating neutron stars
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M = 2.08± 0.07 M!

E. Fonseca et al. ,  Astrophys. J. Lett. 915 (2021) L12

J.  Antoniadis et al. :  Science 340 (2013) 1233232

M = 2.01 ± 0.04

Many physically motivated extensions to general relativity (GR) predict sig-
nificant deviations in the properties of spacetime surrounding massive neu-
tron stars. We report the measurement of a 2.01±0.04 solar mass (M!) pul-
sar in a 2.46-hr orbit with a 0.172±0.003 M! white dwarf. The high pulsar
mass and the compact orbit make this system a sensitive laboratory of a pre-
viously untested strong-field gravity regime. Thus far, the observed orbital
decay agrees with GR, supporting its validity even for the extreme conditions
present in the system. The resulting constraints on deviations support the use
of GR-based templates for ground-based gravitational wave detectors. Addi-
tionally, the system strengthens recent constraints on the properties of dense
matter and provides insight to binary stellar astrophysics and pulsar recycling.

Neutron stars (NSs) with masses above 1.8 M! manifested as radio pulsars are valuable
probes of fundamental physics in extreme conditions unique in the observable Universe and
inaccessible to terrestrial experiments. Their high masses are directly linked to the equation-
of-state (EOS) of matter at supra-nuclear densities (1, 2) and constrain the lower mass limit
for production of astrophysical black holes (BHs). Furthermore, they possess extreme internal
gravitational fields which result in gravitational binding energies substantially higher than those
found in more common, 1.4 M! NSs. Modifications to GR, often motivated by the desire for
a unified model of the four fundamental forces, can generally imprint measurable signatures in
gravitational waves (GWs) radiated by systems containing such objects, even if deviations from
GR vanish in the Solar System and in less massive NSs (3–5).

However, the most massive NSs known today reside in long-period binaries or other systems
unsuitable for GW radiation tests. Identifying a massive NS in a compact, relativistic binary
is thus of key importance for understanding gravity-matter coupling under extreme conditions.
Furthermore, the existence of a massive NS in a relativistic orbit can also be used to test current
knowledge of close binary evolution.

Results
PSR J0348+0432 & optical observations of its companion PSR J0348+0432, a pulsar spin-
ning at 39 ms in a 2.46-hr orbit with a low-mass companion, was detected by a recent sur-
vey (6, 7) conducted with the Robert C. Byrd Green Bank Telescope (GBT). Initial timing ob-
servations of the binary yielded an accurate astrometric position, which allowed us to identify
its optical counterpart in the Sloan Digital Sky Survey (SDSS) archive (8). The colors and flux
of the counterpart are consistent with a low-mass white dwarf (WD) with a helium core at a dis-
tance of d ∼ 2.1 kpc. Its relatively high apparent brightness (g′ = 20.71 ± 0.03 mag) allowed us
to resolve its spectrum using the Apache Point Optical Telescope. These observations revealed
deep Hydrogen lines, typical of low-mass WDs, confirming our preliminary identification. The
radial velocities of the WD mirrored that of PSR J0348+0432, also verifying that the two stars
are gravitationally bound.

2

PSR J0348+0432

PSR J1614-2230
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M = 1.908± 0.016 M!

Z.  Arzoumanian et al. ,  Astrophys. J. Suppl. 235 (2018) 37

PSR J0740+6620
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R = 12.71+1.14
−1.19 km

T.E. Riley et al.  (NICER),  Astroph. J. Lett. 887 (2019) L21
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Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).
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The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and
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matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA
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T. Salmi et al.  (NICER),  arXiv:2406.14466



NEUTRON STARS : DATA  (contd.)

Very massive and fast rotating galactic neutron star
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equivalent non-rotating mass  
after rotational correction :
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Comparison
! Comparison between theory and experiment difficult because measurements

have complicated form

→ Measurements cannot easily be parametrized, i.e. as a Gaussian

[Miller et al., Astrophys.J.Lett. 887 (2019), Miller et al., arXiv:2105.06979 [astro-ph.HE]]

! How to translate these measurements into constraints for theoretical
predictions?

→ Many analyses based of Bayesian inference

Reinforcement learning for neutron stars | Len Brandes 6/13

Comparison
! Comparison between theory and experiment difficult because measurements

have complicated form

→ Measurements cannot easily be parametrized, i.e. as a Gaussian

[Miller et al., Astrophys.J.Lett. 887 (2019), Miller et al., arXiv:2105.06979 [astro-ph.HE]]

! How to translate these measurements into constraints for theoretical
predictions?

→ Many analyses based of Bayesian inference

Reinforcement learning for neutron stars | Len Brandes 6/13

Comparison
! Comparison between theory and experiment difficult because measurements

have complicated form

→ Measurements cannot easily be parametrized, i.e. as a Gaussian

[Miller et al., Astrophys.J.Lett. 887 (2019), Miller et al., arXiv:2105.06979 [astro-ph.HE]]

! How to translate these measurements into constraints for theoretical
predictions?

→ Many analyses based of Bayesian inference

Reinforcement learning for neutron stars | Len Brandes 6/13

<latexit sha1_base64="oue4gPffC5rCnTRTaBNbBMQ2V8s=">AAAB/nicbVBNS8NAEN3Ur1q/quLJy2IRPJVERT0WvXisYj8gCWWz3bRLd5OwOxFLqPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCARXINtf1uFhcWl5ZXiamltfWNzq7y909Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK7GfuueKc3j6A6GCfMl6UU85JSAkTrlvcwLQnw7enQ9YA+gZDaQI79TrthVewI8T5ycVFCOeqf85XVjmkoWARVEa9exE/AzooBTwUYlL9UsIXRAesw1NCKSaT+bnD/Ch0bp4jBWpiLAE/X3REak1kMZmE5JoK9nvbH4n+emEF74GY+SFFhEp4vCVGCI8TgL3OWKURBDQwhV3NyKaZ8oQsEkVjIhOLMvz5PmcdU5q57cnFZql3kcRbSPDtARctA5qqFrVEcNRFGGntErerOerBfr3fqYthasfGYX/YH1+QPinpYZ</latexit>

R [km]

<latexit sha1_base64="u0u0e1HmyjiP34V3/9D23VGK4fM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZFXVZdOOmUME+oDMMmTTThmaSIckIZZyFv+LGhSJu/Q13/o1pOwttPRA4nHMu9+aECaNKO863VVpaXlldK69XNja3tnfs3b22EqnEpIUFE7IbIkUY5aSlqWakm0iC4pCRTji6mfidByIVFfxejxPix2jAaUQx0kYK7IPMCyOYNTxhUrAReKIvdJ4HdtWpOVPAReIWpAoKNAP7y+sLnMaEa8yQUj3XSbSfIakpZiSveKkiCcIjNCA9QzmKifKz6f05PDZKH0ZCmsc1nKq/JzIUKzWOQ5OMkR6qeW8i/uf1Uh1d+RnlSaoJx7NFUcqgFnBSBuxTSbBmY0MQltTcCvEQSYS1qaxiSnDnv7xI2qc196J2dnderV8XdZTBITgCJ8AFl6AObkETtAAGj+AZvII368l6sd6tj1m0ZBUz++APrM8f3ueWBg==</latexit>

M

M!

<latexit sha1_base64="oue4gPffC5rCnTRTaBNbBMQ2V8s=">AAAB/nicbVBNS8NAEN3Ur1q/quLJy2IRPJVERT0WvXisYj8gCWWz3bRLd5OwOxFLqPhXvHhQxKu/w5v/xm2bg7Y+GHi8N8PMvCARXINtf1uFhcWl5ZXiamltfWNzq7y909Rxqihr0FjEqh0QzQSPWAM4CNZOFCMyEKwVDK7GfuueKc3j6A6GCfMl6UU85JSAkTrlvcwLQnw7enQ9YA+gZDaQI79TrthVewI8T5ycVFCOeqf85XVjmkoWARVEa9exE/AzooBTwUYlL9UsIXRAesw1NCKSaT+bnD/Ch0bp4jBWpiLAE/X3REak1kMZmE5JoK9nvbH4n+emEF74GY+SFFhEp4vCVGCI8TgL3OWKURBDQwhV3NyKaZ8oQsEkVjIhOLMvz5PmcdU5q57cnFZql3kcRbSPDtARctA5qqFrVEcNRFGGntErerOerBfr3fqYthasfGYX/YH1+QPinpYZ</latexit>

R [km]

25.07.21, 17:20The golden age of neutron-star physics has arrived

Page 4 of 13https://www.nature.com/articles/d41586-020-00590-8

Neutron stars get more complicated the deeper one goes. Beneath a thin

atmosphere made mostly of hydrogen and helium, the stellar remnants are

thought to boast an outer crust just a centimetre or two thick that contains

atomic nuclei and free-roaming electrons. Researchers think that the ionized

elements become packed together in the next layer, creating a lattice in the inner

crust. Even further down, the pressure is so intense that almost all the protons

combine with electrons to turn into neutrons, but what occurs beyond that is

murky at best (see ‘Dense matter’).

25.07.21, 17:20The golden age of neutron-star physics has arrived
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NEWS FEATURE 04 March 2020

The golden age of neutron-star
physics has arrived
These stellar remnants are some of the Universe’s most enigmatic objects — and

they are finally starting to give up their secrets.

Adam Mann

Powerful magnetic and electric fields whip charged particles around, in a computer

simulation of a spinning neutron star. Credit: NASA's Goddard Space Flight Center
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“It’s one thing to know the ingredients,” says Jocelyn Read, an astrophysicist at

California State University, Fullerton. “It’s another to understand the recipe, and

25.07.21, 17:20The golden age of neutron-star physics has arrived

Page 10 of 13https://www.nature.com/articles/d41586-020-00590-8

matter gets deposited on the star’s exterior, some theorists suggest it could affect

a fluid-like layer of subsurface neutrons, generating gigantic vortices that twist

the neutron star’s magnetic field into odd arrangements. The companion might

ultimately be consumed or lose so much mass that it becomes gravitationally

unbound and flies away, as could have been the case with the now-solitary J0030.

Work in progress

NICER is continuing to observe J0030 to further improve the precision of its

radius measurements. At the same time, the team is beginning to analyse data

from a second target, a slightly heavier pulsar with a white-dwarf companion.

Other astronomers have used observations of this pair’s orbital dance to

determine the pulsar’s mass, which means NICER researchers have an

independent measurement that they can use to validate their findings.

NICER, which picks up X-rays using 56 gold-coated telescopes, is installed on the exterior

of the International Space Station. Credit: NASA

New accurate data from NICER
PSR J0437-4715
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M = 1.418± 0.037M!
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D. Choudhury et al. :  Astroph. J. Lett. 971 (2024) L20
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Simplest forms of exotic matter  
(kaon condensate, quark matter, …)
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2

behaviour of the sound speed in neutrons stars, based on
the presently available observational data.

In this work we translate the recently collected ex-
terior neutron star observables, together with state-of-
the-art ChEFT results [34, 35], into restrictions for in-
terior neutron star properties using Bayesian inference,
an approach which has been used extensively in the lit-
erature [36–54]. There are notable differences between
these analyses. Here, we largely follow the procedure out-
lined in Refs. [55, 56]. Alternative approaches use neural
networks for the inference procedure [57–63] or remove
equations-of-state that do not reproduce neutron
star properties within the credible intervals of the
astrophysical observables [64–68].

In our analysis we pay particular attention to the speed
of sound inside neutron stars. It is modelled using two
general representations that were introduced in previous
studies, namely a Gaussian parametrisation [36, 69] and
a parametrisation based on segment-wise linear interpo-
lations [64, 65]. A comparison of inference results with
these two forms as input gives an impression of the model
dependence caused by possible biases in the choices of
parametrisations. In contrast to previous works we
suggest a new implementation of the ChEFT con-
straint as a Likelihood instead of employing it a
priori. This has the advantage of dealing with the
low-density constraint in a way consistent with
the treatment of the astrophysical data.

From the inferred behaviour of the sound speed and a
detailed assessment in terms of Bayes factors we deduce
implications regarding the likelihood of phase transitions
inside neutron stars. Such an extensive investiga-
tion of Bayes factors has not been performed in
previous work. Part of this discussion also concerns
the possible range of validity for a description of neutron
star matter in terms of conventional baryonic degrees of
freedom. Recent studies have examined the poten-
tial impact of asymptotic pQCD on neutron star
properties [53, 68, 70]. In this context we investi-
gate the role of different asymptotic behaviours,
particularly with regard to phase transitions.

This paper is organised as follows: In Section II, fol-
lowing a quick introduction of the TOV equations, the
EoS and the speed of sound, we give a brief survey of
possible phases at high densities and introduce the two
parametrisations to model the speed of sound inside neu-
tron stars. In Section III the statistical procedure is ex-
plained, which we use to infer constraints for neutron
star properties based on current empirical data and the-
oretical low-density conditions. The results for the sound
speed and related properties are presented and discussed
in Section IV. Based on these findings, implications for
the phase structure inside neutron stars are examined. A
summary and conclusions follow in Section V.

II. SPEED OF SOUND IN NEUTRON STARS

A. TOV equations and EoS

A description of neutron star matter as a general rel-
ativistic ideal fluid with spherical symmetry leads to a
coupled system of differential equations, the Tolman-
Oppenheimer-Volkoff (TOV) equations:

∂P (r)

∂r
=− GN

r2
[ε(r) + P (r)]

[
m(r) + 4πr3P (r)

]

×
(
1− 2GN m(r)

r

)−1

, (1)

∂m(r)

∂r
=4πr2ε(r) , (2)

where GN is the gravitational constant. Given an equa-
tion of state (EoS) P (ε), i.e. pressure as a function of
energy density ε, this system can be solved with the
boundary condition m(r = 0) = 0 and a central pres-
sure P (r = 0) = Pc. The mass of the star is given as

M = m(R) = 4π
∫ R
0 dr r2ε(r), while the star radius R is

determined as the point at which the pressure vanishes,
P (R) = 0. The TOV equations describe non-rotating
neutron stars. The effect of the rotation on R is ex-
pected to become only relevant for very high pulsar spin
frequencies [71, 72].
Matter in the interior of a neutron star can be de-

scribed in terms of the squared speed of sound,

c2s(ε) =
∂P (ε)

∂ε
≥ 0 , (3)

from which the EoS is determined as

P (ε) =

∫ ε

0
dε′ c2s(ε

′) . (4)

Causality demands that the speed of sound must always
remain smaller than or equal to the speed of light (c =1
in our units), i.e. cs ≤ 1. In addition, thermodynamic
stability of the star dictates that the derivative ∂P/∂ε is
non-negative. At extremely high densities perturbative
QCD calculations become feasible in terms of quark and
gluon degrees of freedom. They suggest that at densities
n ∼ 50n0 the squared speed of sound approaches the
conformal bound,

c2s → 1/3 , (5)

from below [73]. This limit can be derived from naive
dimensional analysis and asymptotic freedom [74]. In
fact it is expected that this bound holds in all confor-
mal theories, i.e. field theories in which the trace of the
energy-momentum tensor vanishes [69, 75]. However, re-
cent analyses based on astrophysical observables suggest
that this conformal bound can be violated inside neutron
stars [40, 41, 53, 66, 76, 77]. Squared sound velocities
with c2s > 1/3 were also found in recent Nc = 2 lattice

<latexit sha1_base64="AocGw7fgec8Mx2DFtDuoSFuERNM="></latexit>

dP (r)

dr
=

G [ε(r) + P (r)]
[
m(r) + 4πr3P (r)

]

r [r − 2Gm(r)]
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dm(r)

dr
= 4πr2ε(r)A. Akmal,  V.J. Pandharipande, 

D.G. Ravenhall
Phys. Rev. C58 (1998) 1804
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behaviour of the sound speed in neutrons stars, based on
the presently available observational data.

In this work we translate the recently collected ex-
terior neutron star observables, together with state-of-
the-art ChEFT results [34, 35], into restrictions for in-
terior neutron star properties using Bayesian inference,
an approach which has been used extensively in the lit-
erature [36–54]. There are notable differences between
these analyses. Here, we largely follow the procedure out-
lined in Refs. [55, 56]. Alternative approaches use neural
networks for the inference procedure [57–63] or remove
equations-of-state that do not reproduce neutron
star properties within the credible intervals of the
astrophysical observables [64–68].

In our analysis we pay particular attention to the speed
of sound inside neutron stars. It is modelled using two
general representations that were introduced in previous
studies, namely a Gaussian parametrisation [36, 69] and
a parametrisation based on segment-wise linear interpo-
lations [64, 65]. A comparison of inference results with
these two forms as input gives an impression of the model
dependence caused by possible biases in the choices of
parametrisations. In contrast to previous works we
suggest a new implementation of the ChEFT con-
straint as a Likelihood instead of employing it a
priori. This has the advantage of dealing with the
low-density constraint in a way consistent with
the treatment of the astrophysical data.

From the inferred behaviour of the sound speed and a
detailed assessment in terms of Bayes factors we deduce
implications regarding the likelihood of phase transitions
inside neutron stars. Such an extensive investiga-
tion of Bayes factors has not been performed in
previous work. Part of this discussion also concerns
the possible range of validity for a description of neutron
star matter in terms of conventional baryonic degrees of
freedom. Recent studies have examined the poten-
tial impact of asymptotic pQCD on neutron star
properties [53, 68, 70]. In this context we investi-
gate the role of different asymptotic behaviours,
particularly with regard to phase transitions.

This paper is organised as follows: In Section II, fol-
lowing a quick introduction of the TOV equations, the
EoS and the speed of sound, we give a brief survey of
possible phases at high densities and introduce the two
parametrisations to model the speed of sound inside neu-
tron stars. In Section III the statistical procedure is ex-
plained, which we use to infer constraints for neutron
star properties based on current empirical data and the-
oretical low-density conditions. The results for the sound
speed and related properties are presented and discussed
in Section IV. Based on these findings, implications for
the phase structure inside neutron stars are examined. A
summary and conclusions follow in Section V.

II. SPEED OF SOUND IN NEUTRON STARS

A. TOV equations and EoS

A description of neutron star matter as a general rel-
ativistic ideal fluid with spherical symmetry leads to a
coupled system of differential equations, the Tolman-
Oppenheimer-Volkoff (TOV) equations:

∂P (r)

∂r
=− GN

r2
[ε(r) + P (r)]

[
m(r) + 4πr3P (r)

]

×
(
1− 2GN m(r)

r

)−1

, (1)

∂m(r)

∂r
=4πr2ε(r) , (2)

where GN is the gravitational constant. Given an equa-
tion of state (EoS) P (ε), i.e. pressure as a function of
energy density ε, this system can be solved with the
boundary condition m(r = 0) = 0 and a central pres-
sure P (r = 0) = Pc. The mass of the star is given as

M = m(R) = 4π
∫ R
0 dr r2ε(r), while the star radius R is

determined as the point at which the pressure vanishes,
P (R) = 0. The TOV equations describe non-rotating
neutron stars. The effect of the rotation on R is ex-
pected to become only relevant for very high pulsar spin
frequencies [71, 72].
Matter in the interior of a neutron star can be de-

scribed in terms of the squared speed of sound,

c2s(ε) =
∂P (ε)

∂ε
≥ 0 , (3)

from which the EoS is determined as

P (ε) =

∫ ε

0
dε′ c2s(ε

′) . (4)

Causality demands that the speed of sound must always
remain smaller than or equal to the speed of light (c =1
in our units), i.e. cs ≤ 1. In addition, thermodynamic
stability of the star dictates that the derivative ∂P/∂ε is
non-negative. At extremely high densities perturbative
QCD calculations become feasible in terms of quark and
gluon degrees of freedom. They suggest that at densities
n ∼ 50n0 the squared speed of sound approaches the
conformal bound,

c2s → 1/3 , (5)

from below [73]. This limit can be derived from naive
dimensional analysis and asymptotic freedom [74]. In
fact it is expected that this bound holds in all confor-
mal theories, i.e. field theories in which the trace of the
energy-momentum tensor vanishes [69, 75]. However, re-
cent analyses based on astrophysical observables suggest
that this conformal bound can be violated inside neutron
stars [40, 41, 53, 66, 76, 77]. Squared sound velocities
with c2s > 1/3 were also found in recent Nc = 2 lattice

Equation of State :
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c2s (ε) =
∂P(ε)

∂ε

Equation of state
! Determine EoS from speed of sound

c2
s (ε) = ∂P(ε)

∂ε

→ Key role of sound speed: characteristic signature of
phase structure

! Introduce general parametrization by segment-wise linear
interpolations

c2
s (ε,θ) =

(εi+1−ε)c2
s,i + (ε−εi)c2

s,i+1

εi+1−εi
[Annala et al., Nature Phys. 16, 907 (2020)]

! Constrain parameters θ based on theory and
astrophysical data

→ Analyse for signs of phase transitions!
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C. Parametrisations

A variety of parametrisations has been introduced to
represent the equation of state in neutron stars, among
the most prominent ones are piecewise polytropes [99]
or spectral representations [100]. As discussed in the
previous Section, various theories predict different phase
structures at high densities including phase transitions
or crossovers, which are reflected in the behaviour of the
speed of sound [67]. In the present analysis we employ
two different parametrisations for c2s(ε) inside neutron
stars: a skewed Gaussian function and piecewise seg-
mented linear interpolations. We prefer not to choose
parametrisations of P (ε) such as piecewise poly-
tropes. The reason is that such representations
can cause unphysical discontinuous effects in the
speed of sound. In contrast, the parametrisa-
tions employed here are continuous in c2s(ε). They
dependent on sets θ of either six or eight parameters. A
comparative study using these two different forms will
give an impression of possible systematic uncertainties
induced by the choice of parametrisation. At very low
densities, n ≤ 0.5n0, the speed of sound is matched to
the neutron star crust modelled by the time-honoured
Baym-Pethick-Sutherland (BPS) parametrisation [101].
The effect of the neutron star crust on observables stud-
ied in this work is expected to be small.

1. Gaussian

Based on Refs. [36, 69] we represent the squared speed
of sound of neutron star matter at zero temperature as
a function of energy density by a skewed Gaussian. A
logistic function is added such that the parametrisation
reaches the conformal limit c2s → 1/3 at asymptotically
high energy densities. With x = ε/(mNn0) where mN

is the free nucleon mass, the squared speed of sound is
written as:

c2s(x, θ) = a1exp

[
−1

2

(x− a2)2

a23

](
1 + erf

[
a6√
2

x− a2
a3

])

+
1/3− a7

1 + exp [−a5(x− a4)]
+ a7 , (6)

with erf(z) = 2√
π

∫ z
0 dt e−t2 the conventional error func-

tion. The parameter a7 is determined such that the tran-
sition to the neutron star crust is continuous. Hence,
six free parameters θ = (a1, . . . , a6) remain. When
c2s(x, θ) becomes negative, violating thermodynamic sta-
bility of the star, we set c2s = 0. In this way the
Gaussian parametrisation can describe arbitrarily strong
phase transitions. The combination of the Gaussian and
logistic function can also account for variable crossovers.
As argued in Section II B, a local maximum in the speed
of sound can indicate a transition from baryonic to quark
dynamics [2, 32, 74] or the onset of hyperonic degrees of
freedom [98].

2. Segments

The Gaussian parametrisation assumes a specific func-
tional form of the sound speed inside neutron stars.
At the present stage the empirical data base is still
limited, so that inference procedures can depend sen-
sitively on Prior choices including the functional form
of the parametrisation [37, 44]. For an alternative test,
results of broader generality can be produced using a
more universal parametrisation of the speed of sound
based on segment-wise linear interpolations, similar to
Refs. [64, 65]. The parameters of the model are N points
θ = (c2s,i, εi). The squared speed of sound c2s(ε, θ) is mod-
elled as a linear interpolation between these N points, i.e.
for ε ∈ [εi, εi+1] with i = 0, . . . , N :

c2s(ε, θ) =
(εi+1 − ε)c2s,i + (ε− εi)c2s,i+1

εi+1 − εi
. (7)

Here we choose N = 5. The i = 0 point is the transi-
tion point to the neutron star crust and the last point is
chosen such that the conformal limit is reached at very
high energy densities (c2s,5, ε5) = (1/3, 10GeV fm−3). We
have checked that the results do not depend on the spe-
cific choice of ε5 as long as its value is large enough.
The asymptotic end point at ε5 = 10GeV fm−3

corresponds to a baryon chemical potential of
µ ∼ 2.4GeV in the pQCD results from Ref. [17].
Ref. [66] uses a similar parametrisation based on piece-
wise segments. There it is found that five segments are
sufficient to avoid numerical artefacts, namely that for a
larger number of segments the results do not change sig-
nificantly any more. An equivalent or smaller num-
ber of segments is used to interpolate over the full
range between ChEFT and pQCD constraints in
Refs. [64, 65]. The parametrisation in terms of seg-
ments can also incorporate a variety of phase transitions
or crossovers. In contrast to the Gaussian parametrisa-
tion it can also accommodate possible steep rises as well
as plateaus in the speed of sound.

III. BAYESIAN INFERENCE

A. Basics

Making use of a set of neutron star observables, we
aim now to find credible regions for the free parame-
ters θ of the two parametrisations described in Sec. II C.
For that purpose we use Bayesian inference, similar to
Refs. [36–54], and follow Refs. [55, 56]. For given data D
and a model M which includes all assumptions such as
the choice of parametrisation, the Posterior probability
distribution for the parameters θ can be computed using

Introduce general parametrization of sound velocity by segment-wise representation :

,   parameter set 
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θ by Bayesian inference using nuclear and astrophysical data       :

Choose Prior

Bayesian inference
! Constrain parameters of c2

s (ε,θ) via Bayesian inference based on data D

Pr(θ|D) ∝Pr(D|θ)Pr(θ)

! Compute Posterior Pr(θ|D) from Likelihood Pr(D|θ)

! Choose Prior for parameters Pr(θ)

! Compare hypotheses H0 and H1 using Bayes factors BH1
H0

= Pr(D|H1)
Pr(D|H0)
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FIG. 1. Marginal Prior probability distributions at the 95% and 68% level of the squared speed of sound c2s and pressure P as
a function of energy density ε. Also shown is the Prior for the mass-radius relation and the tidal deformability, Λ, as a function
of neutron star mass M in units of the solar mass M!. At each ε or M , there exist 95% and 68% Prior credible intervals for
c2s(ε), P (ε) or R(M), Λ(M). These intervals are connected to obtain the Prior credible bands. Similarly, the medians of the
Prior probability distributions at each ε or M are connected (solid lines). For the speed of sound the dashed black line indicates
the value of the conformal limit.

Data nc,max/n0

Old 6.4+1.1
−1.3

Old + PSR 6.0+1.2
−1.1

Old + HESS 6.1+1.3
−1.2

Old + PSR + HESS 5.8+1.2
−1.0

TABLE II. Median and 95% credible interval of the maxi-
mum central density nc,max for different combinations of as-
trophysical data. The nomenclature ’old data’ refers to the
Shapiro time delays, ChEFT, NICER and gravitational wave
data used in Ref. [1]. In addition, the impact of the new
information from PSR J0952-0607 and HESS J1731-347 is
analysed.

Of the equations of state in the prior, 3% have a
disconnected mass-radius relation and hence represent
a possible twin-star scenario. The prior contains a
huge range of scenarios with different radii distances
between the disconnected branches. The Bayes factors
Bno-twin
twin comparing the average Likelihoods of EoS with

connected mass-radius relation (’no-twin’) to a twin
star scenario are listed in Tab. III. Given only the old
data there is strong evidence against a disconnected
mass-radius relation. The Bayes factor further increases
with the inclusion of the new data. Including only the
new information from HESS J1731-347, the evidence
against twin-stars changes from strong to extreme.
This is very interesting as some authors considered this
measurement a hint in favour of a twin-star scenario.

In Tab. IV Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are displayed,

comparing the evidence for EoS with a minimum speed
of sound larger than c2s,min > 0.1 over EoS with small
c2s hinting towards a possible phase transition. The
Bayes factors are calculated for a given maximum
mass, i.e. the minimum speed of sound up to the
corresponding mass is used. Similar to Ref. [1] there
is extreme evidence against small soundspeeds inside
neutron stars with mass smaller than M ≤ 1.9M" and
strong evidence inside neutron stars with mass smaller
than M ≤ 2.0M". Given the new information from
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Bayesian reasoning implicated
in some mental disorders
An 18th century math theorem may help explain some people's processing flaws

MISGUIDED MATH  English clergyman Thomas Bayes formulated a way to calculate the likelihood of an event based on prior knowledge. Bad Bayesian reasoning
could be why perceptions of reality get muddled in people with certain mental disorders.

M. TELFER

By Laura Sanders

MAY 13, 2016 AT 11:37 AM

From within the dark confines of the skull, the brain builds its own version of reality. By

weaving together expectations and information gleaned from the senses, the brain creates

a story about the outside world. For most of us, the brain is a skilled storyteller, but to spin a

sensible yarn, it has to fill in some details itself.

“The brain is a guessing machine, trying at each moment of time to guess what is out there,”

says computational neuroscientist Peggy Seriès.
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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<latexit sha1_base64="MIifBbLURKX9tsW8gLV/unqqoDM=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVBJAhQWpgoWxSPQhNVHkOG5r1YmD7SBVUQYWfoWFAYRY+Qg2/ganzQAtR7J8dM69uvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkTwRmLQxZ1z0fCQJoxFpK6oY6cWCoNBnpOuPr3O/+0CEpDy6U5OYuCEaRnRAMVJa8syq43MWyEmovxR78tI+duS9UOlplnlmzapbU8BFYhekBgq0PPPLCThOQhIpzJCUfduKlZsioShmJKs4iSQxwmM0JH1NIxQS6abTIzJ4qJUADrjQL1Jwqv7uSFEo8z11ZYjUSM57ufif10/U4MJNaRQnikR4NmiQMKg4zBOBARUEKzbRBGFB9a4Qj5BAWOncKjoEe/7kRdI5qduNeuP2rNa8KuIogyo4AEfABuegCW5AC7QBBo/gGbyCN+PJeDHejY9ZackoevbBHxifPytjmHI=</latexit>

cs = 1/
√
3
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<latexit sha1_base64="QUrNQb83qukbefK+Sy7Dpt6rLUE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJZz3zWO2Vym7FnYOsEi8nZcjR6JW+uv2EZTFXyCQ1puO5KQYTqlEwyafFbmZ4StmIDnjHUkVjboLJ/NgpObdKn0SJtqWQzNXfExMaGzOOQ9sZUxyaZW8m/ud1Moyug4lQaYZcscWiKJMEEzL7nPSF5gzl2BLKtLC3EjakmjK0+RRtCN7yy6ukWa14l5Xafa1cv8njKMApnMEFeHAFdbiDBvjAQMAzvMKbo5wX5935WLSuOfnMCfyB8/kDeZGOeg==</latexit>

c2s

<latexit sha1_base64="lWu/I3N6IBrI0c3Fh6LTUmZB4S0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVby5YXsub1yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVn1rqq1h1qlfpvHUYQTOIVz8OAa6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDN/iOTw==</latexit>
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<latexit sha1_base64="ekbWeYP4ZlQFJaN6n1zDZX7yiCE=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZNa1I1QdOOygn1AG8NkMm2HziPMTIQSWjf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1hTInSrvttLSwuLa+s5tby6xubW9v2zm5diUQiXEOCCtkMocKUcFzTRFPcjCWGLKS4Efavx37jAUtFBL/Tgxj7DHY56RAEtZECex8J3hGSQToKRcKjEQrUfenSOzkN7IJbdCdw5omXkQLIUA3sr3YkUMIw14hCpVqeG2s/hVITRPEw304UjiHqwy5uGcohw8pPJy8MnSOjRI65xBTXzkT9PZFCptSAhaaTQd1Ts95Y/M9rJbpz4aeEx4nGHE0XdRLqaOGM83AiIjHSdGAIRJKYWx3UgxIibVLLmxC82ZfnSb1U9M6K5dtyoXKVxZEDB+AQHAMPnIMKuAFVUAMIPIJn8ArerCfrxXq3PqatC1Y2swf+wPr8AeW2lxg=</latexit>

conformal bound c2s = 1/3

Perturbative QCD
! Strong coupling decreases at high densities

→ Perturbative QCD calculations in terms of quark and gluon degrees of freedom

! Asymptotic boundary condition at n ∼ 50n0 and beyond

! Speed of sound reaches conformal limit c2
s = 1/3 from below
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Inference of the sound speed and related properties of neutron stars | Len Brandes 5/13

<latexit sha1_base64="JCD+q2i3MpNzyD+O3HWTibi7I+o=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUyXpBSBpT0i9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5vfOyVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmT1PBlwhM2JiCWWK21sJG1FFmbERlWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAIDAc/wCm/Oo/PivDsfi9aCk88cwx84nz9NLI9/</latexit>

P

<latexit sha1_base64="3MrrY/ZHUmMpgeeH3P/VerOZ+Ks=">AAACFHicbVBNS8NAFNz4bf2KevQSLIIglESLehS9eBEUbC0ksWy2L+3ibhJ2X4QS+iO8+Fe8eFDEqwdv/hs3tYJWBxaGmTfsexNlgmt03Q9rYnJqemZ2br6ysLi0vGKvrjV1misGDZaKVLUiqkHwBBrIUUArU0BlJOAqujkp/atbUJqnySX2Mwgl7SY85oyikdr2TiAgRj+QFHtKFmfQHASpCXwLsRxc7wWKd3sYtu2qW3OHcP4Sb0SqZITztv0edFKWS0iQCaq177kZhgVVyJmAQSXINWSU3dAu+IYmVIIOi+FRA2fLKB0nTpV5CTpD9WeioFLrvozMZLmrHvdK8T/PzzE+DAueZDlCwr4+inPhYOqUDTkdroCh6BtCmeJmV4f1qKIMTY8VU4I3fvJf0tytefu1+kW9enQ8qmOObJBNsk08ckCOyCk5Jw3CyB15IE/k2bq3Hq0X6/VrdMIaZdbJL1hvn6vAn9k=</latexit>[
MeV

fm3

]

<latexit sha1_base64="3MrrY/ZHUmMpgeeH3P/VerOZ+Ks=">AAACFHicbVBNS8NAFNz4bf2KevQSLIIglESLehS9eBEUbC0ksWy2L+3ibhJ2X4QS+iO8+Fe8eFDEqwdv/hs3tYJWBxaGmTfsexNlgmt03Q9rYnJqemZ2br6ysLi0vGKvrjV1misGDZaKVLUiqkHwBBrIUUArU0BlJOAqujkp/atbUJqnySX2Mwgl7SY85oyikdr2TiAgRj+QFHtKFmfQHASpCXwLsRxc7wWKd3sYtu2qW3OHcP4Sb0SqZITztv0edFKWS0iQCaq177kZhgVVyJmAQSXINWSU3dAu+IYmVIIOi+FRA2fLKB0nTpV5CTpD9WeioFLrvozMZLmrHvdK8T/PzzE+DAueZDlCwr4+inPhYOqUDTkdroCh6BtCmeJmV4f1qKIMTY8VU4I3fvJf0tytefu1+kW9enQ8qmOObJBNsk08ckCOyCk5Jw3CyB15IE/k2bq3Hq0X6/VrdMIaZdbJL1hvn6vAn9k=</latexit>[
MeV

fm3

]

<latexit sha1_base64="/L0t6FeZHD12tPztSo9hqkVJ2cI=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EieCqJFPVY9OKxgq2FJpTNZtou3eyG3U2hhHrxr3jxoIhX/4U3/42bNgdtfbDs470ZZuaFCaNKu+63VVpZXVvfKG9WtrZ3dvfs/YO2Eqkk0CKCCdkJsQJGObQ01Qw6iQQchwwewtFN7j+MQSoq+L2eJBDEeMBpnxKsjdSzj/xQsEhNYvNl/hhLSBRlgk97dtWtuTM4y8QrSBUVaPbsLz8SJI2Ba8KwUl3PTXSQYakpYTCt+KmCBJMRHkDXUI5jUEE2u2DqnBolcvpCmse1M1N/d2Q4VvmSpjLGeqgWvVz8z+umun8VZJQnqQZO5oP6KXO0cPI4nIhKIJpNDMFEUrOrQ4ZYYqJNaBUTgrd48jJpn9e8i1r9rl5tXBdxlNExOkFnyEOXqIFuURO1EEGP6Bm9ojfryXqx3q2PeWnJKnoO0R9Ynz/aU5fO</latexit>ε

<latexit sha1_base64="VOzET9k5QUN/XKfc/vp92HSjvNk=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFiZUBH1ITVQ5rtNatZ3IdkBVyKewMIAQK1/Cxt/gtBmg5UiWjs65V/f4BDGjSjvOt1VaWV1b3yhvVra2d3b37Op+R0WJxKSNIxbJXoAUYVSQtqaakV4sCeIBI91gcpX73QciFY3EvZ7GxOdoJGhIMdJGGtjV1AtC6HGkx5KnN3dZNrBrTt2ZAS4TtyA1UKA1sL+8YYQTToTGDCnVd51Y+ymSmmJGsoqXKBIjPEEj0jdUIE6Un86iZ/DYKEMYRtI8oeFM/b2RIq7UlAdmMs+oFr1c/M/rJzq88FMq4kQTgeeHwoRBHcG8BzikkmDNpoYgLKnJCvEYSYS1aatiSnAXv7xMOqd196zeuG3UmpdFHWVwCI7ACXDBOWiCa9ACbYDBI3gGr+DNerJerHfrYz5asoqdA/AH1ucPYRCUGA==</latexit>

NS

<latexit sha1_base64="iWjJAu+cV2DWaJIVYzVbtrjps6U=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmFHVZdONGqGAf0BmGTCZtQ5PJkGSEOhR/xY0LRdz6H+78GzPtLLT1QOBwzr3ckxMmjCrtON/W0vLK6tp6aaO8ubW9s2vv7beVSCUmLSyYkN0QKcJoTFqaaka6iSSIh4x0wtF17nceiFRUxPd6nBCfo0FM+xQjbaTAPvQ40kPJsxr0zm4ngScioQO74lSdKeAicQtSAQWagf3lRQKnnMQaM6RUz3US7WdIaooZmZS9VJEE4REakJ6hMeJE+dk0/QSeGCWCfSHNizWcqr83MsSVGvPQTOZZ1byXi/95vVT3L/2MxkmqSYxnh/opg1rAvAoYUUmwZmNDEJbUZIV4iCTC2hRWNiW4819eJO1a1T2v1u/qlcZVUUcJHIFjcApccAEa4AY0QQtg8AiewSt4s56sF+vd+piNLlnFzgH4A+vzB/6plPE=</latexit>

2M!

<latexit sha1_base64="RkFlkbHtbYmuwg0UqMY1Xn9jAJ4=">AAAB+nicbVDLSgNBEJz1GeNro0cvi0HwFHc1qMegFy9CBPOAZA2zk95kyOyDmV41rPkULx4U8eqXePNvnCR70MSChqKqm+4uLxZcoW1/GwuLS8srq7m1/PrG5ta2WdipqyiRDGosEpFselSB4CHUkKOAZiyBBp6Ahje4HPuNe5CKR+EtDmNwA9oLuc8ZRS11zEIb4RHT1jXUj/xgdHfidsyiXbInsOaJk5EiyVDtmF/tbsSSAEJkgirVcuwY3ZRK5EzAKN9OFMSUDWgPWpqGNADlppPTR9aBVrqWH0ldIVoT9fdESgOlhoGnOwOKfTXrjcX/vFaC/rmb8jBOEEI2XeQnwsLIGudgdbkEhmKoCWWS61st1qeSMtRp5XUIzuzL86R+XHJOS+WbcrFykcWRI3tknxwSh5yRCrkiVVIjjDyQZ/JK3own48V4Nz6mrQtGNrNL/sD4/AHsqJPK</latexit>

[MeV/fm3]
<latexit sha1_base64="/L0t6FeZHD12tPztSo9hqkVJ2cI=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EieCqJFPVY9OKxgq2FJpTNZtou3eyG3U2hhHrxr3jxoIhX/4U3/42bNgdtfbDs470ZZuaFCaNKu+63VVpZXVvfKG9WtrZ3dvfs/YO2Eqkk0CKCCdkJsQJGObQ01Qw6iQQchwwewtFN7j+MQSoq+L2eJBDEeMBpnxKsjdSzj/xQsEhNYvNl/hhLSBRlgk97dtWtuTM4y8QrSBUVaPbsLz8SJI2Ba8KwUl3PTXSQYakpYTCt+KmCBJMRHkDXUI5jUEE2u2DqnBolcvpCmse1M1N/d2Q4VvmSpjLGeqgWvVz8z+umun8VZJQnqQZO5oP6KXO0cPI4nIhKIJpNDMFEUrOrQ4ZYYqJNaBUTgrd48jJpn9e8i1r9rl5tXBdxlNExOkFnyEOXqIFuURO1EEGP6Bm9ojfryXqx3q2PeWnJKnoO0R9Ynz/aU5fO</latexit>ε

<latexit sha1_base64="YJASsgGhEQ/tYAL35RtuMlzCPfM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI/BePCYgHlgEsLsZDYZMju7zPQKYclfePGgiFf/xpt/4yTZg0YLGoqqbrq7/FgKg6775eTW1jc2t/LbhZ3dvf2D4uFRy0SJZrzJIhnpjk8Nl0LxJgqUvBNrTkNf8rY/qc399iPXRkTqHqcx74d0pEQgGEUrPaQ9PyBxo3Y7GxRLbtldgPwlXkZKkKE+KH72hhFLQq6QSWpM13Nj7KdUo2CSzwq9xPCYsgkd8a6liobc9NPFxTNyZpUhCSJtSyFZqD8nUhoaMw192xlSHJtVby7+53UTDK77qVBxglyx5aIgkQQjMn+fDIXmDOXUEsq0sLcSNqaaMrQhFWwI3urLf0nrouxVypXGZal6k8WRhxM4hXPw4AqqcAd1aAIDBU/wAq+OcZ6dN+d92Zpzsplj+AXn4xvlA5Bt</latexit>

pQCD

<latexit sha1_base64="BGhyH0XhXjX8VJhnrAhz7RFNE8k=">AAAB/3icbVDLSgMxFL3js9bXqODGTbAIrsqMSHVZdOOygn1AO5RMJtOGZpIhyQhlrOCvuHGhiFt/w51/Y/pYaOuBwOGce7knJ0w508bzvp2l5ZXVtfXCRnFza3tn193bb2iZKULrRHKpWiHWlDNB64YZTlupojgJOW2Gg+ux37ynSjMp7swwpUGCe4LFjGBjpa57mHfCGBEpYqkSzB9RKDMRjbpuySt7E6BF4s9ICWaodd2vTiRJllBhCMdat30vNUGOlWGE01Gxk2maYjLAPdq2VOCE6iCf5B+hE6tEyCawTxg0UX9v5DjRepiEdjLBpq/nvbH4n9fOTHwZ5EykmaGCTA/FGUdGonEZKGKKEsOHlmCimM2KSB8rTIytrGhL8Oe/vEgaZ2W/Uq7cnpeqV7M6CnAEx3AKPlxAFW6gBnUg8ADP8ApvzpPz4rw7H9PRJWe2cwB/4Hz+AD50lkU=</latexit>

co
nf
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bo
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d

<latexit sha1_base64="9M3cJi2oC3rEPDkr4Fsd0pcuiU4=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4kJIUqR6LXrwIFewHNCFstpt26SYbdjeFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvDDlTGnH+bbW1jc2t7ZLO+Xdvf2DQ/vouK1EJgltEcGF7IZYUc4S2tJMc9pNJcVxyGknHN3N/M6YSsVE8qQnKfVjPEhYxAjWRgpsO/fCCNW8y4fAE32hp4FdcarOHGiVuAWpQIFmYH95fUGymCaacKxUz3VS7edYakY4nZa9TNEUkxEe0J6hCY6p8vP55VN0bpQ+ioQ0lWg0V39P5DhWahKHpjPGeqiWvZn4n9fLdHTj5yxJM00TslgUZRxpgWYxoD6TlGg+MQQTycytiAyxxESbsMomBHf55VXSrlXderX+eFVp3BZxlOAUzuACXLiGBtxDE1pAYAzP8ApvVm69WO/Wx6J1zSpmTuAPrM8fo6yTCg==</latexit>

2M!
<latexit sha1_base64="BQWgj/yHHMTfIiqk5kz14+w7xR4=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EiyCp7IrUj0WvXisYD+gLSWbZtvQbLIks8KytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2LBDXjet1PY2Nza3inulvb2Dw6P3OOTllGJpqxJlVC6ExDDBJesCRwE68SakSgQrB1M7uZ++4lpw5V8hDRm/YiMJA85JWClgVvOekGIJUtAKzkzQLSZDtyKV/UWwOvEz0kF5WgM3K/eUNEkYhKoIMZ0fS+GfkY0cCrYtNRLDIsJnZAR61oqScRMP1scP8XnVhniUGlbEvBC/T2RkciYNApsZ0RgbFa9ufif100gvOlnXMYJMEmXi8JEYFB4ngQecs0oiNQSQjW3t2I6JppQsHmVbAj+6svrpHVZ9WvV2sNVpX6bx1FEp+gMXSAfXaM6ukcN1EQUpegZvaI3Z+a8OO/Ox7K14OQzZfQHzucPlXWVZg==</latexit>
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<latexit sha1_base64="QUrNQb83qukbefK+Sy7Dpt6rLUE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJZz3zWO2Vym7FnYOsEi8nZcjR6JW+uv2EZTFXyCQ1puO5KQYTqlEwyafFbmZ4StmIDnjHUkVjboLJ/NgpObdKn0SJtqWQzNXfExMaGzOOQ9sZUxyaZW8m/ud1Moyug4lQaYZcscWiKJMEEzL7nPSF5gzl2BLKtLC3EjakmjK0+RRtCN7yy6ukWa14l5Xafa1cv8njKMApnMEFeHAFdbiDBvjAQMAzvMKbo5wX5935WLSuOfnMCfyB8/kDeZGOeg==</latexit>

c2s

<latexit sha1_base64="lWu/I3N6IBrI0c3Fh6LTUmZB4S0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVby5YXsub1yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVn1rqq1h1qlfpvHUYQTOIVz8OAa6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDN/iOTw==</latexit>
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<latexit sha1_base64="ekbWeYP4ZlQFJaN6n1zDZX7yiCE=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZNa1I1QdOOygn1AG8NkMm2HziPMTIQSWjf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1hTInSrvttLSwuLa+s5tby6xubW9v2zm5diUQiXEOCCtkMocKUcFzTRFPcjCWGLKS4Efavx37jAUtFBL/Tgxj7DHY56RAEtZECex8J3hGSQToKRcKjEQrUfenSOzkN7IJbdCdw5omXkQLIUA3sr3YkUMIw14hCpVqeG2s/hVITRPEw304UjiHqwy5uGcohw8pPJy8MnSOjRI65xBTXzkT9PZFCptSAhaaTQd1Ts95Y/M9rJbpz4aeEx4nGHE0XdRLqaOGM83AiIjHSdGAIRJKYWx3UgxIibVLLmxC82ZfnSb1U9M6K5dtyoXKVxZEDB+AQHAMPnIMKuAFVUAMIPIJn8ArerCfrxXq3PqatC1Y2swf+wPr8AeW2lxg=</latexit>

conformal bound c2s = 1/3
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Figure 11. The squared sound velocity at T = 40 MeV and T = 80 MeV. The cyan curve is the
prediction of ChPT given by Eq. (4.11). The horizontal line (orange) depicts the conformal bound,
c2s/c

2 = 1/3.

which has no free parameter once we fix the value of µc/mPS as 0.47. The ChPT analysis

is valid around the phase transition point, and indeed we can see that our lattice data are

consistent with the prediction as expected. In the high-density regime, on the other hand,

the curve given by the ChPT goes to unity, that is, the sound velocity approaches the

speed of light. Therefore, it is widely believed that the ChPT would fail at some point in

the high-density regime. Furthermore, in the high-density limit, it is believed that the EoS

matches with the relativistic free theory, so that c2s/c
2 should go to 1/3, corresponding to

e = 3p, as shown as an orange horizontal line. This line is called the conformal bound (or

holography bound) [74].

Our numerical results are consistent with the ChPT prediction until the sound velocity

exceeds the conformal bound. Such an excess over the conformal bound is a salient feature

unknown in any lattice calculations for QCD-like theories before our previous result at

T = 80 MeV [2] 5. Our new results at T = 40 MeV obtained in this work confirm the excess

over the conformal bound with a smaller statistical error. Now, the excess shows a more

than 7-σ deviation from the conformal bound. Furthermore, we found that the thermal

effects are negligibly small, which suggests that the difference between the definitions of

∂p/∂e|s=const. and ∂p/∂e|T=const. as discussed below Eq. (4.9) is also negligibly small. Then,

we can safely conclude that the excess over the conformal bound in dense QC2D occurs at

sufficiently low temperature.

Note that the pressure itself does not exceed the free-theory limit as shown in Figure 9.

On the other hand, the pressure growth against the energy growth, corresponding to the

sound velocity, is higher than the one for the free-theory, which supports a stiff picture for

QCD(-like) matter in the superfluid regime.

5For example, in finite temperature QCD at µ = 0, the sound velocity squared monotonically increases

and approaches 1/3 as the temperature increases in T > Tc [75, 76].
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).
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occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-

<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0

<latexit sha1_base64="DhtNm5e9RHXszw0Co9WxqDFyNkU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+wXUs2zbahSXZJskJZ+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpP5nSeqNIvkvZnG1Bd4JFnICDZWeugrkZKBfqzNBuWKW3XnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP51fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeOWnTMaJoZIsFoUJRyZC2ftoyBQlhk8twUQxeysiY6wwMTakkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFhCQ8Ayv8OZo58V5dz4WrQUnnzmGP3A+fwCWN5Df</latexit>

c2s

new

Speed of sound exceeds conformal bound                    at baryon densities 
<latexit sha1_base64="wPhFLdA19sjkejaHV7qdzhsJr+0=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCCy1JlepKSt24rGAf0IQwmUzboZOZMDMRSihu/BU3LhRx61e482+ctFlo64FhDufcy733BDElUtn2t1FYWl5ZXSuulzY2t7Z3zN29tuSJQLiFOOWiG0CJKWG4pYiiuBsLDKOA4k4wusn8zgMWknB2r8Yx9iI4YKRPEFRa8s0DN+A0lONIfynzG9fVs3P3lPn2xDfLdsWewlokTk7KIEfTN7/ckKMkwkwhCqXsOXasvBQKRRDFk5KbSBxDNIID3NOUwQhLL52eMLGOtRJafS70Y8qaqr87UhjJbEtdGUE1lPNeJv7n9RLVv/JSwuJEYYZmg/oJtRS3sjyskAiMFB1rApEgelcLDaGASOnUSjoEZ/7kRdKuVpxapXZ3Ua438jiK4BAcgRPggEtQB7egCVoAgUfwDF7Bm/FkvBjvxsestGDkPfvgD4zPHyMMlp8=</latexit>

nB > 2 − 3n0

<latexit sha1_base64="MIifBbLURKX9tsW8gLV/unqqoDM=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVBJAhQWpgoWxSPQhNVHkOG5r1YmD7SBVUQYWfoWFAYRY+Qg2/ganzQAtR7J8dM69uvceP2ZUKsv6NkpLyyura+X1ysbm1vaOubvXkTwRmLQxZ1z0fCQJoxFpK6oY6cWCoNBnpOuPr3O/+0CEpDy6U5OYuCEaRnRAMVJa8syq43MWyEmovxR78tI+duS9UOlplnlmzapbU8BFYhekBgq0PPPLCThOQhIpzJCUfduKlZsioShmJKs4iSQxwmM0JH1NIxQS6abTIzJ4qJUADrjQL1Jwqv7uSFEo8z11ZYjUSM57ufif10/U4MJNaRQnikR4NmiQMKg4zBOBARUEKzbRBGFB9a4Qj5BAWOncKjoEe/7kRdI5qduNeuP2rNa8KuIogyo4AEfABuegCW5AC7QBBo/gGbyCN+PJeDHejY9ZackoevbBHxifPytjmHI=</latexit>

cs = 1/
√
3



NEUTRON  STAR  PROPERTIES
68%

95%

median

Mass - Radius relation  (TOV) Tidal deformability

PHYSIK
DEPARTMENT

30

Bayesian inference posterior bands

L. Brandes, W. W., N. Kaiser :  Phys. Rev. D 107 (2023) 014011 ;  Phys. Rev. D 108 (2023) 094014

<latexit sha1_base64="5a3jtcUqnyUp6j2FJhbbgZl2/AM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1Uvctq7b5Wqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6F6jXA=</latexit>

}
95%

(68% and 95% c.l)

<latexit sha1_base64="q/vo9YEJUCZ/sAkItstpmzQqZwY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeCF71VsB/ShrLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt2kO2vpg4PHeDDPzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Gbud56o0iyWD2aa0EDgkWQRI9hY6THrhxHyXW82qNY818uBVolfkBoUaA6qX/1hTFJBpSEca93zvcQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh88Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010HWRMJqmhkiwWRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYVG4K//PIqaV+4/qVbv6/XGndFHGU4gVM4Bx+uoAG30IQWEBDwDK/w5ijnxXl3PhatJaeYOYY/cD5/AKT2j68=</latexit>

1.0
<latexit sha1_base64="zULZP/N2DzPdS+4w+rUO5Okbo0c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IrrXoseNFbBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8c3Mbz9RpVksH8wkoYHAQ8kiRrCx0mPWCyPku7Vpv1zxXG8OtEr8nFQgR6Nf/uoNYpIKKg3hWOuu7yUmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvnBU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwl19eJa0L1790q/fVSv0uj6MIJ3AK5+DDFdThFhrQBAICnuEV3hzlvDjvzseiteDkM8fwB87nD6yPj7Q=</latexit>

1.5
<latexit sha1_base64="wD2q6ZrYkw3i4GSCKmWCg6RjaYo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY8KK3CvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek5u533miSrNYPphpQgOBR5JFjGBjpcesH0ao6nqzQbniud4CaJ34OalAjuag/NUfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZIuDZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgr768TtpV16+7tftapXGXx1GEMziHS/DhChpwC01oAQEBz/AKb45yXpx352PZWnDymVP4A+fzB6Z9j7A=</latexit>

2.0

<latexit sha1_base64="Jv7ZN+M3hziIHY7WJaYMJBH4L0o=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqmTE17LgRncV7EPaoWTSTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPXDhcM693HtPmAhuLMbfXmFldW19o7hZ2tre2d0r7x80TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHN1O/9cS04bF6sOOEBZIMFI84JdZJj1k3jNAFxpNeuYKreAa0TPycVCBHvVf+6vZjmkqmLBXEmI6PExtkRFtOBZuUuqlhCaEjMmAdRxWRzATZ7OAJOnFKH0WxdqUsmqm/JzIijRnL0HVKYodm0ZuK/3md1EbXQcZVklqm6HxRlApkYzT9HvW5ZtSKsSOEau5uRXRINKHWZVRyIfiLLy+T5lnVv6ye359Xand5HEU4gmM4BR+uoAa3UIcGUJDwDK/w5mnvxXv3PuatBS+fOYQ/8D5/AK4ej7U=</latexit>

500

<latexit sha1_base64="1gWlKtkgMkP8WnxmAT6qgTja5qw=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY8FL3qrYD+wXUo2zbah2WRJskJZ+i+8eFDEq//Gm//GtN2Dtj4YeLw3w8y8MBHcWIy/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuukx6wXRsjHGE/75Qqu4jnQKvFzUoEcjX75qzdQNI2ZtFQQY7o+TmyQEW05FWxa6qWGJYSOyZB1HZUkZibI5hdP0ZlTBihS2pW0aK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrEKz99GAa0atmDhCqObuVkRHRBNqXUglF4K//PIqaV1U/ctq7b5Wqd/lcRThBE7hHHy4gjrcQgOaQEHCM7zCm2e8F+/d+1i0Frx85hj+wPv8ARhFj+s=</latexit>

1000

<latexit sha1_base64="AurVotpk2URdjLZCoNkZV5XANNo=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94imAcmS5id9CZDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uIBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJYPZpygH9GB5CFn1FjpMesGIfEuXHfSK1fcqjsDWSZeTiqQo94rf3X7MUsjlIYJqnXHcxPjZ1QZzgROSt1UY0LZiA6wY6mkEWo/m108ISdW6ZMwVrakITP190RGI63HUWA7I2qGetGbiv95ndSE137GZZIalGy+KEwFMTGZvk/6XCEzYmwJZYrbWwkbUkWZsSGVbAje4svLpHlW9S6r5/fnldpdHkcRjuAYTsGDK6jBLdShAQwkPMMrvDnaeXHenY95a8HJZw7hD5zPHx/oj/A=</latexit>

1500

<latexit sha1_base64="xJmSRyKw9r/XfumnUW0JTzdVktI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL3qrYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrdbJ+EBJ3NihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx7oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5r+TodCcoZxaQpkW9lbCxlRThjahkg3BW315nbSvql69WnuoVRr3eRxFOINzuAQPrqEBd9CEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QPGnI88</latexit>

0
<latexit sha1_base64="SC4pOMhOyJVE7eGNAZ/+Qn7RHuA=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5pIUZcFN7ooVLAPaEKYTCbt0MlMmJkINfRL3LhQxK2f4s6/cdpmoa0HLhzOuZd77wlTRpV2nG+rtLa+sblV3q7s7O7tV+2Dw64SmcSkgwUTsh8iRRjlpKOpZqSfSoKSkJFeOL6Z+b1HIhUV/EFPUuInaMhpTDHSRgrsau6FMWydtwJPREJPA7vm1J054CpxC1IDBdqB/eVFAmcJ4RozpNTAdVLt50hqihmZVrxMkRThMRqSgaEcJUT5+fzwKTw1SgRjIU1xDefq74kcJUpNktB0JkiP1LI3E//zBpmOr/2c8jTThOPFojhjUAs4SwFGVBKs2cQQhCU1t0I8QhJhbbKqmBDc5ZdXSfei7l7WG/eNWvOuiKMMjsEJOAMuuAJNcAvaoAMwyMAzeAVv1pP1Yr1bH4vWklXMHIE/sD5/AB3qksc=</latexit>

M/M!

<latexit sha1_base64="ZuGflLnV5stwhyMoaEJ1vbbQ3dg=">AAAB/XicbVDLSgMxFL3js9bX+Ni5GSyCqzIjRV0W3Ci4qGAf0Cklk8m0oZlkSDJCHYq/4saFIm79D3f+jZl2Ftp6IeRwzj3k5AQJo0q77re1tLyyurZe2ihvbm3v7Np7+y0lUolJEwsmZCdAijDKSVNTzUgnkQTFASPtYHSV6+0HIhUV/F6PE9KL0YDTiGKkDdW3D/1AsFCNY3Nl/q0xhmjStytu1Z2Oswi8AlSgmEbf/vJDgdOYcI0ZUqrruYnuZUhqihmZlP1UkQThERqQroEcxUT1smn6iXNimNCJhDSHa2fK/nZkKFZ5QLMZIz1U81pO/qd1Ux1d9jLKk1QTjmcPRSlztHDyKpyQSoI1GxuAsKQmq4OHSCKsTWFlU4I3/+VF0DqreufV2l2tUr8p6ijBERzDKXhwAXW4hgY0AcMjPMMrvFlP1ov1bn3MVpeswnMAf8b6/AEXJpWr</latexit>

Λ

<latexit sha1_base64="gJrGTkSPsiQdw0r4jT0I7Oz7Py0=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqHVHwIf/38OOeeECWfaeN6XU1haXlldK66XNja3tnfKu3sNLVNFaJ1ILlUrxJpyJmjdMMNpK1EUxyGnzXB4lefNB6o0k+LejBIaxLgvWMQINta6812vW654rjcV+gv+HCqXH5Ncr7Vu+bPTkySNqTCEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVsUOKY6yKajjtGRdXookso+YdDU/dmR4VjrURzayhibgV7McvO/rJ2a6CLImEhSQwWZfRSlHBmJ8r1RjylKDB9ZwEQxOysiA6wwMfY6JXsEf3Hlv9A4cf0z9/TWr1SvYaYiHMAhHIMP51CFG6hBHQj04RGe4cXhzpMzcd5mpQVn3rMPv+S8fwONoZHO</latexit>

1.0
<latexit sha1_base64="vCUMoBtJ/0seg5waQ1TFrQhXUwA=">AAAB6nicbZDLSsNAFIZP6q3WW9Slm8EiuAqJeNtZ0IXLivYCbSiT6aQdOpmEmYlQQh/BjQuluvVl3LrzbZy0XWjrDwMf/38Oc84JEs6Udt1vq7C0vLK6VlwvbWxube/Yu3t1FaeS0BqJeSybAVaUM0FrmmlOm4mkOAo4bQSD6zxvPFKpWCwe9DChfoR7goWMYG2se88569hl13EnQovgzaB89TnO9Vbt2F/tbkzSiApNOFaq5bmJ9jMsNSOcjkrtVNEEkwHu0ZZBgSOq/Gwy6ggdGaeLwliaJzSauL87MhwpNYwCUxlh3VfzWW7+l7VSHV76GRNJqqkg04/ClCMdo3xv1GWSEs2HBjCRzMyKSB9LTLS5TskcwZtfeRHqJ4537pzeeeXKDUxVhAM4hGPw4AIqcAtVqAGBHjzBC7xa3Hq2xtb7tLRgzXr24Y+sjx+VNZHT</latexit>

1.5
<latexit sha1_base64="ZXBNhM4UBBwrCQ4OJoULQK7kXx4=">AAAB6nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJEXVnQRcuK9oLtKFMppN26GQSZiZCCX0ENy6U6taXcevOt3HSdKGtPwx8/P85zDnHjzlT2nG+rcLK6tr6RnGztLW9s7tX3j9oqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXWd565FKxSLxoMcx9UI8ECxgBGtj3Vdtp1euOLYzE1oGdw6Vq89pprd6r/zV7UckCanQhGOlOq4Tay/FUjPC6aTUTRSNMRnhAe0YFDikyktno07QiXH6KIikeUKjmfu7I8WhUuPQN5Uh1kO1mGXmf1kn0cGllzIRJ5oKkn8UJBzpCGV7oz6TlGg+NoCJZGZWRIZYYqLNdUrmCO7iysvQrNruuX1251ZqN5CrCEdwDKfgwgXU4Bbq0AACA3iCF3i1uPVsTa33vLRgzXsO4Y+sjx+PJ5HP</latexit>

2.0

<latexit sha1_base64="u9trQ4CHrqz8s6ZZNNPargBbuH0=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCoZ8bazoAuXFe0F2qFk0kwbmskMSUYoQx/BjQuluvVl3Lrzbcy0XWjrD4GP/z+HnHP8WHBtMP52ckvLK6tr+fXCxubW9k5xd6+uo0RRVqORiFTTJ5oJLlnNcCNYM1aMhL5gDX9wneWNR6Y0j+SDGcbMC0lP8oBTYqx1f4Zxp1jCZTwRWgR3BqWrz3Gmt2qn+NXuRjQJmTRUEK1bLo6NlxJlOBVsVGgnmsWEDkiPtSxKEjLtpZNRR+jIOl0URMo+adDE/d2RklDrYejbypCYvp7PMvO/rJWY4NJLuYwTwySdfhQkApkIZXujLleMGjG0QKjidlZE+0QRaux1CvYI7vzKi1A/Kbvn5dM7t1S5ganycACHcAwuXEAFbqEKNaDQgyd4gVdHOM/O2HmfluacWc8+/JHz8QOWw5HU</latexit>

500

<latexit sha1_base64="LXo/5aM6ZDc+qT2tKzNyguJtC2Q=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCoZEXVnQRcuK9gLtEPJpGkbmmSGJCOUoa/gxoVa3Powbt35NmbaLrT1h8DH/59DzjlhLLixGH97uZXVtfWN/GZha3tnd6+4f1A3UaIpq9FIRLoZEsMEV6xmuRWsGWtGZChYIxzeZHnjkWnDI/VgRzELJOkr3uOU2MzyMcadYgmX8VRoGfw5lK4/3zJNqp3iV7sb0UQyZakgxrR8HNsgJdpyKti40E4Miwkdkj5rOVREMhOk01nH6MQ5XdSLtHvKoqn7uyMl0piRDF2lJHZgFrPM/C9rJbZ3FaRcxYllis4+6iUC2Qhli6Mu14xaMXJAqOZuVkQHRBNq3XkK7gj+4srLUD8r+xfl83u/VLmFmfJwBMdwCj5cQgXuoAo1oDCAJ3iBV096z97Ee5+V5rx5zyH8kffxA/7kkgo=</latexit>

1000

<latexit sha1_base64="XckEsnRqjdH58j8dr2BT5z7wRGw=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuCozYtWdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbDmyxvPlKlWSQfzCimvsB9yUJGsMksr+K63WLJLbtToWXw5lC6/nzLNKl1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP53OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8MpPmYwTQyWZfRQmHJkIZYujHlOUGD6ygIlidlZEBlhhYux5CvYI3uLKy9A4K3sX5fN7r1S9hZnycATHcAoeXEIV7qAGdSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QMGkZIP</latexit>

1500

<latexit sha1_base64="AT0BHm0tneHqNoXNTxycJ8UDZ7Q=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU5UgBGxUgoGBoUj0ITVR5ThOa9WxI9tBKlHF74CJhQGEWPkNrGz8G5y2A7ScZPl09538+YKEUaUd59sqzM0vLC4Vl0srq2vrG/bmVkOJVGJSx4IJ2QqQIoxyUtdUM9JKJEFxwEgz6J/nfvOWSEUFv9GDhPgx6nIaUYy0kTr2jhcIFqpBbK7MuzLBEA07dtmpOCPAWeJOSPns8yHHY61jf3mhwGlMuMYMKdV2nUT7GZKaYkaGJS9VJEG4j7qkbShHMVF+Ntp+CPeNEsJISHO4hiP1dyJDscoXNJMx0j017eXif1471dGpn1GepJpwPH4oShnUAuZVwJBKgjUbGIKwpGZXiHtIIqxNYSVTgjv95VnSOKy4x5Wja7dcvQBjFMEu2AMHwAUnoAouQQ3UAQZ34Am8gFfr3nq23qz38WjBmmS2wR9YHz9MQJpC</latexit>

Λ

<latexit sha1_base64="6wEsiJmNhVTVcBGIoJRHI3GijIs=">AAAB6HicbZC7SgNBFIbPxluMt6ilzWAQrMKuiNoZ0MIyAXOBZAmzk7PJmNkLM7NCWPIENhaKxNK3sbXzbZxNUmjiDwMf/38Oc87xYsGVtu1vK7eyura+kd8sbG3v7O4V9w8aKkokwzqLRCRbHlUoeIh1zbXAViyRBp7Apje8yfLmI0rFo/Bej2J0A9oPuc8Z1caq2d1iyS7bU5FlcOZQuv6cZHqvdotfnV7EkgBDzQRVqu3YsXZTKjVnAseFTqIwpmxI+9g2GNIAlZtOBx2TE+P0iB9J80JNpu7vjpQGSo0Cz1QGVA/UYpaZ/2XtRPtXbsrDONEYstlHfiKIjki2NelxiUyLkQHKJDezEjagkjJtblMwR3AWV16GxlnZuSif15xS5RZmysMRHMMpOHAJFbiDKtSBAcITvMCr9WA9W2/WZFaas+Y9h/BH1scPszyRWw==</latexit>

0
<latexit sha1_base64="ob7F7VXFrjXhK3peWr2H9mb4ZX8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5pIUZdFN24KFewDmhAmk0k7dDITZiZCDf0SNy4UceunuPNvnLZZaOuBC4dz7uXee8KUUaUd59sqra1vbG6Vtys7u3v7VfvgsKtEJjHpYMGE7IdIEUY56WiqGemnkqAkZKQXjm9nfu+RSEUFf9CTlPgJGnIaU4y0kQK7mnthDFvnrWngiUjowK45dWcOuErcgtRAgXZgf3mRwFlCuMYMKTVwnVT7OZKaYkamFS9TJEV4jIZkYChHCVF+Pj98Ck+NEsFYSFNcw7n6eyJHiVKTJDSdCdIjtezNxP+8Qabjaz+nPM004XixKM4Y1ALOUoARlQRrNjEEYUnNrRCPkERYm6wqJgR3+eVV0r2ou5f1xn2j1rwp4iiDY3ACzoALrkAT3IE26AAMMvAMXsGb9WS9WO/Wx6K1ZBUzR+APrM8fHEySwA==</latexit>

M/M!

<latexit sha1_base64="GxxOpuPWVFl52xtYQivIUCpL1r0=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5REiu2x6EGPFewHNKFstpt26WYTdjeFEvpPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKG5tb2zvF3dLe/sHhkX180lZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6b+50JlYrF4klPE+pHeChYyAjWRurbduYFIbrveFduzam7tVnfLjsVZwG0TtyclCFHs29/eYOYpBEVmnCsVM91Eu1nWGpGOJ2VvFTRBJMxHtKeoQJHVPnZ4vIZujDKAIWxNCU0Wqi/JzIcKTWNAtMZYT1Sq95c/M/rpTqs+xkTSaqpIMtFYcqRjtE8BjRgkhLNp4ZgIpm5FZERlphoE1bJhOCuvrxO2tcV96ZSfayWG7d5HEU4g3O4BBdq0IAHaEILCEzgGV7hzcqsF+vd+li2Fqx85hT+wPr8AfS6ke4=</latexit>

GW170817
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<latexit sha1_base64="muzdjORrt6c3eAyXQO2r4khlf6A=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbUzoIVlRPMByRH2NnvJkr29Y3dOCCE/wcZCibb+GVs7/417SQqNvrDw8L4z7MwEiRQGXffLyS0tr6yu5dcLG5tb2zvF3b26iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwleWNB66NiNU9DhPuR7SnRCgYRWvdeS7pFEtu2Z2K/AVvDqXLj0mm12qn+NnuxiyNuEImqTEtz03QH1GNgkk+LrRTwxPKBrTHWxYVjbjxR9NRx+TIOl0Sxto+hWTq/uwY0ciYYRTYyohi3yxmmflf1koxvPBHQiUpcsVmH4WpJBiTbG/SFZozlEMLlGlhZyWsTzVlaK9TsEfwFlf+C/WTsndWPr31SpVrmCkPB3AIx+DBOVTgBqpQAwY9eIRneHGk8+RMnLdZac6Z9+zDLznv33hrkcA=</latexit>

10
<latexit sha1_base64="goWurl7VZ8eGgDJEQEX+rOt88gQ=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9ColL3z8tmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF7dZHC</latexit>

12
<latexit sha1_base64="uRuG7YljhuA5Gq918r1PmCP2nvM=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3vn5cqdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF+f5HE</latexit>

14
<latexit sha1_base64="xLcQukndo16vGDtxSLVEQy0UOiY=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozItWdBV24rGgv0A4lk2ba0CQzJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD6yxvPlKlWSQfzCimvsB9yUJGsLHWvVdB3WLJLbtToWXw5lC6+pxkeqt1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP52OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8NJPmYwTQyWZfRQmHJkIZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3uV8vmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AGBiZHG</latexit>

16

<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>

2.5

<latexit sha1_base64="mq2xz6CzAf6hkNpuC94FumpSbuQ=">AAAB/3icbVDLSsNAFJ34rPUVFdzoYrAIrkoivsBNQRduChXtA5oQJpNJO3SSCTMTocQs/BVBXCjiVvwLd/6N08dCWw8MHM45l3vn+AmjUlnWtzEzOze/sFhYKi6vrK6tmxubDclTgUkdc8ZFy0eSMBqTuqKKkVYiCIp8Rpp+72LgN++IkJTHt6qfEDdCnZiGFCOlJc/czhw/zKoO1yFY9RwecJXn0DNLVtkaAk4Te0xKleObzyd397zmmV9OwHEakVhhhqRs21ai3AwJRTEjedFJJUkQ7qEOaWsao4hINxven8N9rQQw5EK/WMGh+nsiQ5GU/cjXyQiprpz0BuJ/XjtV4Zmb0ThJFYnxaFGYMqg4HJQBAyoIVqyvCcKC6lsh7iKBsNKVFXUJ9uSXp0njsGyflI+u7VLlEoxQADtgDxwAG5yCCrgCNVAHGNyDR/ACXo0H49l4M95H0RljPLMF/sD4+AG9EZji</latexit>

M
M!

<latexit sha1_base64="N50lfvCQxzzm3e13JhXoDj/+rl8=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSp4Krsi6rGgB49V7Adsl5JNs21okl2TbKEs9W948aCIV3+MN/+N6bYHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh4HriN4dUaRbLBzNKaCBwT7KIEWysFGTtMEL3T/5ABGPUKZXdipsDLRJvRsrV4yhHrVP6andjkgoqDeFYa99zExNkWBlGOB0X26mmCSYD3KO+pRILqoMsP3qMTqzSRVGsbEmDcvX3RIaF1iMR2k6BTV/PexPxP89PTXQVZEwmqaGSTBdFKUcmRpMEUJcpSgwfWYKJYvZWRPpYYWJsTkUbgjf/8iJpnFW8i8r5nVeu3sAUBTiEIzgFDy6hCrdQgzoQeIRneIU3Z+i8OO/Ox7R1yZnNHMAfOJ8/9giUiA==</latexit>

R [km]

<latexit sha1_base64="MpxcIAZSayccCtcUkHNgGq2h4HA=">AAAB/nicbVDLSgMxFM3UV1urjoorN8EiCELJaNUuC3YhruqjD2hLyaSZNjSTGZKMUIaKGz/EjQtF3Lr0G9z5N6aPhbYeuHA4517uvccNOVMaoW8rsbC4tLySTKVXM2vrG/bmVlUFkSS0QgIeyLqLFeVM0IpmmtN6KCn2XU5rbv985NfuqFQsELd6ENKWj7uCeYxgbaS2vRM3XQ+Wb67vLxE6Rocof+IMYdvOohwaA84TZ0qyxUypkHxMfZbb9lezE5DIp0ITjpVqOCjUrRhLzQinw3QzUjTEpI+7tGGowD5VrXh8/hDuG6UDvUCaEhqO1d8TMfaVGviu6fSx7qlZbyT+5zUi7RVaMRNhpKkgk0VexKEO4CgL2GGSEs0HhmAimbkVkh6WmGiTWNqE4My+PE+qRznnNJe/crLFEpggCXbBHjgADjgDRXAByqACCIjBE3gBr9aD9Wy9We+T1oQ1ndkGf2B9/AB4+pV0</latexit>

PSR J0030+ 0451

<latexit sha1_base64="DvzVYCZUI6Oq+SMy6PBvunCy58k=">AAAB/nicbVBNS0JBFJ1nX2pWr6JVmyEJgkDmiahLIRfRyj78ABWZN87TwXnzHjPzAnkYbfohbVoU0bZlv6Fd/6ZRW5R24MLhnHu59x435ExphL6sxMrq2vpGMpXezGxt79i7ew0VRJLQOgl4IFsuVpQzQeuaaU5boaTYdzltuqOzqd+8pVKxQNzocUi7Ph4I5jGCtZF69kHccT1Yu766u0ClAjotFvNoAnt2FuXQDHCZOD8kW8lUy8mH1EetZ392+gGJfCo04ViptoNC3Y2x1IxwOkl3IkVDTEZ4QNuGCuxT1Y1n50/gsVH60AukKaHhTP09EWNfqbHvmk4f66Fa9Kbif1470l65GzMRRpoKMl/kRRzqAE6zgH0mKdF8bAgmkplbIRliiYk2iaVNCM7iy8ukkc85xVzh0slWqmCOJDgER+AEOKAEKuAc1EAdEBCDR/AMXqx768l6td7mrQnrZ2Yf/IH1/g2LjJWA</latexit>

PSR J0740+ 6620

<latexit sha1_base64="L+lTonnVlcmCwZueJt428CXTMbs=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBy1JCVZvRS8eK5i20ISy2W7apZtN2N2IJeSvePGgiFf/iDf/jds2B219MPB4b4aZeUHCqFSW9W2U1tY3NrfK25Wd3b39A/Ow2pFxKjBxccxi0QuQJIxy4iqqGOklgqAoYKQbTG5nfveRCElj/qCmCfEjNOI0pBgpLQ3MauYFIXRc79xuWo0Lp3GdD8yaVbfmgKvELkgNFGgPzC9vGOM0IlxhhqTs21ai/AwJRTEjecVLJUkQnqAR6WvKUUSkn81vz+GpVoYwjIUuruBc/T2RoUjKaRTozgipsVz2ZuJ/Xj9V4ZWfUZ6kinC8WBSmDKoYzoKAQyoIVmyqCcKC6lshHiOBsNJxVXQI9vLLq6TTqNuXdefeqbVuijjK4BicgDNggyZogTvQBi7A4Ak8g1fwZuTGi/FufCxaS0YxcwT+wPj8AbVXkks=</latexit>

4U1702− 429

Nättilä et al.
Astron.  Astrophys. 608 (2017) A31

<latexit sha1_base64="DMGCZubDzmQHsGFKsP+pvWx0YkM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXjxWsR/QLiWbZtvQJLsm2UJZ2r/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4e3Mb46o0iySj2YcU1/gvmQhI9hYyU87QYgeptP2UPiTbrHklt050CrxMlKCDLVu8avTi0giqDSEY63bnhsbP8XKMMLppNBJNI0xGeI+bVsqsaDaT+dHT9CZVXoojJQtadBc/T2RYqH1WAS2U2Az0MveTPzPaycmvPZTJuPEUEkWi8KEIxOhWQKoxxQlho8twUQxeysiA6wwMTangg3BW355lTQuyt5luXJfKVVvsjjycAKncA4eXEEV7qAGdSDwBM/wCm/OyHlx3p2PRWvOyWaO4Q+czx/IGJIf</latexit>

R [km]
<latexit sha1_base64="Oc6eWbdAsHMJ2l0i1HKm0nB0zIE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsB/QhrLZbtqlm03cnQgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKVOlkvCInnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/N752SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyex5MhCaM5QTSyjTwt5K2IhqytBGVLIheMsvr5LWRdW7rNbua5X6XR5HEU7gFM7Bgyuowy00oAkMJDzDK7w5j86L8+58LFoLTj5zDH/gfP4AOACPdw==</latexit>

10
<latexit sha1_base64="ngsXeI2buDbXr5f8YK0SbKOF6fo=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgRW8V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1Fipk/WCkHjVab9UdivuHGSVeDkpQ45Gv/TVG8QsjVAaJqjWXc9NjJ9RZTgTOC32Uo0JZWM6xK6lkkao/Wx+75ScW2VAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY8GXCFzIiJJZQpbm8lbEQVZcZGVLQheMsvr5JWteJdVmr3tXL9Lo+jAKdwBhfgwRXU4RYa0AQGAp7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4AOwqPeQ==</latexit>

12
<latexit sha1_base64="1rt6sd/5lJiO/b1UQD49Y/Mj0j4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VsB/QhrLZTtqlm03c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfjm5nffkKleSwfzCRBP6JDyUPOqLFSJ+sFIfFq03654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n83ik5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyex5MuAKmRETSyhT3N5K2IgqyoyNqGRD8JZfXiWti6p3Wa3d1yr1uzyOIpzAKZyDB1dQh1toQBMYCHiGV3hzHp0X5935WLQWnHzmGP7A+fwBPhSPew==</latexit>

14

<latexit sha1_base64="q/vo9YEJUCZ/sAkItstpmzQqZwY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeCF71VsB/ShrLZbtqlu5uwuxFK6K/w4kERr/4cb/4bt2kO2vpg4PHeDDPzwoQzbTzv2ymtrW9sbpW3Kzu7e/sH1cOjto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Gbud56o0iyWD2aa0EDgkWQRI9hY6THrhxHyXW82qNY818uBVolfkBoUaA6qX/1hTFJBpSEca93zvcQEGVaGEU5nlX6qaYLJBI9oz1KJBdVBlh88Q2dWGaIoVrakQbn6eyLDQuupCG2nwGasl725+J/XS010HWRMJqmhkiwWRSlHJkbz79GQKUoMn1qCiWL2VkTGWGFibEYVG4K//PIqaV+4/qVbv6/XGndFHGU4gVM4Bx+uoAG30IQWEBDwDK/w5ijnxXl3PhatJaeYOYY/cD5/AKT2j68=</latexit>

1.0

<latexit sha1_base64="zULZP/N2DzPdS+4w+rUO5Okbo0c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IrrXoseNFbBfsh7VKyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmhQln2njet1NYW9/Y3Cpul3Z29/YPyodHLR2nitAmiXmsOiHWlDNJm4YZTjuJoliEnLbD8c3Mbz9RpVksH8wkoYHAQ8kiRrCx0mPWCyPku7Vpv1zxXG8OtEr8nFQgR6Nf/uoNYpIKKg3hWOuu7yUmyLAyjHA6LfVSTRNMxnhIu5ZKLKgOsvnBU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zuqmJroOMySQ1VJLFoijlyMRo9j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwl19eJa0L1790q/fVSv0uj6MIJ3AK5+DDFdThFhrQBAICnuEV3hzlvDjvzseiteDkM8fwB87nD6yPj7Q=</latexit>

1.5

<latexit sha1_base64="wD2q6ZrYkw3i4GSCKmWCg6RjaYo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY8KK3CvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxwelY9P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2Ek5u533miSrNYPphpQgOBR5JFjGBjpcesH0ao6nqzQbniud4CaJ34OalAjuag/NUfxiQVVBrCsdY930tMkGFlGOF0VuqnmiaYTPCI9iyVWFAdZIuDZ+jCKkMUxcqWNGih/p7IsNB6KkLbKbAZ61VvLv7n9VITXQcZk0lqqCTLRVHKkYnR/Hs0ZIoSw6eWYKKYvRWRMVaYGJtRyYbgr768TtpV16+7tftapXGXx1GEMziHS/DhChpwC01oAQEBz/AKb45yXpx352PZWnDymVP4A+fzB6Z9j7A=</latexit>

2.0

<latexit sha1_base64="T0aGePARtg5ZoArZrQEYuMGGTW4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgadkN8XEMeNFbBPOQZAmzk9lkyMzsMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFSacaeN5305hbX1jc6u4XdrZ3ds/KB8etXScKkKbJOax6oRYU84kbRpmOO0kimIRctoOxzczv/1ElWaxfDCThAYCDyWLGMHGSo9ZL4xQ1b2Y9ssVz/XmQKvEz0kFcjT65a/eICapoNIQjrXu+l5iggwrwwin01Iv1TTBZIyHtGupxILqIJsfPEVnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6DrImExSQyVZLIpSjkyMZt+jAVOUGD6xBBPF7K2IjLDCxNiMSjYEf/nlVdKquv6lW7uvVep3eRxFOIFTOAcfrqAOt9CAJhAQ8Ayv8OYo58V5dz4WrQUnnzmGP3A+fwCuFo+1</latexit>

2.5

<latexit sha1_base64="7KoNZKCaC7w+e/pmdrAyXpAfGWE=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZKeqy4EYXhQr2AZ1hyGQybWgmGZKMUMZZ+CtuXCji1t9w59+YPhbaeiBwOOdc7s0JU0aVdpxvq7Syura+Ud6sbG3v7O7Z+wcdJTKJSRsLJmQvRIowyklbU81IL5UEJSEj3XB0PfG7D0QqKvi9HqfET9CA05hipI0U2Ee5F8Ywb3rCpGAz8EQkdFEEdtWpOVPAZeLOSRXM0QrsLy8SOEsI15ghpfquk2o/R1JTzEhR8TJFUoRHaED6hnKUEOXn0/sLeGqUCMZCmsc1nKq/J3KUKDVOQpNMkB6qRW8i/uf1Mx1f+TnlaaYJx7NFccagFnBSBoyoJFizsSEIS2puhXiIJMLaVFYxJbiLX14mnfOae1Gr39Wrjdt5HWVwDE7AGXDBJWiAG9ACbYDBI3gGr+DNerJerHfrYxYtWfOZQ/AH1ucP4VSWDg==</latexit>

M

M!

Riley et al.

<latexit sha1_base64="muzdjORrt6c3eAyXQO2r4khlf6A=">AAAB6nicbZA9SwNBEIbn4leMX1FLm8UgWIU7EbUzoIVlRPMByRH2NnvJkr29Y3dOCCE/wcZCibb+GVs7/417SQqNvrDw8L4z7MwEiRQGXffLyS0tr6yu5dcLG5tb2zvF3b26iVPNeI3FMtbNgBouheI1FCh5M9GcRoHkjWBwleWNB66NiNU9DhPuR7SnRCgYRWvdeS7pFEtu2Z2K/AVvDqXLj0mm12qn+NnuxiyNuEImqTEtz03QH1GNgkk+LrRTwxPKBrTHWxYVjbjxR9NRx+TIOl0Sxto+hWTq/uwY0ciYYRTYyohi3yxmmflf1koxvPBHQiUpcsVmH4WpJBiTbG/SFZozlEMLlGlhZyWsTzVlaK9TsEfwFlf+C/WTsndWPr31SpVrmCkPB3AIx+DBOVTgBqpQAwY9eIRneHGk8+RMnLdZac6Z9+zDLznv33hrkcA=</latexit>

10
<latexit sha1_base64="goWurl7VZ8eGgDJEQEX+rOt88gQ=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozRdSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9ColL3z8tmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF7dZHC</latexit>

12
<latexit sha1_base64="uRuG7YljhuA5Gq918r1PmCP2nvM=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozUtSdBV24rGgv0A4lk2ba0EwyJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aWiaK0DqRXKpWgDXlTNC6YYbTVqwojgJOm8HwOsubj1RpJsWDGcXUj3BfsJARbKx171VQt1hyy+5UaBm8OZSuPieZ3mrd4lenJ0kSUWEIx1q3PTc2foqVYYTTcaGTaBpjMsR92rYocES1n05HHaMT6/RQKJV9wqCp+7sjxZHWoyiwlRE2A72YZeZ/WTsx4aWfMhEnhgoy+yhMODISZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3vn5cqdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AF+f5HE</latexit>

14
<latexit sha1_base64="xLcQukndo16vGDtxSLVEQy0UOiY=">AAAB6nicbZDLSgMxFIbP1Futt6pLN8EiuCozItWdBV24rGgv0A4lk2ba0CQzJBmhDH0ENy6U6taXcevOtzHTdqGtPwQ+/v8ccs4JYs60cd1vJ7eyura+kd8sbG3v7O4V9w8aOkoUoXUS8Ui1AqwpZ5LWDTOctmJFsQg4bQbD6yxvPlKlWSQfzCimvsB9yUJGsLHWvVdB3WLJLbtToWXw5lC6+pxkeqt1i1+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3aduixIJqP52OOkYn1umhMFL2SYOm7u+OFAutRyKwlQKbgV7MMvO/rJ2Y8NJPmYwTQyWZfRQmHJkIZXujHlOUGD6ygIlidlZEBlhhYux1CvYI3uLKy9A4K3uV8vmdV6rewEx5OIJjOAUPLqAKt1CDOhDowxO8wKvDnWdn4rzPSnPOvOcQ/sj5+AGBiZHG</latexit>

16

<latexit sha1_base64="6I0JAx0gNv1ochViTrmGE76wYC4=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmRNSdBV24rGAv0A4lk2ba0CQzJBmhDH0FNy7U4taHcevOtzHTdqGtPwQ+/v8ccs4JE8608bxvp7Cyura+UdwsbW3v7O6V9w8aOk4VoXUS81i1QqwpZ5LWDTOcthJFsQg5bYbDmzxvPlKlWSwfzCihgcB9ySJGsMkt3/VQt1zxXG8qtAz+HCrXn2+5JrVu+avTi0kqqDSEY63bvpeYIMPKMMLpuNRJNU0wGeI+bVuUWFAdZNNZx+jEOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1PyR7BX1x5GRpnrn/hnt/7leotzFSEIziGU/DhEqpwBzWoA4EBPMELvDrCeXYmzvustODMew7hj5yPH+OYkfg=</latexit>

1.0

<latexit sha1_base64="oee9FOdeE4Wp2jrdVYx0isbetHg=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmxNvOgi5cVrAXaIeSSTNtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DqD4GP/z+HnHPChDNtPO/LKSwtr6yuFddLG5tb2zvl3b2GjlNFaJ3EPFatEGvKmaR1wwynrURRLEJOm+HwOs+bD1RpFst7M0poIHBfsogRbHLLd89Qt1zxXG8q9Bf8OVSuPl5zTWrd8menF5NUUGkIx1q3fS8xQYaVYYTTcamTappgMsR92rYosaA6yKazjtGRdXooipV90qCp+7Mjw0LrkQhtpcBmoBez3Pwva6cmugwyJpPUUElmH0UpRyZG+eKoxxQlho8sYKKYnRWRAVaYGHuekj2Cv7jyX2icuP65e3rnV6o3MFMRDuAQjsGHC6jCLdSgDgQG8AjP8OII58mZOG+z0oIz79mHX3LevwHrMZH9</latexit>

1.5

<latexit sha1_base64="5sMb+JUguIg89EYt9hIkC1+YGc4=">AAAB63icbZDLSgMxFIbPeK31VnXpJlgEV8NMEXVnQRcuK9gLtEPJpJk2NMkMSUYoQ1/BjQu1uPVh3Lrzbcy0XWjrD4GP/z+HnHPChDNtPO/bWVldW9/YLGwVt3d29/ZLB4cNHaeK0DqJeaxaIdaUM0nrhhlOW4miWIScNsPhTZ43H6nSLJYPZpTQQOC+ZBEj2ORWxfVQt1T2XG8qtAz+HMrXn2+5JrVu6avTi0kqqDSEY63bvpeYIMPKMMLpuNhJNU0wGeI+bVuUWFAdZNNZx+jUOj0Uxco+adDU/d2RYaH1SIS2UmAz0ItZbv6XtVMTXQUZk0lqqCSzj6KUIxOjfHHUY4oSw0cWMFHMzorIACtMjD1P0R7BX1x5GRoV179wz+/9cvUWZirAMZzAGfhwCVW4gxrUgcAAnuAFXh3hPDsT531WuuLMe47gj5yPH+Ufkfk=</latexit>

2.0

<latexit sha1_base64="22YiKdMBTsTQ/5WAM3A5+YEeWoU=">AAAB63icbZDLSgMxFIbP1Futt6pLN8EiuBpmiredBV24rGAv0A4lk6ZtaJIZkoxQhr6CGxdqcevDuHXn25hpu9DWHwIf/38OOeeEMWfaeN63k1tZXVvfyG8WtrZ3dveK+wd1HSWK0BqJeKSaIdaUM0lrhhlOm7GiWIScNsLhTZY3HqnSLJIPZhTTQOC+ZD1GsMmssnuOOsWS53pToWXw51C6/nzLNKl2il/tbkQSQaUhHGvd8r3YBClWhhFOx4V2ommMyRD3acuixILqIJ3OOkYn1umiXqTskwZN3d8dKRZaj0RoKwU2A72YZeZ/WSsxvasgZTJODJVk9lEv4chEKFscdZmixPCRBUwUs7MiMsAKE2PPU7BH8BdXXoZ62fUv3LN7v1S5hZnycATHcAo+XEIF7qAKNSAwgCd4gVdHOM/OxHmfleacec8h/JHz8QPsuJH+</latexit>
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm−3

.

ε[GeVfm−3
]c

2
sP[MeVfm−3

]n/n0µ[GeV]

0.10.020.80.660.96

0.20.075.41.310.98

0.30.2017.41.931.03

0.40.4449.02.501.12

0.50.59101.33.031.24

0.60.64163.03.521.35

0.70.64226.83.971.46

0.80.62289.84.391.55

0.90.60350.94.781.64

1.00.59410.65.151.71

1.10.60470.45.501.78

1.20.61531.15.841.85

TABLEV.Tabulatedvaluesofthemedianforthesquared
soundvelocity,c

2
s,asafunctionofenergydensityεasshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantstiffeningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
ε=0.5−0.9GeVfm−3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min≤0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min≤0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.
Thereisextremeevidencethattheminimumsquared

soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM≤1.9M#.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM≤2.0M#.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM≤2.1M#.

B
c2
s,min>0.1

c2
s,min≤0.1

M/M#PreviousPrevious+BW

1.9201.02500.86

2.046.26229.80

2.14.5515.00

2.21.883.63

2.31.452.16

TABLEVI.BayesfactorsB
c2
s,min>0.1

c2
s,min≤0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min≤0.1.TheBayesfactors

arecalculatedforagivenmaximumneutronstarmassM,i.e.
theminimumspeedofsounduptothecorrespondingmaxi-
mummassisused.inthecomputation.
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm−3.

ε [GeV fm−3] c2s P [MeV fm−3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density ε as shown
in Fig. 3, i.e. including the previously available data and the
new information from PSR J0952-0607. Based on these values
the pressure is computed as well as the baryon density n (in
units of the nuclear saturation density n0) and the baryon
chemical potential µ.

A comparison of this table with the corresponding
table in Appendix C of Ref. [16] is instructive as it un-
derlines the significant stiffening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
together with the updated implementations of ChEFT
and pQCD constraints. For example, in the range
ε = 0.5 − 0.9GeV fm−3 the pressure has increased by
typically about one third as compared to the previous
results in Ref. [16].

APPENDIX C: BAYES FACTOR TABULAR

A key result of the present work is the systematics

of the Bayes factor Bc2s,min>0.1

c2s,min≤0.1
, quantifying the evidence

against a dropping of the squared sound speed to values
below c2s,min ≤ 0.1, as a function of the maximum mass
in neutron stars. For a further documentation of these
results a table of numerical values is useful to underscore
the increase of this evidence when the new information
from PSR J0952-0607 is incorporated.
There is extreme evidence that the minimum squared

sound speed, after exceeding the conformal limit, does
not drop to values smaller than 0.1 for neutron stars with
masses M ≤ 1.9M#. There is strong evidence that c2s,min
does not become smaller than 0.1 in neutron stars with
mass M ≤ 2.0M#. The Bayes factors increase further
with the inclusion of the black widow (BW) mass data.
With this new empirical information there is strong evi-
dence against small sound speeds c2s,min < 0.1 inside neu-
tron stars even up to masses M ≤ 2.1M#.

Bc2s,min>0.1

c2s,min≤0.1

M/M# Previous Previous + BW

1.9 201.02 500.86

2.0 46.26 229.80

2.1 4.55 15.00

2.2 1.88 3.63

2.3 1.45 2.16

TABLE VI. Bayes factors Bc2s,min>0.1

c2s,min≤0.1
comparing EoS samples

with the following competing scenarios: a) minimum squared
speed of sound (following a maximum), with c2s,min larger than
0.1, excluding a first-order phase transition with Maxwell con-
struction; versus b) EoS with c2s,min ≤ 0.1. The Bayes factors
are calculated for a given maximum neutron star mass M , i.e.
the minimum speed of sound up to the corresponding maxi-
mum mass is used. in the computation.
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm−3.

ε [GeV fm−3] c2s P [MeV fm−3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density ε as shown
in Fig. 3, i.e. including the previously available data and the
new information from PSR J0952-0607. Based on these values
the pressure is computed as well as the baryon density n (in
units of the nuclear saturation density n0) and the baryon
chemical potential µ.

A comparison of this table with the corresponding
table in Appendix C of Ref. [16] is instructive as it un-
derlines the significant stiffening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
together with the updated implementations of ChEFT
and pQCD constraints. For example, in the range
ε = 0.5 − 0.9GeV fm−3 the pressure has increased by
typically about one third as compared to the previous
results in Ref. [16].
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A key result of the present work is the systematics

of the Bayes factor Bc2s,min>0.1

c2s,min≤0.1
, quantifying the evidence

against a dropping of the squared sound speed to values
below c2s,min ≤ 0.1, as a function of the maximum mass
in neutron stars. For a further documentation of these
results a table of numerical values is useful to underscore
the increase of this evidence when the new information
from PSR J0952-0607 is incorporated.
There is extreme evidence that the minimum squared

sound speed, after exceeding the conformal limit, does
not drop to values smaller than 0.1 for neutron stars with
masses M ≤ 1.9M#. There is strong evidence that c2s,min
does not become smaller than 0.1 in neutron stars with
mass M ≤ 2.0M#. The Bayes factors increase further
with the inclusion of the black widow (BW) mass data.
With this new empirical information there is strong evi-
dence against small sound speeds c2s,min < 0.1 inside neu-
tron stars even up to masses M ≤ 2.1M#.
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struction; versus b) EoS with c2s,min ≤ 0.1. The Bayes factors
are calculated for a given maximum neutron star mass M , i.e.
the minimum speed of sound up to the corresponding maxi-
mum mass is used. in the computation.
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm−3.

ε [GeV fm−3] c2s P [MeV fm−3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density ε as shown
in Fig. 3, i.e. including the previously available data and the
new information from PSR J0952-0607. Based on these values
the pressure is computed as well as the baryon density n (in
units of the nuclear saturation density n0) and the baryon
chemical potential µ.

A comparison of this table with the corresponding
table in Appendix C of Ref. [16] is instructive as it un-
derlines the significant stiffening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
together with the updated implementations of ChEFT
and pQCD constraints. For example, in the range
ε = 0.5 − 0.9GeV fm−3 the pressure has increased by
typically about one third as compared to the previous
results in Ref. [16].

APPENDIX C: BAYES FACTOR TABULAR

A key result of the present work is the systematics

of the Bayes factor Bc2s,min>0.1

c2s,min≤0.1
, quantifying the evidence

against a dropping of the squared sound speed to values
below c2s,min ≤ 0.1, as a function of the maximum mass
in neutron stars. For a further documentation of these
results a table of numerical values is useful to underscore
the increase of this evidence when the new information
from PSR J0952-0607 is incorporated.
There is extreme evidence that the minimum squared

sound speed, after exceeding the conformal limit, does
not drop to values smaller than 0.1 for neutron stars with
masses M ≤ 1.9M#. There is strong evidence that c2s,min
does not become smaller than 0.1 in neutron stars with
mass M ≤ 2.0M#. The Bayes factors increase further
with the inclusion of the black widow (BW) mass data.
With this new empirical information there is strong evi-
dence against small sound speeds c2s,min < 0.1 inside neu-
tron stars even up to masses M ≤ 2.1M#.

Bc2s,min>0.1

c2s,min≤0.1

M/M# Previous Previous + BW

1.9 201.02 500.86

2.0 46.26 229.80

2.1 4.55 15.00

2.2 1.88 3.63

2.3 1.45 2.16

TABLE VI. Bayes factors Bc2s,min>0.1

c2s,min≤0.1
comparing EoS samples

with the following competing scenarios: a) minimum squared
speed of sound (following a maximum), with c2s,min larger than
0.1, excluding a first-order phase transition with Maxwell con-
struction; versus b) EoS with c2s,min ≤ 0.1. The Bayes factors
are calculated for a given maximum neutron star mass M , i.e.
the minimum speed of sound up to the corresponding maxi-
mum mass is used. in the computation.
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correlations at work 
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FIG. 4. Similar to Fig. 3: posterior credible bands are displayed for the squared speed of sound, c2s, as a function of energy
density ε, and the mass-radius relation R(M), but now using only the ’Previous’ data in Tab. I without inclusion of the new
PSR J0952-0607 (BW) information.
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FIG. 5. Density profiles of neutron stars with masses of M =
1.4M! and M = 2.1M!. The employed equation of state
corresponds to the median of the credible band in Fig. 3, i.e.
using the previously available and the new data from the black
widow pulsar. The bars indicate the 68% credible intervals
of the central densities and total radii of neutron stars with
mass M = 1.4M! (blue) and 2.1M! (orange), as listed in
Tab. II.

imum speed of sound larger than c2s,min > 0.1 over EoSs
with small c2s,min ≤ 0.1, the latter hinting towards a first-
order phase transition. It is assumed that this minimum
is positioned above the maximum located at lower den-
sities, n(c2s,min) > n(c2s,max). In Fig. 6 these Bayes fac-
tors are displayed, calculated for a given maximum mass,
i.e. the minimum speed of sound up to the correspond-
ing Mmax is used in the likelihood computation. As in
Ref. [16] there is extreme or very strong evidence against
small sound speeds inside neutron stars with masses up
to M ≤ 2M!. The Bayes factors increase further with
inclusion of the black widow (BW) pulsar information.
With these new data, there is strong evidence against

small sound speeds, c2s,min < 0.1, inside neutron stars
with masses even up to M ≤ 2.1M!.
In Refs. [17, 24], the authors also find sound speeds

larger than c2s > 0.1 at the 95% level for neutron stars
with mass M = 2M!. In their analyses the authors use
different parametrisations and accordingly different prior
distributions. With that much consistent evidence it is
safe to say that a strong first-order phase transition in
the core of neutron stars with mass M ≤ 2.0M! is fairly
unlikely based on the current data. With the new in-
formation from the black widow pulsar PSR J0952-0607
the Bayes factors in Fig. 6 further increase such that the
evidence against small sound speeds inside even heavier
neutron stars with masses up to M ≤ 2.1M! becomes
strong. The Bayes factors feature a plateau at extreme
evidence for maximum masses smaller than M ! 1.9M!,
because all relevant EoSs must support these masses in
order to fulfil the Shapiro and NICER constraints. Nu-

merical values of the Bayes factors Bc2s,min>0.1

c2s,min≤0.1
for different

maximummasses can be found in Tab. VI in AppendixC.
The Bayes factors corresponding to a stronger criterium

of smaller minimum speeds of sound, Bc2s,min>0.05

c2s,min≤0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications. In contrast to the strong
restrictions that exclude a first-order phase transition in
the core of neutron stars, a continuous crossover is possi-
ble within neutron stars with masses up to M ! 2.1M!
and beyond. This includes EoSs featuring quark-hadron
continuity [48, 85] or percolation scenarios [86]. More-
over, small sound speeds c2s < 0.1 in the cores of neutron
stars with even higher masses, M " 2.2M!, less con-
strained by the currently available astrophysical data,
cannot be firmly excluded. Similarly, a phase transition
with Gibbs (rather than Maxwell) construction [87] does
not necessarily result in a local drop of the sound speed
to c2s ∼ 0 and can also not be ruled out.
By analysing minima occuring at densities beyond the
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 (68% c.l.   —   including new NICER data and “black widow” PSR J0952-0607)
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Constraints on 
FIRST-ORDER PHASE TRANSITION  in  NEUTRON STAR MATTER 

Bayes factor analysis :
       Extreme evidence for 
sound velocities                 in

Evidence against strong 
1st order phase transition : 

               Maximum possible extension  
               of phase coexistence domain
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cores of all neutron stars with

For comparison :    
Maxwell construction for nuclear 1st order liquid-gas phase transition 
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
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c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1
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are

computed, comparing the evidence for EoSs with a min-
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<latexit sha1_base64="G/NemGWtb5RrIoOYc+fOaCky5fY=">AAAB/3icbVDLSsNQEL2pr1pfVcGNm2ARXGhJtKjLgghuhAr2AWksN7eT9tKbB/dOxBKz8FfcuFDErb/hzr8xbbPQ1gMDh3NmmJnjhIIrNIxvLTc3v7C4lF8urKyurW8UN7caKogkgzoLRCBbDlUguA915CigFUqgniOg6QwuRn7zHqTigX+LwxBsj/Z87nJGMZU6xR2rjfCA8TU02oeul9zFRyeJXegUS0bZGEOfJWZGSiRDrVP8ancDFnngIxNUKcs0QrRjKpEzAUmhHSkIKRvQHlgp9akHyo7H9yf6fqp0dTeQafmoj9XfEzH1lBp6TtrpUeyraW8k/udZEbrndsz9MELw2WSRGwkdA30Uht7lEhiKYUookzy9VWd9KinDNLJRCOb0y7OkcVw2T8uVm0qpepnFkSe7ZI8cEJOckSq5IjVSJ4w8kmfySt60J+1Fe9c+Jq05LZvZJn+gff4AHVGVhw==</latexit> [M
eV

fm
−
3
]

<latexit sha1_base64="2P4D5rc02rR2w8QDES/fx+1v+40=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9VISKeqxIILHCvYD2lA220m7dLMJu5tCDf0lXjwo4tWf4s1/46bNQVsfDDzem2Fmnh9zprTjfFuFjc2t7Z3ibmlv/+CwbB8dt1WUSAotGvFIdn2igDMBLc00h24sgYQ+h44/uc38zhSkYpF41LMYvJCMBAsYJdpIA7vcrPanREKsGI/ERWlgV5yaswBeJ25OKihHc2B/9YcRTUIQmnKiVM91Yu2lRGpGOcxL/URBTOiEjKBnqCAhKC9dHD7H50YZ4iCSpoTGC/X3REpCpWahbzpDosdq1cvE/7xeooMbL2UiTjQIulwUJBzrCGcp4CGTQDWfGUKoZOZWTMdEEqpNVlkI7urL66R9WXOvavWHeqVxl8dRRKfoDFWRi65RA92jJmohihL0jF7Rm/VkvVjv1seytWDlMyfoD6zPH9xekpc=</latexit> P
(ε
)

<latexit sha1_base64="BQNJXpSFeRykbKAoP5U2iH6VvwM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMhLseAF49xSQwkQ+jp9CRNenqG7hohDPkELx4U8eqH+A3e/Bs7y0ETHxQ83quiql6QSGHQdb+d3Mrq2vpGfrOwtb2zu1fcP2iaONWMN1gsY90KqOFSKN5AgZK3Es1pFEj+EAyvJv7DI9dGxOoeRwn3I9pXIhSMopXuKmdut1hyy+4UZJl4c1KCOerd4lenF7M04gqZpMa0PTdBP6MaBZN8XOikhieUDWmfty1VNOLGz6anjsmJVXokjLUthWSq/p7IaGTMKApsZ0RxYBa9ifif104xvPQzoZIUuWKzRWEqCcZk8jfpCc0ZypEllGlhbyVsQDVlaNMp2BC8xZeXSbNS9s7L1ZtqqXb7OYsjD0dwDKfgwQXU4Brq0AAGfXiCF3h1pPPsvDnvs9acM4/wEP7A+fgBoGWOCA==</latexit>

250
<latexit sha1_base64="F+kB3xHD6eXP7e5pJ+jA82MUGJc=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSl2PAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+dXo4G</latexit>

500
<latexit sha1_base64="i9/N/EMDtRfY307uW9fT1g/v32s=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjOixmPAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle4rF263WHLL7hRkmXhzUoI5at3iV6cXszRCaZigWrc9NzF+RpXhTOC40Ek1JpQNaR/blkoaofaz6aljcmKVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhuAtvrxMGmdl77J8fnteqt59zuLIwxEcwyl4UIEq3EAN6sCgD0/wAq+OcJ6dN+d91ppz5hEewh84Hz+oA44N</latexit>

750
<latexit sha1_base64="a+R7Ct4Zn8csKsXaaBAhB41R6ds=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqmSkqMuCG5dV7APaoWTSTBuaZIYkI5Shv+DGhSJu/Q+/wZ1/Y6btQlsPXDiccy/33hMmghuL8bdXWFvf2Nwqbpd2dvf2D8qHRy0Tp5qyJo1FrDshMUxwxZqWW8E6iWZEhoK1w/FN7rcfmTY8Vg92krBAkqHiEafE5pKPMe6XK7iKZ0CrxF+QCizQ6Je/eoOYppIpSwUxpuvjxAYZ0ZZTwaalXmpYQuiYDFnXUUUkM0E2u3WKzpwyQFGsXSmLZurviYxIYyYydJ2S2JFZ9nLxP6+b2ug6yLhKUssUnS+KUoFsjPLH0YBrRq2YOEKo5u5WREdEE2pdPCUXgr/88ippXVT9y2rtrlap33/O4yjCCZzCOfhwBXW4hQY0gcIInuAFXj3pPXtv3vu8teAtIjyGP/A+fgAFjo48</latexit>

1000
<latexit sha1_base64="ChF6kx4scyUhrzNDEhfKseSKMTw=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKqMeAF49RzAM2S5id9CZDZmeWmd5AWPIZXjwo4tWP8Bu8+TdOHgdNLGgoqrrp7opSwQ163rdTWFvf2Nwqbpd2dvf2D8qHR02jMs2gwZRQuh1RA4JLaCBHAe1UA00iAa1oeDv1WyPQhiv5iOMUwoT2JY85o2iloDOiGlLDhZLdcsWrejO4q8RfkApZoN4tf3V6imUJSGSCGhP4XophTjVyJmBS6mQGUsqGtA+BpZImYMJ8dvLEPbNKz42VtiXRnam/J3KaGDNOItuZUByYZW8q/ucFGcY3Yc5lmiFINl8UZ8JF5U7/d3tcA0MxtoQyze2tLhtQTRnalEo2BH/55VXSvKj6V9XL+8tK7eFzHkeRnJBTck58ck1q5I7USYMwosgTeSGvDjrPzpvzPm8tOIsIj8kfOB8/+o2SYA==</latexit>ε

<latexit sha1_base64="X2z9kSzDfr9vdQWDrh93LvXJTKE=">AAACC3icbVC7SgNBFJ2Nrxhfq5Y2Q4JgFXZF1DIggmUE84AkhNnJTTJkdnaZuSuGJb2Nv2JjoYitP2Dn3zibpNDEAwOHc869wz1BLIVBz/t2ciura+sb+c3C1vbO7p67f1A3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGMLrK/MY9aCMidYfjGDohGyjRF5yhlbpusY3wgKlvkEa6B5rGQ7uNombKiCwyKXTdklf2pqDLxJ+TEpmj2nW/2r2IJyEo5JIZ0/K9GDsp0yi4hEmhnRiIGR+xAbQsVSwE00mnt0zosVV6tB9p+xTSqfp7ImWhMeMwsMmQ4dAsepn4n9dKsH/ZSYWKEwTFZx/1E0kxolkxtCc0cJRjSxjX9nZO+ZBpxtHWl5XgL568TOqnZf+8fHZ7Vqpcz+vIkyNSJCfEJxekQm5IldQIJ4/kmbySN+fJeXHenY9ZNOfMZw7JHzifPyABmx4=</latexit>

1st order phase transition
<latexit sha1_base64="gF7RJBvY8HP9gybY2Db1lJQf17E=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAYhXsKuBPUYEMGLEME8IAlhdtJJhszOLjO9mrDk5sVf8eJBEa/+gjf/xt0kB00saCiquunucgMpDNr2t5VaWl5ZXUuvZzY2t7Z3srt7VeOHmkOF+9LXdZcZkEJBBQVKqAcamOdKqLmDy8Sv3YM2wld3OAqg5bGeEl3BGcZSO3vYRBhilL9hwweQknJfGdQhT9yTcaadzdkFewK6SJwZyZEZyu3sV7Pj89ADhVwyYxqOHWArYhoFlzDONEMDAeMD1oNGTBXzwLSiyR9jehwrHdr1dVwK6UT9PRExz5iR58adHsO+mfcS8T+vEWL3ohUJFYQIik8XdUNJ0adJKLQjNHCUo5gwrkV8K+V9phnHOLokBGf+5UVSPS04Z4XibTFXuprFkSYH5IjkiUPOSYlckzKpEE4eyTN5JW/Wk/VivVsf09aUNZvZJ39gff4AIK2ZfA==</latexit>

(Maxwell construction)

<latexit sha1_base64="h8vMgJMF2c6PQDTsoXJiP9QM5f0=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIrmoiUl2WunFZwV6gDWEynbRDJ5MwMxFCqK/ixoUibn0Qd76N0zYLbf1h4OM/53DO/EHCmdKO822trW9sbm2Xdsq7e/sHh/bRcUfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weR2Vu8+UqlYLB50llAvwiPBQkawNpZvV/JBECIx9ZsXC/KdqW9XnZozF1oFt4AqFGr59tdgGJM0okITjpXqu06ivRxLzQin0/IgVTTBZIJHtG9Q4IgqL58fP0VnxhmiMJbmCY3m7u+JHEdKZVFgOiOsx2q5NjP/q/VTHd54ORNJqqkgi0VhypGO0SwJNGSSEs0zA5hIZm5FZIwlJtrkVTYhuMtfXoXOZc2t1+r3V9VGs4ijBCdwCufgwjU04A5a0AYCGTzDK7xZT9aL9W59LFrXrGKmAn9kff4AqyGUJw==</latexit>

nB/n0

<latexit sha1_base64="vxC/M+bc2PQlnosQU3354P/+k3c=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdVnUhcsK9gFNKJPJpB06mQkzE6GEgBt/xY0LRdz6E+78GydtFtp6YJjDOfdy7z1BwqjSjvNtLS2vrK6tVzaqm1vbO7v23n5HiVRi0saCCdkLkCKMctLWVDPSSyRBccBINxhfF373gUhFBb/Xk4T4MRpyGlGMtJEG9qEXCBaqSWy+zLshTKM884II8nxg15y6MwVcJG5JaqBEa2B/eaHAaUy4xgwp1XedRPsZkppiRvKqlyqSIDxGQ9I3lKOYKD+b3pDDE6OEMBLSPK7hVP3dkaFYFWuayhjpkZr3CvE/r5/q6NLPKE9STTieDYpSBrWARSAwpJJgzSaGICyp2RXiEZIIaxNb1YTgzp+8SDpndbdRb9yd15pXZRwVcASOwSlwwQVoglvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH7HzmDU=</latexit>

∆n

<latexit sha1_base64="kUi128B3K1veBQ83tEWreQtj4Fw=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqrEFJIKFcaqMDAWiT6kpqoc57a16jiR7SBVUb+AhV9hYQAhVmY2/ga3zQAtR7J8dM69uvceP+ZMacf5tnJr6xubW/ntws7u3v5B8fCopaJEUmjSiEey4xMFnAloaqY5dGIJJPQ5tP3x9cxvP4BULBL3ehJDLyRDwQaMEm2kfrHs+REP1CQ0X+rdANcEi3PRr3sclFIsxI5dmfaLJcd25sCrxM1ICWVo9ItfXhDRJAShKSdKdV0n1r2USM0oh2nBSxTEhI7JELqGChKC6qXzc6a4bJQADyJpntB4rv7uSEmoZhubypDokVr2ZuJ/XjfRg6teykScaBB0MWiQcKwjPMsGB0wC1XxiCKGSmV0xHRFJqDYJFkwI7vLJq6RVsd2qXb27KNXqWRx5dIJO0Rly0SWqoVvUQE1E0SN6Rq/ozXqyXqx362NRmrOynmP0B9bnD5xDm9E=</latexit>

∆n/nB ! 0.2

<latexit sha1_base64="+12IUL6NLR2R/j2+qsGyDhaOlgM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpLCVBqDChqjAwFok+pCaKHMdprTpOZDtIVdSRhV9hYQAhVj6Bjb/BaTtAy5EsH51zr+69x08Ylcqyvo3C0vLK6lpxvbSxubW9Y+7utWWcCkxaOGax6PpIEkY5aSmqGOkmgqDIZ6TjD69zv/NAhKQxv1ejhLgR6nMaUoyUljzz0PFjFshRpL+s4twQphDkp9xrwCton4w9s2xVrQngIrFnpAxmaHrmlxPEOI0IV5ghKXu2lSg3Q0JRzMi45KSSJAgPUZ/0NOUoItLNJoeM4bFWAhjGQj+u4ET93ZGhSOa76soIqYGc93LxP6+XqvDSzShPUkU4ng4KUwZVDPNUYEAFwYqNNEFYUL0rxAMkEFY6u5IOwZ4/eZG0z6p2rVq7Oy/XG7M4iuAAHIEKsMEFqINb0AQtgMEjeAav4M14Ml6Md+NjWlowZj374A+Mzx/Kv5iJ</latexit>

(∆n/nB > 1)
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QCD  TRACE  ANOMALY and CONFORMALITY  in  NEUTRON STARS
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 L. Brandes,  W. W.  (2024)      
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Trace of energy-momentum tensor : 
<latexit sha1_base64="79novg62Ukzpv1a1gbeWclPBz3U="></latexit>

Tµ
µ = Θ =

β

2g
Ga

µνG
µν
a + (1 + γm)

∑

f

mf q̄fqf
Finite 

<latexit sha1_base64="+dMam0ED2hEL+XOMZy98dMSX8m4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V+gVtKJvtpF262YTdjVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5n/udJ1Sax7Jppgn6ER1JHnJGjZU6WT8ISXM2KFfcqrsAWSdeTiqQozEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w7IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEt37GZZIalGy5KEwFMTGZ/06GXCEzYmoJZYrbWwkbU0WZsQmVbAje6svrpH1V9WrV2uN1pX6Xx1GEMziHS/DgBurwAA1oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP/vZj1s=</latexit>

T and <latexit sha1_base64="csqYsvX101K1pOqvThw5MnpC5oI=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQi0+OYF48T3AespaRpuoWlSUlScZT9K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXpowq7TjfVmVjc2t7p7pb29s/ODyyj+t9JTKJSQ8LJuQwRIowyklPU83IMJUEJSEjg3B6W/iDRyIVFfxBz1LiJ2jMaUwx0kYK7LoXChapWWKu3EuyoDMP7IbTdBaA68QtSQOU6Ab2lxcJnCWEa8yQUiPXSbWfI6kpZmRe8zJFUoSnaExGhnKUEOXni+xzeG6UCMZCmsM1XKi/N3KUqCKemUyQnqhVrxD/80aZjm/8nPI004Tj5UNxxqAWsCgCRlQSrNnMEIQlNVkhniCJsDZ11UwJ7uqX10n/sum2mq37q0a7U9ZRBafgDFwAF1yDNrgDXdADGDyBZ/AK3qy59WK9Wx/L0YpV7pyAP7A+fwCc3JTU</latexit>µB : 
<latexit sha1_base64="ZjNQPp/XupEa+1MMBDUlM4HzMjA="></latexit>

〈Θ〉T,µB = ε − 3P

Trace anomaly measure
<latexit sha1_base64="+0CDXrhwukKLWzEqBnex2EsXwkE="></latexit>

∆ ≡
〈Θ〉T,µB

3ε
=

1

3
−

P

ε

Conformal limit :
<latexit sha1_base64="6foOmTlTSjQtbYh2RvUKxVS3rO0=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVYJQYayAgbFI9CE1UeU4TmvViSP7BlRFXVn4FRYGEGLlD9j4G9w2A7QcyfLROffq3nuCVHANjvNtLS2vrK6tlzbKm1vbO7v23n5Ly0xR1qRSSNUJiGaCJ6wJHATrpIqROBCsHQyvJn77ninNZXIHo5T5MeknPOKUgJF6NvYCKUI9is2Xe9dMAPEU7w+AKCUfsDPu2RWn6kyBF4lbkAoq0OjZX14oaRazBKggWnddJwU/Jwo4FWxc9jLNUkKHpM+6hiYkZtrPp5eM8bFRQhxJZV4CeKr+7shJrCfLmsqYwEDPexPxP6+bQXTh5zxJM2AJnQ2KMoFB4kksOOSKURAjQwhV3OyK6YAoQsGEVzYhuPMnL5LWadWtVWu3Z5X6ZRFHCR2iI3SCXHSO6ugGNVATUfSIntErerOerBfr3fqYlS5ZRc8B+gPr8wdQsJq8</latexit>

∆ → 0

PHYSIK
DEPARTMENT

Bayes factor analysis:     
            Strong evidence for 

<latexit sha1_base64="K1YhNIQF+NyV90oOuhY3jrrN6wE=">AAACF3icbVDLSgMxFM34rPU16tJNsAi6qTMq6kKkqAuXFWwrdErJpLdtMJMMSaZQhvYr3Pgrblwo4lZ3/o3pY6GtB0IO59zLvfeEMWfaeN63MzM7N7+wmFnKLq+srq27G5tlLRNFoUQll+o+JBo4E1AyzHC4jxWQKORQCR+uBn6lA0ozKe5MN4ZaRFqCNRklxkp1Nx+Ekjd0N7JfGlwDNwSfYw/3+/294gUOOkRBrBmXAh8c7ffqbs7Le0PgaeKPSQ6NUay7X0FD0iQCYSgnWld9Lza1lCjDKIdeNkg0xIQ+kBZULRUkAl1Lh3f18K5VGrgplX3C4KH6uyMlkR6sbisjYtp60huI/3nVxDTPaikTcWJA0NGgZsKxkXgQEm4wBdTwriWEKmZ3xbRNFKHGRpm1IfiTJ0+T8mHeP8mf3B7nCpfjODJoG+2gPeSjU1RAN6iISoiiR/SMXtGb8+S8OO/Ox6h0xhn3bKE/cD5/AEV8nrk=</latexit>

∆ < 0 (P > ε/3)

at densities  
<latexit sha1_base64="7Udobwi2+FKEP1h5jYOUcpqxwIg=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExoCpBVWGsysJYJPqQmihyHLe16tiR7SBVUUcWfoWFAYRY+QQ2/ganzQAtV7J8dM65uveeMGFUacf5tlZW19Y3Nktb5e2d3b19++Cwo0QqMWljwYTshUgRRjlpa6oZ6SWSoDhkpBuOb3K9+0CkooLf60lC/BgNOR1QjLShAvvECwWL1CQ2X8aDJvSG2rhjWPMueOBMA7viVJ1ZwWXgFqACimoF9pcXCZzGhGvMkFJ910m0nyGpKWZkWvZSRRKEx2hI+gZyFBPlZ7NDpvDMMBEcCGke13DG/u7IUKzyXY0zRnqkFrWc/E/rp3pw7WeUJ6kmHM8HDVIGtYB5KjCikmDNJgYgLKnZFeIRkghrk13ZhOAunrwMOpdVt16t39UqjWYRRwkcg1NwDlxwBRrgFrRAG2DwCJ7BK3iznqwX6936mFtXrKLnCPwp6/MHMKqZcQ==</latexit>

nB ! 4n0

13

disconnected mass-radius relation with multiple stable
branches. This value further increases with the inclu-
sion of the new data from the black widow pulsar. The
conclusion agrees well with that of Ref. [90] where the
authors find only an extremely small possible parameter
space for a twin-star scenario that is consistent with the
low-density constraint from ChEFT and the astrophysi-
cal data. Furthermore, the authors already note that the
observation of a still more massive neutron star beyond
M ! 2M! would make a twin-star scenario even more
unlikely.

If the low-density constraint involving likelihood from
ChEFT is ignored, the pertinent Bayes factor decreases
to BNbranches=1

Nbranches>1 = 11.8, providing ’only’ strong evidence
against a scenario with multiple disconnected branches.
This value increases to BNbranches=1

Nbranches>1 = 13.0 with the in-
clusion of the new heavy-mass data. In comparison,
the Bayesian analyses in Refs. [18, 33], where the au-
thors do not employ ChEFT information find only mod-
erate evidence. This difference may be traced to the dif-
ferent treatment of the neutron star crust. It appears
that the only possibility for a twin-star scenario, given
the astrophysical data base as a constraint, is through
a phase transition that takes place at very low energy
densities shortly above those in the neutron star crust,
which is also noted in Ref. [33]. Accordingly, the mass
at which the mass-radius branches become disconnected
is as low as M ∼ 0.8M!. Such a behaviour is ex-
tremely unlikely from the point of view of nuclear phe-
nomenology, as already discussed. (Note that in our anal-
ysis similar to Ref. [33], we do not consider disconnected
branches below the assumed minimum neutron star mass,
Mmin = 0.5M!.)

The additional inclusion of the new information from
HESS J1731-347 further strengthens the evidence against
a twin-star scenario, even in absence of ChEFT con-
straints: the evidence now becomes very strong with a
Bayes factor of BNbranches=1

Nbranches>1 ! 35. This is quite interest-
ing as some authors considered the unusually light HESS
supernova remnant as a hint in favour of a twin-star sce-
nario [91].

E. Trace anomaly measure

Based on the equation of state P (ε) the trace anomaly
measure ∆ can be computed, given by the normalized
trace of the energy momentum tensor Tµν :

∆ =
gµνTµν

3ε
=

1

3
− P

ε
. (18)

Causality and thermodynamic stability dictate that the
trace anomaly measure has to be within the range
−2/3 ≥ ∆ ≥ 1/3. Moreover, ∆ → 0 for conformal
matter realized at high densities. The posterior credi-
ble bands for the trace anomaly measure are shown in
Fig. 7. Starting with a value ∆ = 1/3 at zero density,
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FIG. 7. Posterior 95% and 68% credible bands and medians
for the trace anomaly measure ∆ = 1/3 − P/ε as a function
of energy density ε.

the trace anomaly measure decreases with increasing en-
ergy density until at ε ∼ 700MeV fm−3, the median
of ∆ turns negative. At even higher energy densities,
ε ! 900MeV fm−3, encountered only in extremely heavy
neutron stars, the 68% credible band becomes altogether
negative.

In order to access the evidence for a negative trace
anomaly measure we compute Bayes factors B∆<0

∆≥0,
comparing the likelihood for EoSs with negative trace
anomaly, ∆ < 0, up to εc,max versus EoSs with positive
∆. Given only the previously available data with a re-
sulting Bayes factor B∆<0

∆≥0 = 6.32, there is moderate evi-
dence that∆ becomes negative within neutron stars. The
Bayes factor further increases to B∆<0

∆≥0 = 8.11 with the
inclusion of the new information from PSR J0952-0607.
These results are consistent with the deduced empirical
band for ∆ in Refs. [42, 92], which also starts turning
negative around ε ∼ 700MeV fm−3. At the same time,
the authors Ref. [42] motivate a scenario with positive
trace anomaly measure ∆ ≥ 0, which is in light contrast
to our Bayes factor analysis.

Lattice QCD calculations suggest that the trace
anomaly measure always stays larger than zero at
finite temperatures and vanishing baryon chemical
potential [93, 94]. However, in two-colour QCD the
trace anomaly can become negative at finite chemical
potentials [95, 96]. Other recent Bayesian studies have
also found a negative trace anomaly measure at high
densities [17, 21, 23] or in extremely heavy neutron stars
[25]. At much higher energy densities beyond those
displayed in Fig. 7, the asymptotic pQCD limit does im-
ply a switch back to positive∆ in the approach to∆ → 0.
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disconnected mass-radius relation with multiple stable
branches. This value further increases with the inclu-
sion of the new data from the black widow pulsar. The
conclusion agrees well with that of Ref. [90] where the
authors find only an extremely small possible parameter
space for a twin-star scenario that is consistent with the
low-density constraint from ChEFT and the astrophysi-
cal data. Furthermore, the authors already note that the
observation of a still more massive neutron star beyond
M ! 2M! would make a twin-star scenario even more
unlikely.

If the low-density constraint involving likelihood from
ChEFT is ignored, the pertinent Bayes factor decreases
to BNbranches=1

Nbranches>1 = 11.8, providing ’only’ strong evidence
against a scenario with multiple disconnected branches.
This value increases to BNbranches=1

Nbranches>1 = 13.0 with the in-
clusion of the new heavy-mass data. In comparison,
the Bayesian analyses in Refs. [18, 33], where the au-
thors do not employ ChEFT information find only mod-
erate evidence. This difference may be traced to the dif-
ferent treatment of the neutron star crust. It appears
that the only possibility for a twin-star scenario, given
the astrophysical data base as a constraint, is through
a phase transition that takes place at very low energy
densities shortly above those in the neutron star crust,
which is also noted in Ref. [33]. Accordingly, the mass
at which the mass-radius branches become disconnected
is as low as M ∼ 0.8M!. Such a behaviour is ex-
tremely unlikely from the point of view of nuclear phe-
nomenology, as already discussed. (Note that in our anal-
ysis similar to Ref. [33], we do not consider disconnected
branches below the assumed minimum neutron star mass,
Mmin = 0.5M!.)

The additional inclusion of the new information from
HESS J1731-347 further strengthens the evidence against
a twin-star scenario, even in absence of ChEFT con-
straints: the evidence now becomes very strong with a
Bayes factor of BNbranches=1

Nbranches>1 ! 35. This is quite interest-
ing as some authors considered the unusually light HESS
supernova remnant as a hint in favour of a twin-star sce-
nario [91].
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FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).

C. Evidence for (or against)
first-order phase transition

Figs. 3 and 4 show indications of a shallow maximum,
c2s,max in the squared sound speed. At the 68% level this

maximum takes a value c2s,max = 0.78+0.18
−0.11 at a baryon

density n(c2s,max) = 3.2+0.8
−1.2 n0. The peak in c2s found in

Ref. [23] has a similar magnitude and location, although
such a pronounced peak structure is not seen in our pos-
terior result. In contrast we find that the sound velocity
forms a plateau at higher densities. There is no indica-
tion of a softening. Still, at the 95% level small sound
speeds are not excluded, though the probability of their
occurance is low. Nevertheless, at asymptotically high

densities pQCD dictates that the speed of sound reaches
the conformal bound c2s = 1/3 from below. This implies
that at some density beyond the plateau, the speed of
sound must turn downward again and reach a minimum,
c2s,min, at some higher density. A fast drop in c2s could
potentially indicate the occurance of a phase transition.
The question is whether such a decrease takes place still
within the density range of neutron star cores.

To answer this question we specifically perform a Bayes
factor analysis to quantify the evidence for the occurrence
of a possible first-order phase transition inside neutron

star cores. With this aim Bayes factors Bc2s,min>0.1

c2s,min≤0.1
are

computed, comparing the evidence for EoSs with a min-

<latexit sha1_base64="SvEw9j+G6/nNSZebhlvQwRvlSiI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfAeMvQ==</latexit>

0

<latexit sha1_base64="DhtNm5e9RHXszw0Co9WxqDFyNkU=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD+wXUs2zbahSXZJskJZ+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpP5nSeqNIvkvZnG1Bd4JFnICDZWeugrkZKBfqzNBuWKW3XnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP51fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeOWnTMaJoZIsFoUJRyZC2ftoyBQlhk8twUQxeysiY6wwMTakkg3BW355lbRrVe+iWr+rVxrXeRxFOIFTOAcPLqEBt9CEFhCQ8Ayv8OZo58V5dz4WrQUnnzmGP3A+fwCWN5Df</latexit>

c2s

new

10

0 250 500 750 1000
ε [MeV fm−3]

0.00

0.25

0.50

0.75

1.00

c2 s

1.4M"

2.3M"

Previous + BW

0 250 500 750 1000
ε [MeV fm−3]

0

200

400

600

P
[M

eV
fm

−
3 ]

1.4M"
2.3M"

Previous + BW

10 12 14
R [km]

1.0

1.5

2.0

2.5

M
[M

!
]

Previous + BW

1.0 1.5 2.0
M [M!]

0

500

1000

1500

Λ

Previous + BW

FIG. 3. Marginal posterior probability distributions at 95% and 68% level: squared speed of sound c2s and pressure P as a
function of energy density ε, inferred from the dataset ’Previous + BW’ (see Tab. I). Also shown are the marginal posterior
probability distributions for the mass-radius relation and the tidal deformability, Λ, as a function of neutron star mass M in
units of the solar mass M!. At each ε or M , there exist 95% and 68% posterior credible intervals for c2s(ε), P (ε) or R(M),
Λ(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each ε or M are connected (solid lines). For squared speed of sound or pressure the dashed black lines indicate
the value of the conformal limit or represent the APR EoS [44]. Grey bars mark the 68% credible intervals of the central
energy densities of neutron stars with masses M = 1.4M! and 2.3M!, respectively. The mass-radius relation is compared to
the marginalized intervals at the 68% level from the NICER data analyses by Riley et al. (black) [7, 8] of PSR J0030+0451
and PSR J0740+6620. In addition the 68% mass-radius credible intervals of the thermonuclear burster 4U 1702-429 [79] are
displayed as well as the 68% credible interval of R(1.4M!) extracted from quiescent low-mass x-ray binaries [78] (blue), both
of which are not included in the Bayesian analysis. Λ(M) is compared to the masses and tidal deformabilities inferred in
Ref. [81] for the two neutron stars in the merger event GW170817 at the 90% level (black) as well as Λ(1.4M!) at the 90%
level extracted from GW170817 [82] (blue).
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are

computed, comparing the evidence for EoSs with a min-
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Bayesian inference analysis 
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Extreme evidence  for sound velocities 
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cs > 1/
√
3 in neutron star cores

strongly repulsive correlations at work

Evidence against strong 1st order phase transition in neutron star cores

not excluded: baryonic matter or hadron-quark continuous crossover

No extreme central core densities  even in the heaviest neutron stars:

for

average baryon-baryon distance in the core:
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d ! 1 fm

even stiffer equation of state required than previously expected

almost constant neutron star radii  for all masses

PHYSIK
DEPARTMENT
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M ≤ 2.3M!
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66. Quark masses 13

Figure 66.2: The allowed region (shown in white) for up quark and down quark
masses. This region was determined in part from papers reporting values for mu

and md (data points shown) and in part from analysis of the allowed ranges of
other mass parameters (see Fig. 66.3). The parameter (mu + md)/2 yields the two
downward-sloping lines, while mu/md yields the two rising lines originating at (0,0).
There are two overlapping data points, so one of them is shown as a white diamond
(it has very small error bars).
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u mass [MeV]
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14 66. Quark masses

Figure 66.3: The values of each quark mass parameter taken from the Data
Listings. The points are in chronological order with the more recent measurements
at the top. Points from papers reporting no error bars are colored grey. The shaded
regions indicate values excluded by our evaluations; some regions were determined
in part through examination of Fig. 66.2.
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in QCD. In fact the full quark propagator has no pole because the
quarks are confined, so that the pole mass cannot be defined outside
of perturbation theory. The relation between the pole mass mQ and

the MS mass mQ, used throughout this review, is known to three
loops [47–50]

mQ = mQ(mQ)
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}

, (59.20)

where αs(µ) is the strong interaction coupling constants in the MS
scheme, and the sum over q extends over the NL flavors lighter than
Q. The complete mass dependence of the α2

s term can be found
in [47]; the mass dependence of the α3

s term is not known. For the
b-quark, Eq. (59.20) reads

mb = mb (mb) [1 + 0.10 + 0.05 + 0.03] , (59.21)

Figure 59.2: The allowed region (shown in white) for up quark and down quark masses
renormalized in the MS scheme at 2 GeV. This region was determined in part from papers
reporting values for mu and md (data points shown) and in part from an analysis of the
allowed ranges of other mass parameters (see Fig. 59.3). The parameter (mu +md)/2 yields
the two downward-sloping lines, while mu/md yields the two rising lines originating at (0,0).
There are two overlapping data points, so one of them is shown as a white diamond (it has
very small error bars).

where the contributions from the different orders in αs are shown
explicitly. The two and three loop corrections are comparable in size
and have the same sign as the one loop term. This is a signal of the
asymptotic nature of the perturbation series (there is a renormalon in
the pole mass [51]) . Such a badly behaved perturbation expansion
can be avoided by directly extracting, from data, the mass defined
in the MS (used in this review) or other short-distance schemes (see
below), without invoking the pole mass as an intermediate step.

59.6. Numerical values and caveats

The quark masses in the particle data listings have been obtained
by using a wide variety of methods. Each method involves its own
set of approximations and uncertainties. In most cases, the errors
are an estimate of the size of neglected higher-order corrections
or other uncertainties. The expansion parameters for some of
the approximations are not very small (for example, they are
m2

K/Λ2
χ ∼ 0.25 for the SU(3) chiral expansion and ΛQCD/mb ∼ 0.1

for the heavy-quark expansion), so an unexpectedly large coefficient
in a neglected higher-order term could significantly alter the results.
Thus, before using a particular result, it is important to understand
the possible limitations of the approach used to obtain it. It is also
important to note that the quark mass values can be significantly
different in the different schemes.
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We have specified all masses in the MS scheme. For light quarks, the
renormalization scale has been chosen to be µ = 2GeV. Quoting these
masses at smaller values of µ, where perturbative corrections become
significantly larger, would introduce unnecessary uncertainties in the
results. In fact, as lattice calculations, performed on finer and finer
lattices, allow to determine quark masses, fully non-perturbatively, at
larger and larger values of µ, it may become advantageous to quote
quark mass results at renormalization scales above 2 GeV, where
perturbative uncertainties are smaller.

Figure 59.3: The values of each quark mass parameter taken from the Data Listings. The points are in chronological order with the
more recent measurements at the top. The shaded regions indicate values excluded by our evaluations; some regions were determined
in part through examination of Fig. 59.2.

The heavy quark masses obtained using HQET, QCD sum rules,
or lattice gauge theory are consistent with each other if they are
all converted into the same scheme and scale. For these quarks it is
conventional to choose the renormalization scale equal to the quark
mass, so we have quoted mQ(µ) at µ = mQ for the c and b quarks.

Given the small size of the charm quark mass, in the future it may
become advantageous to quote its value at larger values of µ so as not
to introduce unnecessary perturbative uncertainties (see discussion
above). Analyses of inclusive B meson decays have shown that other
mass definitions lead to a better behaved perturbation series than for
the MS mass, and hence to more accurate mass values [52,53,54,56].
Thus, we have chosen to also give values for one of these, the b
quark mass in the 1S-scheme [52,53]. Other schemes that have been
proposed are the PS-scheme [54], the kinetic scheme [55] and, most

recently, the minimal renormalon-subtracted mass (MRS) [56] used in
the lattice calculation [18].

If necessary, we have converted values in the original papers
to our chosen scheme using two-loop formulæ. It is important to
realize that our conversions introduce significant additional errors.
In converting to the MS b-quark mass, for example, the three-loop
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Figure 2: The allowed region (shown in white)
for up quark and down quark masses. This re-
gion was determined in part from papers report-
ing values for mu and md (data points shown)
and in part from analysis of the allowed ranges
of other mass parameters (see Fig. 3). The pa-
rameter (mu + md)/2 yields the two downward-
sloping lines, while mu/md yields the two rising
lines originating at (0,0).
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Figure 3. The values of each quark mass parameter taken from
the Data Listings. The points are in chronological order with
the more recent measurements at the top. Points from papers
reporting no error bars are colored grey. The shaded regions
indicate values excluded by our evaluations; some regions were
determined in part through examination of Fig. 2.
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Figure 66.2: The allowed region (shown in white) for up quark and down quark
masses. This region was determined in part from papers reporting values for mu

and md (data points shown) and in part from analysis of the allowed ranges of
other mass parameters (see Fig. 66.3). The parameter (mu + md)/2 yields the two
downward-sloping lines, while mu/md yields the two rising lines originating at (0,0).
There are two overlapping data points, so one of them is shown as a white diamond
(it has very small error bars).
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Figure 66.3: The values of each quark mass parameter taken from the Data
Listings. The points are in chronological order with the more recent measurements
at the top. Points from papers reporting no error bars are colored grey. The shaded
regions indicate values excluded by our evaluations; some regions were determined
in part through examination of Fig. 66.2.
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in QCD. In fact the full quark propagator has no pole because the
quarks are confined, so that the pole mass cannot be defined outside
of perturbation theory. The relation between the pole mass mQ and

the MS mass mQ, used throughout this review, is known to three
loops [47–50]
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, (59.20)

where αs(µ) is the strong interaction coupling constants in the MS
scheme, and the sum over q extends over the NL flavors lighter than
Q. The complete mass dependence of the α2

s term can be found
in [47]; the mass dependence of the α3

s term is not known. For the
b-quark, Eq. (59.20) reads

mb = mb (mb) [1 + 0.10 + 0.05 + 0.03] , (59.21)

Figure 59.2: The allowed region (shown in white) for up quark and down quark masses
renormalized in the MS scheme at 2 GeV. This region was determined in part from papers
reporting values for mu and md (data points shown) and in part from an analysis of the
allowed ranges of other mass parameters (see Fig. 59.3). The parameter (mu +md)/2 yields
the two downward-sloping lines, while mu/md yields the two rising lines originating at (0,0).
There are two overlapping data points, so one of them is shown as a white diamond (it has
very small error bars).

where the contributions from the different orders in αs are shown
explicitly. The two and three loop corrections are comparable in size
and have the same sign as the one loop term. This is a signal of the
asymptotic nature of the perturbation series (there is a renormalon in
the pole mass [51]) . Such a badly behaved perturbation expansion
can be avoided by directly extracting, from data, the mass defined
in the MS (used in this review) or other short-distance schemes (see
below), without invoking the pole mass as an intermediate step.

59.6. Numerical values and caveats

The quark masses in the particle data listings have been obtained
by using a wide variety of methods. Each method involves its own
set of approximations and uncertainties. In most cases, the errors
are an estimate of the size of neglected higher-order corrections
or other uncertainties. The expansion parameters for some of
the approximations are not very small (for example, they are
m2

K/Λ2
χ ∼ 0.25 for the SU(3) chiral expansion and ΛQCD/mb ∼ 0.1

for the heavy-quark expansion), so an unexpectedly large coefficient
in a neglected higher-order term could significantly alter the results.
Thus, before using a particular result, it is important to understand
the possible limitations of the approach used to obtain it. It is also
important to note that the quark mass values can be significantly
different in the different schemes.
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We have specified all masses in the MS scheme. For light quarks, the
renormalization scale has been chosen to be µ = 2GeV. Quoting these
masses at smaller values of µ, where perturbative corrections become
significantly larger, would introduce unnecessary uncertainties in the
results. In fact, as lattice calculations, performed on finer and finer
lattices, allow to determine quark masses, fully non-perturbatively, at
larger and larger values of µ, it may become advantageous to quote
quark mass results at renormalization scales above 2 GeV, where
perturbative uncertainties are smaller.

Figure 59.3: The values of each quark mass parameter taken from the Data Listings. The points are in chronological order with the
more recent measurements at the top. The shaded regions indicate values excluded by our evaluations; some regions were determined
in part through examination of Fig. 59.2.

The heavy quark masses obtained using HQET, QCD sum rules,
or lattice gauge theory are consistent with each other if they are
all converted into the same scheme and scale. For these quarks it is
conventional to choose the renormalization scale equal to the quark
mass, so we have quoted mQ(µ) at µ = mQ for the c and b quarks.

Given the small size of the charm quark mass, in the future it may
become advantageous to quote its value at larger values of µ so as not
to introduce unnecessary perturbative uncertainties (see discussion
above). Analyses of inclusive B meson decays have shown that other
mass definitions lead to a better behaved perturbation series than for
the MS mass, and hence to more accurate mass values [52,53,54,56].
Thus, we have chosen to also give values for one of these, the b
quark mass in the 1S-scheme [52,53]. Other schemes that have been
proposed are the PS-scheme [54], the kinetic scheme [55] and, most

recently, the minimal renormalon-subtracted mass (MRS) [56] used in
the lattice calculation [18].

If necessary, we have converted values in the original papers
to our chosen scheme using two-loop formulæ. It is important to
realize that our conversions introduce significant additional errors.
In converting to the MS b-quark mass, for example, the three-loop
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u,d

<latexit sha1_base64="hC6G1IXo41jm0OLO8u9E7JXJ7yg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqzUznpBSPS0X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJb/yMyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6l1VLx9qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gAqDY93</latexit>s

<latexit sha1_base64="EfaEBbba+tXJ0+hA6lDmx8WPhJI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBotQNyVRUZdFNy4r2Ac0oUymk3boPMLMRCmhuPFX3LhQxK1f4c6/cdpmoa0HLhzOuZd774kSRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtapgqTOpZMqlaENGFUkLqhhpFWogjiESPNaHA99pv3RGkqxZ0ZJiTkqCdoTDEyVuq4+1kQxbDMOxoGivb6BiklH6B3POq4Ja/iTQDniZ+TEshR67hfQVfilBNhMENat30vMWGGlKGYkVExSDVJEB6gHmlbKhAnOswmL4zgkVW6MJbKljBwov6eyBDXesgj28mR6etZbyz+57VTE1+GGRVJaojA00VxyqCRcJwH7FJFsGFDSxBW1N4KcR8phI1NrWhD8GdfnieNk4p/Xjm9PStVr/I4CuAAHIIy8MEFqIIbUAN1gMEjeAav4M15cl6cd+dj2rrg5DN74A+czx8EopaO</latexit>

(ms → 0)

spontaneously broken 
at low energy 

<latexit sha1_base64="99fTUEEKfTCuHEv7LpgtLJrh1ww=">AAACBHicbVC7SgNBFJ31GeMraplmMAgRJOxGURshaKFlBPOAbAizk5tkyOyDmbtiWFLY+Cs2ForY+hF2/o2TR6GJBwYO55zLnXu8SAqNtv1tLSwuLa+sptbS6xubW9uZnd2qDmPFocJDGaq6xzRIEUAFBUqoRwqY70moef2rkV+7B6VFGNzhIIKmz7qB6AjO0EitTDbvSpNuM3pBi+6Ri/CAyk+uoTo8bGVydsEeg84TZ0pyZIpyK/PltkMe+xAgl0zrhmNH2EyYQsElDNNurCFivM+60DA0YD7oZjI+YkgPjNKmnVCZFyAdq78nEuZrPfA9k/QZ9vSsNxL/8xoxds6biQiiGCHgk0WdWFIM6agR2hYKOMqBIYwrYf5KeY8pxtH0ljYlOLMnz5NqseCcFo5vT3Kly2kdKZIl+yRPHHJGSuSGlEmFcPJInskrebOerBfr3fqYRBes6cwe+QPr8wflxJcA</latexit>

(λ = 2GeV)

Scale Invariance 
and Trace Anomaly

CHIRAL EFFECTIVE 
FIELD THEORY 

of  
Pseudoscalar

Nambu-Goldstone Bosons 
coupled to Baryons

<latexit sha1_base64="AAjLNNUuS1iGtRW53suCRnqKjnA=">AAACDXicbVDLSsNAFJ34rPUVdelmsAp1UxIVdVl040KkPtIWmhAm00k7dDIJMxOhhP6AG3/FjQtF3Lp35984bbOwrQcuHM65l3vvCRJGpbKsH2NufmFxabmwUlxdW9/YNLe26zJOBSYOjlksmgGShFFOHEUVI81EEBQFjDSC3uXQbzwSIWnMH1Q/IV6EOpyGFCOlJd/cz9wghPfOoHzjh4f+tatoROSkeOebJatijQBniZ2TEshR881vtx3jNCJcYYakbNlWorwMCUUxI4Oim0qSINxDHdLSlCO908tG3wzggVbaMIyFLq7gSP07kaFIyn4U6M4Iqa6c9obif14rVeG5l1GepIpwPF4UpgyqGA6jgW0qCFasrwnCgupbIe4igbDSARZ1CPb0y7OkflSxTyvHtyel6kUeRwHsgj1QBjY4A1VwBWrAARg8gRfwBt6NZ+PV+DA+x61zRj6zAyZgfP0Ca3OahQ==</latexit>

SU(Nf )L × SU(Nf )R

<latexit sha1_base64="u+Hk9HdlrXrhZY0ttNwawAmUpT0=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZEWndCEU3boQK9gKdoWTSTBuaZIYkI5ShuvFV3LhQxK1P4c63MdPOQlt/CHz85xxOzh/EjCrtON9WYWl5ZXWtuF7a2Nza3rF391oqSiQmTRyxSHYCpAijgjQ11Yx0YkkQDxhpB6OrrN6+J1LRSNzpcUx8jgaChhQjbayefZB6QQh5L7k4rbhVL+ZOxak93JDWpGeXDU8FF8HNoQxyNXr2l9ePcMKJ0JghpbquE2s/RVJTzMik5CWKxAiP0IB0DQrEifLT6QkTeGycPgwjaZ7QcOr+nkgRV2rMA9PJkR6q+Vpm/lfrJjo891Mq4kQTgWeLwoRBHcEsD9inkmDNxgYQltT8FeIhkghrk1rJhODOn7wIrSy7SvX2rFy/zOMogkNwBE6AC2qgDq5BAzQBBo/gGbyCN+vJerHerY9Za8HKZ/bBH1mfP63mlbU=</latexit>

mu = 2.16± 0.07 MeV
<latexit sha1_base64="NhqtIdDKAZvph92WGl1DzqrLNeo=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuAqJlNaNUHTjRqhgL9CEMJlM2qEzSZiZCCVUN76KGxeKuPUp3Pk2TtsstPWHgY//nMOZ8wcpo1LZ9rextLyyurZe2ihvbm3v7Jp7+22ZZAKTFk5YIroBkoTRmLQUVYx0U0EQDxjpBMOrSb1zT4SkSXynRinxOOrHNKIYKW355mHuBhHkfnhRteq2m3LbsusPN6Q99s2K5qngIjgFVEChpm9+uWGCM05ihRmSsufYqfJyJBTFjIzLbiZJivAQ9UlPY4w4kV4+PWEMT7QTwigR+sUKTt3fEzniUo54oDs5UgM5X5uY/9V6mYrOvZzGaaZIjGeLooxBlcBJHjCkgmDFRhoQFlT/FeIBEggrnVpZh+DMn7wI7TPLqVm122qlcVnEUQJH4BicAgfUQQNcgyZoAQwewTN4BW/Gk/FivBsfs9Ylo5g5AH9kfP4Ali2Vpg==</latexit>

md = 4.70± 0.07 MeV
<latexit sha1_base64="Ala99T49lvGX4B9gcA8+oD7wPkQ=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgKiQ+al0IRTduhAr2AU0Ik+mkHTqThJmJUEJ146+4caGIW7/CnX/jtM1CWw9cOJxzL/feEySMSmXb38bc/MLi0nJhpbi6tr6xaW5tN2ScCkzqOGaxaAVIEkYjUldUMdJKBEE8YKQZ9K9GfvOeCEnj6E4NEuJx1I1oSDFSWvLN3cwNQsh9eXF+bJ26CYe2VXm4IY2hb5Zsyx4DzhInJyWQo+abX24nxiknkcIMSdl27ER5GRKKYkaGRTeVJEG4j7qkrWmEOJFeNn5hCA+00oFhLHRFCo7V3xMZ4lIOeKA7OVI9Oe2NxP+8dqrCipfRKEkVifBkUZgyqGI4ygN2qCBYsYEmCAuqb4W4hwTCSqdW1CE40y/PksaR5ZSt8u1JqXqZx1EAe2AfHAIHnIEquAY1UAcYPIJn8ArejCfjxXg3Piatc0Y+swP+wPj8AaAjlaw=</latexit>

ms = 93.5± 0.8 MeV
PDG 2024



 QCD with (almost) MASSLESS  u- and d-QUARKS  

        left - handed         right - handed

momentum spinspin

pseudoscalar
isovector

scalar isoscalar

ψ = (u,d)

σ ↔ ψ̄ ψ

invariant :

Realisations of CHIRAL SYMMETRY:

Nambu - Goldstone Wigner - Weyl
〈ψ̄ψ〉 #= 0 〈ψ̄ψ〉 = 0

 low energy
low temperature

  high energy
 high temperature

Low-Energy QCD :  CHIRAL  SYMMETRY

2nd order
phase

transition
mu,d = 0(for
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<latexit sha1_base64="e+HBnw3NmQNGli2LWl8e7Vs38U4=">AAACCXicbVC7TsMwFHXKq5RXgJHFokIqS5UUBIwVLAwM5ZG2UhNFjuu0Vh0nsh2kKurKwq+wMIAQK3/Axt/gthlKy5GudHTOvbr3niBhVCrL+jEKS8srq2vF9dLG5tb2jrm715RxKjBxcMxi0Q6QJIxy4iiqGGkngqAoYKQVDK7GfuuRCElj/qCGCfEi1OM0pBgpLfkmzNwghPfOqFI79m9cRSMiZ6U73yxbVWsCuEjsnJRBjoZvfrvdGKcR4QozJGXHthLlZUgoihkZldxUkgThAeqRjqYc6Y1eNvlkBI+00oVhLHRxBSfq7ESGIimHUaA7I6T6ct4bi/95nVSFF15GeZIqwvF0UZgyqGI4jgV2qSBYsaEmCAuqb4W4jwTCSodX0iHY8y8vkmatap9VT25Py/XLPI4iOACHoAJscA7q4Bo0gAMweAIv4A28G8/Gq/FhfE5bC0Y+sw/+wPj6BfkemJs=</latexit>

SU(2)L × SU(2)R

<latexit sha1_base64="B5g5TwCh2HEZxvYeMCgg9MvQ+rk="></latexit>

π ↔ ψ̄ iγ5τ ψ

<latexit sha1_base64="KzHqc4vDM+GQT3+zvSkcFxDrOIo=">AAACGXicbVDLSgMxFM34rPVVdekmWARBKDNV1I1QdOOygn1Apy2ZNNOGJjNDckcsw/yGG3/FjQtFXOrKvzHTdqGtB0IO59zLvfd4keAabPvbWlhcWl5Zza3l1zc2t7YLO7t1HcaKshoNRaiaHtFM8IDVgINgzUgxIj3BGt7wOvMb90xpHgZ3MIpYW5J+wH1OCRipW7BdzfuSdMr4GLteKHp6JM2XuBFPjXiJXWAPoGTip12jdcrdQtEu2WPgeeJMSRFNUe0WPt1eSGPJAqCCaN1y7AjaCVHAqWBp3o01iwgdkj5rGRoQyXQ7GV+W4kOj9LAfKvMCwGP1d0dCpM42NpWSwEDPepn4n9eKwb9oJzyIYmABnQzyY4EhxFlMuMcVoyBGhhCquNkV0wFRhIIJM29CcGZPnif1csk5K53cnhYrV9M4cmgfHaAj5KBzVEE3qIpqiKJH9Ixe0Zv1ZL1Y79bHpHTBmvbsoT+wvn4A8NugSg==</latexit>

σ2 + π2 = f2π
32

<latexit sha1_base64="x3RIjptqBKx6z5NUBawMUvBVg64=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKVI9FLx4r2FroLiWbTdvQPJYkKyxL/StePCji1R/izX9jtt2Dtg6EDDPfRyYTJYxq43nfTmVtfWNzq7pd29nd2z9wD496WqYKky6WTKp+hDRhVJCuoYaRfqII4hEjD9H0pvAfHonSVIp7kyUk5Ggs6IhiZKw0dOtBJFmsM26vPNB0zNFs6Da8pjcHXCV+SRqgRGfofgWxxCknwmCGtB74XmLCHClDMSOzWpBqkiA8RWMysFQgTnSYz8PP4KlVYjiSyh5h4Fz9vZEjrot8dpIjM9HLXiH+5w1SM7oKcyqS1BCBFw+NUgaNhEUTMKaKYMMySxBW1GaFeIIUwsb2VbMl+MtfXiW986bfarbuLhrt67KOKjgGJ+AM+OAStMEt6IAuwCADz+AVvDlPzovz7nwsRitOuVMHf+B8/gCg8pVs</latexit>σ <latexit sha1_base64="x3RIjptqBKx6z5NUBawMUvBVg64=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKVI9FLx4r2FroLiWbTdvQPJYkKyxL/StePCji1R/izX9jtt2Dtg6EDDPfRyYTJYxq43nfTmVtfWNzq7pd29nd2z9wD496WqYKky6WTKp+hDRhVJCuoYaRfqII4hEjD9H0pvAfHonSVIp7kyUk5Ggs6IhiZKw0dOtBJFmsM26vPNB0zNFs6Da8pjcHXCV+SRqgRGfofgWxxCknwmCGtB74XmLCHClDMSOzWpBqkiA8RWMysFQgTnSYz8PP4KlVYjiSyh5h4Fz9vZEjrot8dpIjM9HLXiH+5w1SM7oKcyqS1BCBFw+NUgaNhEUTMKaKYMMySxBW1GaFeIIUwsb2VbMl+MtfXiW986bfarbuLhrt67KOKjgGJ+AM+OAStMEt6IAuwCADz+AVvDlPzovz7nwsRitOuVMHf+B8/gCg8pVs</latexit>σ

<latexit sha1_base64="njxPHzfAFwjMgtlYTTQvMJGgLZI=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTC20oWy2k3bp5sPdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTwRX2ra/rdLa+sbmVnm7srO7t39QPTxqqziVDF0Wi1h2fKpQ8AhdzbXATiKRhr7AR398O/MfJygVj6MHPU3QC+kw4gFnVBvJy3p+QNx+hkGQ5/1qza7bc5BV4hSkBgVa/epXbxCzNMRIM0GV6jp2or2MSs2ZwLzSSxUmlI3pELuGRjRE5WXzo3NyZpQBCWJpKtJkrv6eyGio1DT0TWdI9UgtezPxP6+b6uDay3iUpBojtlgUpILomMwSIAMukWkxNYQyyc2thI2opEybnComBGf55VXSvqg7jXrj/rLWvCniKMMJnMI5OHAFTbiDFrjA4Ame4RXerIn1Yr1bH4vWklXMHMMfWJ8/xq+SIA==</latexit>

Ueff
<latexit sha1_base64="njxPHzfAFwjMgtlYTTQvMJGgLZI=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTC20oWy2k3bp5sPdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDPPTwRX2ra/rdLa+sbmVnm7srO7t39QPTxqqziVDF0Wi1h2fKpQ8AhdzbXATiKRhr7AR398O/MfJygVj6MHPU3QC+kw4gFnVBvJy3p+QNx+hkGQ5/1qza7bc5BV4hSkBgVa/epXbxCzNMRIM0GV6jp2or2MSs2ZwLzSSxUmlI3pELuGRjRE5WXzo3NyZpQBCWJpKtJkrv6eyGio1DT0TWdI9UgtezPxP6+b6uDay3iUpBojtlgUpILomMwSIAMukWkxNYQyyc2thI2opEybnComBGf55VXSvqg7jXrj/rLWvCniKMMJnMI5OHAFTbiDFrjA4Ame4RXerIn1Yr1bH4vWklXMHMMfWJ8/xq+SIA==</latexit>

Ueff
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Symmetry breaking scale :

PHYSIK
DEPARTMENT

CHIRAL SYMMETRY

Low energy :  spontaneous chiral symmetry breaking
PIONS as (almost) massless Nambu-Goldstone bosons

Pion decay constant : 

Λχ =4π fπ ∼ 1GeV
<latexit sha1_base64="9g9LOT6E58X4kGnYULIfXnBN4C0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwUcqMVHQjFF3owkUF+4BmGDJppg3NPEgyQhnmS9z4K25cKCK40r8xnc5CWw8EDufcw809XsyZVJb1bZSWlldW18rrlY3Nre0dc3evI6NEENomEY9Ez8OSchbStmKK014sKA48Trve+Grqdx+okCwK79Ukpk6AhyHzGcFKS655miLPh+hWJwbYRWTE4AVEtQw2UMxQLXd9V3OIJAugjWrXtJO5ZtWqWzngIrELUgUFWq75iQYRSQIaKsKxlH3bipWTYqEY4TSroETSGJMxHtK+piEOqHTS/LwMHmllAP1I6BcqmKu/EykOpJwEnp4MsBrJeW8q/uf1E+WfOykL40TRkMwW+QmHKoLTruCACUoUn2iCiWD6r5CMsMBE6UYrugR7/uRF0jmp21bdvmtUm5dFHWVwAA7BMbDBGWiCG9ACbUDAI3gGr+DNeDJejHfjYzZaMorMPvgD4+sH3kagcQ==</latexit><latexit sha1_base64="9g9LOT6E58X4kGnYULIfXnBN4C0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwUcqMVHQjFF3owkUF+4BmGDJppg3NPEgyQhnmS9z4K25cKCK40r8xnc5CWw8EDufcw809XsyZVJb1bZSWlldW18rrlY3Nre0dc3evI6NEENomEY9Ez8OSchbStmKK014sKA48Trve+Grqdx+okCwK79Ukpk6AhyHzGcFKS655miLPh+hWJwbYRWTE4AVEtQw2UMxQLXd9V3OIJAugjWrXtJO5ZtWqWzngIrELUgUFWq75iQYRSQIaKsKxlH3bipWTYqEY4TSroETSGJMxHtK+piEOqHTS/LwMHmllAP1I6BcqmKu/EykOpJwEnp4MsBrJeW8q/uf1E+WfOykL40TRkMwW+QmHKoLTruCACUoUn2iCiWD6r5CMsMBE6UYrugR7/uRF0jmp21bdvmtUm5dFHWVwAA7BMbDBGWiCG9ACbUDAI3gGr+DNeDJejHfjYzZaMorMPvgD4+sH3kagcQ==</latexit><latexit sha1_base64="9g9LOT6E58X4kGnYULIfXnBN4C0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwUcqMVHQjFF3owkUF+4BmGDJppg3NPEgyQhnmS9z4K25cKCK40r8xnc5CWw8EDufcw809XsyZVJb1bZSWlldW18rrlY3Nre0dc3evI6NEENomEY9Ez8OSchbStmKK014sKA48Trve+Grqdx+okCwK79Ukpk6AhyHzGcFKS655miLPh+hWJwbYRWTE4AVEtQw2UMxQLXd9V3OIJAugjWrXtJO5ZtWqWzngIrELUgUFWq75iQYRSQIaKsKxlH3bipWTYqEY4TSroETSGJMxHtK+piEOqHTS/LwMHmllAP1I6BcqmKu/EykOpJwEnp4MsBrJeW8q/uf1E+WfOykL40TRkMwW+QmHKoLTruCACUoUn2iCiWD6r5CMsMBE6UYrugR7/uRF0jmp21bdvmtUm5dFHWVwAA7BMbDBGWiCG9ACbUDAI3gGr+DNeDJejHfjYzZaMorMPvgD4+sH3kagcQ==</latexit><latexit sha1_base64="9g9LOT6E58X4kGnYULIfXnBN4C0=">AAACHnicbVDLSgMxFM3UV62vUZdugkVwUcqMVHQjFF3owkUF+4BmGDJppg3NPEgyQhnmS9z4K25cKCK40r8xnc5CWw8EDufcw809XsyZVJb1bZSWlldW18rrlY3Nre0dc3evI6NEENomEY9Ez8OSchbStmKK014sKA48Trve+Grqdx+okCwK79Ukpk6AhyHzGcFKS655miLPh+hWJwbYRWTE4AVEtQw2UMxQLXd9V3OIJAugjWrXtJO5ZtWqWzngIrELUgUFWq75iQYRSQIaKsKxlH3bipWTYqEY4TSroETSGJMxHtK+piEOqHTS/LwMHmllAP1I6BcqmKu/EykOpJwEnp4MsBrJeW8q/uf1E+WfOykL40TRkMwW+QmHKoLTruCACUoUn2iCiWD6r5CMsMBE6UYrugR7/uRF0jmp21bdvmtUm5dFHWVwAA7BMbDBGWiCG9ACbUDAI3gGr+DNeDJejHfjYzZaMorMPvgD4+sH3kagcQ==</latexit>

(empirical)

(chiral limit)f (0)π ! 86MeV
<latexit sha1_base64="pjfk7JRjxWotYPhhAj+3YHrfI38=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiECBJ2RTTHoBcvQgTzgGwMs5PeZMjsw5lZISx79OKvePGgiFc/wZt/4yTZgyYWNBRV3XR3uRFnUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjQaFOQx6KlkskcBZAXTHFoRUJIL7LoekOL8d+8wGEZGFwq0YRdHzSD5jHKFFa6pr7ieN62Os6EbtLStZR6kjmwz2unDnH19BIu2bRKlsT4HliZ6SIMtS65pfTC2nsQ6AoJ1K2bStSnYQIxSiHtODEEiJCh6QPbU0D4oPsJJNHUnyolR72QqErUHii/p5IiC/lyHd1p0/UQM56Y/E/rx0rr9JJWBDFCgI6XeTFHKsQj1PBPSaAKj7ShFDB9K2YDoggVOnsCjoEe/bledI4KdtW2b45LVYvsjjyaA8doBKy0TmqoitUQ3VE0SN6Rq/ozXgyXox342PamjOymV30B8bnD8jumIc=</latexit><latexit sha1_base64="pjfk7JRjxWotYPhhAj+3YHrfI38=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiECBJ2RTTHoBcvQgTzgGwMs5PeZMjsw5lZISx79OKvePGgiFc/wZt/4yTZgyYWNBRV3XR3uRFnUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjQaFOQx6KlkskcBZAXTHFoRUJIL7LoekOL8d+8wGEZGFwq0YRdHzSD5jHKFFa6pr7ieN62Os6EbtLStZR6kjmwz2unDnH19BIu2bRKlsT4HliZ6SIMtS65pfTC2nsQ6AoJ1K2bStSnYQIxSiHtODEEiJCh6QPbU0D4oPsJJNHUnyolR72QqErUHii/p5IiC/lyHd1p0/UQM56Y/E/rx0rr9JJWBDFCgI6XeTFHKsQj1PBPSaAKj7ShFDB9K2YDoggVOnsCjoEe/bledI4KdtW2b45LVYvsjjyaA8doBKy0TmqoitUQ3VE0SN6Rq/ozXgyXox342PamjOymV30B8bnD8jumIc=</latexit><latexit sha1_base64="pjfk7JRjxWotYPhhAj+3YHrfI38=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiECBJ2RTTHoBcvQgTzgGwMs5PeZMjsw5lZISx79OKvePGgiFc/wZt/4yTZgyYWNBRV3XR3uRFnUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjQaFOQx6KlkskcBZAXTHFoRUJIL7LoekOL8d+8wGEZGFwq0YRdHzSD5jHKFFa6pr7ieN62Os6EbtLStZR6kjmwz2unDnH19BIu2bRKlsT4HliZ6SIMtS65pfTC2nsQ6AoJ1K2bStSnYQIxSiHtODEEiJCh6QPbU0D4oPsJJNHUnyolR72QqErUHii/p5IiC/lyHd1p0/UQM56Y/E/rx0rr9JJWBDFCgI6XeTFHKsQj1PBPSaAKj7ShFDB9K2YDoggVOnsCjoEe/bledI4KdtW2b45LVYvsjjyaA8doBKy0TmqoitUQ3VE0SN6Rq/ozXgyXox342PamjOymV30B8bnD8jumIc=</latexit><latexit sha1_base64="pjfk7JRjxWotYPhhAj+3YHrfI38=">AAACCHicbVDLSgNBEJyNrxhfqx49OBiECBJ2RTTHoBcvQgTzgGwMs5PeZMjsw5lZISx79OKvePGgiFc/wZt/4yTZgyYWNBRV3XR3uRFnUlnWt5FbWFxaXsmvFtbWNza3zO2dhgxjQaFOQx6KlkskcBZAXTHFoRUJIL7LoekOL8d+8wGEZGFwq0YRdHzSD5jHKFFa6pr7ieN62Os6EbtLStZR6kjmwz2unDnH19BIu2bRKlsT4HliZ6SIMtS65pfTC2nsQ6AoJ1K2bStSnYQIxSiHtODEEiJCh6QPbU0D4oPsJJNHUnyolR72QqErUHii/p5IiC/lyHd1p0/UQM56Y/E/rx0rr9JJWBDFCgI6XeTFHKsQj1PBPSaAKj7ShFDB9K2YDoggVOnsCjoEe/bledI4KdtW2b45LVYvsjjyaA8doBKy0TmqoitUQ3VE0SN6Rq/ozXgyXox342PamjOymV30B8bnD8jumIc=</latexit>

Order parameter :
Chiral condensate  and  sigma field

fπ ! 92MeV
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LATTICE  QCD  THERMODYNAMICS:  
CHIRAL  CROSSOVER  TRANSITION

CHIRAL  and  DECONFINEMENT
crossover transitions 

appear to be closely connected

Chiral (Quark) Condensate

Transition temperature and EoS from lattice QCD 2
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Figure 1. Left: Subtracted chiral condensate ∆l,s as a function of the temperature.
The gray band is the continuum result of our collaboration, obtained with the stout
action. Right: The trace anomaly normalized by T 4 as a function of T onNt = 6, 8, 10
and 12 lattices. The inset shows a comparison with the results of the Hadron Resonance
Gas model, including resonances from the Particle Data Book up to 2.5 GeV mass.

1. Introduction

The study of QCD thermodynamics is receiving increasing interest in recent years. A

systematic approach to determine the properties of the deconfinement phase transition

is through lattice QCD. Lattice simulations indicate that the transition at vanishing
chemical potential is merely an analytic crossover [1]. Some interesting quantities that

can be extracted from lattice simulations are the transition temperature Tc, the QCD

equation of state and, for small chemical potentials, the phase diagram in the µ−T plane:

we review the results on these observables that have been obtained by our collaboration

using the staggered stout action with physical light and strange quark masses, thus

ms/mud " 28 [2, 3]. For all details we refer the reader to Refs. [4, 5, 6].

2. QCD transition temperature and Equation of State

We present here the results for the chiral condensate, and extract the value of Tc

associated to this observable; for the values of Tc obtained from other observables, which

reflects the nature of the crossover transition, we refer the reader to Ref. [4]. The chiral

condensate is defined as 〈ψ̄ψ〉q = T∂ lnZ/(∂mqV ) for q=u,d,s. It is an indicator for the
remnant of the chiral transition, since it rapidly changes around Tc. We calculate the

quantity ∆l,s, which is defined as [〈ψ̄ψ〉l,T −ml/ms〈ψ̄ψ〉s,T ]/[〈ψ̄ψ〉l,0 −ml/ms〈ψ̄ψ〉s,0]

for l=u,d. Since the results at different lattice spacings are essentially on top of each

other, we connect them to lead the eye (see the left panel of Fig. 1). The value of Tc

that we obtain from the inflection point of this observable is Tc = 157(3)(3).

Next we present our results regarding the equation of state; in the right panel of
Figure 1, the T dependence of the interaction measure is shown for the 2 + 1 flavor

system. We have results at four different lattice spacings. Results show essentially

no dependence on “a”, they all lie on top of each other. Only the coarsest Nt = 6

lattice shows some deviation around ∼ 300 MeV. On the same figure, we zoom in to

S. Borsanyi et al.  :   JHEP 1011 (2010) 077

〈ψ̄ψ〉T
〈ψ̄ψ〉T=0

temperature

Crossover
transition temperature
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Tc = 158.0± 0.6 MeV
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<latexit sha1_base64="ToJT27cb70pIJFjWtCAmaEsnGWE=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTEfRY9OKxQr8gDWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20OWn1h4eGdGXbmDVMpDLrul1NaW9/Y3CpvV3Z29/YPqodHHZNkmvE2S2SieyE1XArF2yhQ8l6qOY1Dybvh5G5e7z5ybUSiWjhNeRDTkRKRYBSt5ef9MCKti9aAzQbVmlt3FyJ/wSugBoWag+pnf5iwLOYKmaTG+J6bYpBTjYJJPqv0M8NTyiZ0xH2LisbcBPli5Rk5s86QRIm2TyFZuD8nchobM41D2xlTHJvV2tz8r+ZnGN0EuVBphlyx5UdRJgkmZH4/GQrNGcqpBcq0sLsSNqaaMrQpVWwI3urJf6FzWfcsP1zVGrdFHGU4gVM4Bw+uoQH30IQ2MEjgCV7g1UHn2Xlz3petJaeYOYZfcj6+AYP7kL0=</latexit><latexit sha1_base64="ToJT27cb70pIJFjWtCAmaEsnGWE=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTEfRY9OKxQr8gDWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20OWn1h4eGdGXbmDVMpDLrul1NaW9/Y3CpvV3Z29/YPqodHHZNkmvE2S2SieyE1XArF2yhQ8l6qOY1Dybvh5G5e7z5ybUSiWjhNeRDTkRKRYBSt5ef9MCKti9aAzQbVmlt3FyJ/wSugBoWag+pnf5iwLOYKmaTG+J6bYpBTjYJJPqv0M8NTyiZ0xH2LisbcBPli5Rk5s86QRIm2TyFZuD8nchobM41D2xlTHJvV2tz8r+ZnGN0EuVBphlyx5UdRJgkmZH4/GQrNGcqpBcq0sLsSNqaaMrQpVWwI3urJf6FzWfcsP1zVGrdFHGU4gVM4Bw+uoQH30IQ2MEjgCV7g1UHn2Xlz3petJaeYOYZfcj6+AYP7kL0=</latexit><latexit sha1_base64="ToJT27cb70pIJFjWtCAmaEsnGWE=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTEfRY9OKxQr8gDWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20OWn1h4eGdGXbmDVMpDLrul1NaW9/Y3CpvV3Z29/YPqodHHZNkmvE2S2SieyE1XArF2yhQ8l6qOY1Dybvh5G5e7z5ybUSiWjhNeRDTkRKRYBSt5ef9MCKti9aAzQbVmlt3FyJ/wSugBoWag+pnf5iwLOYKmaTG+J6bYpBTjYJJPqv0M8NTyiZ0xH2LisbcBPli5Rk5s86QRIm2TyFZuD8nchobM41D2xlTHJvV2tz8r+ZnGN0EuVBphlyx5UdRJgkmZH4/GQrNGcqpBcq0sLsSNqaaMrQpVWwI3urJf6FzWfcsP1zVGrdFHGU4gVM4Bw+uoQH30IQ2MEjgCV7g1UHn2Xlz3petJaeYOYZfcj6+AYP7kL0=</latexit><latexit sha1_base64="ToJT27cb70pIJFjWtCAmaEsnGWE=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQTEfRY9OKxQr8gDWWz3bRLN5uwOxFK6M/w4kERr/4ab/4bt20OWn1h4eGdGXbmDVMpDLrul1NaW9/Y3CpvV3Z29/YPqodHHZNkmvE2S2SieyE1XArF2yhQ8l6qOY1Dybvh5G5e7z5ybUSiWjhNeRDTkRKRYBSt5ef9MCKti9aAzQbVmlt3FyJ/wSugBoWag+pnf5iwLOYKmaTG+J6bYpBTjYJJPqv0M8NTyiZ0xH2LisbcBPli5Rk5s86QRIm2TyFZuD8nchobM41D2xlTHJvV2tz8r+ZnGN0EuVBphlyx5UdRJgkmZH4/GQrNGcqpBcq0sLsSNqaaMrQpVWwI3urJf6FzWfcsP1zVGrdFHGU4gVM4Bw+uoQH30IQ2MEjgCV7g1UHn2Xlz3petJaeYOYZfcj6+AYP7kL0=</latexit>

?

2<latexit sha1_base64="nfS0Oi5/a4KxDKsafJZu4m1GMq4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIiieCl48VrAf0Iay2W7apZtN2J0IJeRHePGgiFd/jzf/jds2B219YeHhnRl25g0SKQy67rdT2tjc2t4p71b29g8Oj6rHJx0Tp5rxNotlrHsBNVwKxdsoUPJeojmNAsm7wfRuXu8+cW1ErB5xlnA/omMlQsEoWqubDYKQNPJhtebW3YXIOngF1KBQa1j9GoxilkZcIZPUmL7nJuhnVKNgkueVQWp4QtmUjnnfoqIRN362WDcnF9YZkTDW9ikkC/f3REYjY2ZRYDsjihOzWpub/9X6KYY3fiZUkiJXbPlRmEqCMZnfTkZCc4ZyZoEyLeyuhE2opgxtQhUbgrd68jp0GnXP8sNVrXlbxFGGMziHS/DgGppwDy1oA4MpPMMrvDmJ8+K8Ox/L1pJTzJzCHzmfP8I3jyY=</latexit><latexit sha1_base64="nfS0Oi5/a4KxDKsafJZu4m1GMq4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIiieCl48VrAf0Iay2W7apZtN2J0IJeRHePGgiFd/jzf/jds2B219YeHhnRl25g0SKQy67rdT2tjc2t4p71b29g8Oj6rHJx0Tp5rxNotlrHsBNVwKxdsoUPJeojmNAsm7wfRuXu8+cW1ErB5xlnA/omMlQsEoWqubDYKQNPJhtebW3YXIOngF1KBQa1j9GoxilkZcIZPUmL7nJuhnVKNgkueVQWp4QtmUjnnfoqIRN362WDcnF9YZkTDW9ikkC/f3REYjY2ZRYDsjihOzWpub/9X6KYY3fiZUkiJXbPlRmEqCMZnfTkZCc4ZyZoEyLeyuhE2opgxtQhUbgrd68jp0GnXP8sNVrXlbxFGGMziHS/DgGppwDy1oA4MpPMMrvDmJ8+K8Ox/L1pJTzJzCHzmfP8I3jyY=</latexit><latexit sha1_base64="nfS0Oi5/a4KxDKsafJZu4m1GMq4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIiieCl48VrAf0Iay2W7apZtN2J0IJeRHePGgiFd/jzf/jds2B219YeHhnRl25g0SKQy67rdT2tjc2t4p71b29g8Oj6rHJx0Tp5rxNotlrHsBNVwKxdsoUPJeojmNAsm7wfRuXu8+cW1ErB5xlnA/omMlQsEoWqubDYKQNPJhtebW3YXIOngF1KBQa1j9GoxilkZcIZPUmL7nJuhnVKNgkueVQWp4QtmUjnnfoqIRN362WDcnF9YZkTDW9ikkC/f3REYjY2ZRYDsjihOzWpub/9X6KYY3fiZUkiJXbPlRmEqCMZnfTkZCc4ZyZoEyLeyuhE2opgxtQhUbgrd68jp0GnXP8sNVrXlbxFGGMziHS/DgGppwDy1oA4MpPMMrvDmJ8+K8Ox/L1pJTzJzCHzmfP8I3jyY=</latexit><latexit sha1_base64="nfS0Oi5/a4KxDKsafJZu4m1GMq4=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIiieCl48VrAf0Iay2W7apZtN2J0IJeRHePGgiFd/jzf/jds2B219YeHhnRl25g0SKQy67rdT2tjc2t4p71b29g8Oj6rHJx0Tp5rxNotlrHsBNVwKxdsoUPJeojmNAsm7wfRuXu8+cW1ErB5xlnA/omMlQsEoWqubDYKQNPJhtebW3YXIOngF1KBQa1j9GoxilkZcIZPUmL7nJuhnVKNgkueVQWp4QtmUjnnfoqIRN362WDcnF9YZkTDW9ikkC/f3REYjY2ZRYDsjihOzWpub/9X6KYY3fiZUkiJXbPlRmEqCMZnfTkZCc4ZyZoEyLeyuhE2opgxtQhUbgrd68jp0GnXP8sNVrXlbxFGGMziHS/DgGppwDy1oA4MpPMMrvDmJ8+K8Ox/L1pJTzJzCHzmfP8I3jyY=</latexit>

3
<latexit sha1_base64="6H2yn9CobdrdnBAgr4Qr9wFr+C0=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFRRPBS8eK9gPaEPZbCft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7a+sPDwzgw784ap4Np43rdTWlvf2Nwqb1d2dvf2D9zDo5ZOMsWwyRKRqE5INQousWm4EdhJFdI4FNgOx3ezevsJleaJfDSTFIOYDiWPOKPGWu28F0bkctp3q17Nm4usgl9AFQo1+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELsWJY1RB/l83Sk5s86ARImyTxoyd39P5DTWehKHtjOmZqSXazPzv1o3M9FNkHOZZgYlW3wUZYKYhMxuJwOukBkxsUCZ4nZXwkZUUWZsQhUbgr988iq0Lmq+5Yerav22iKMMJ3AK5+DDNdThHhrQBAZjeIZXeHNS58V5dz4WrSWnmDmGP3I+fwDDvI8n</latexit><latexit sha1_base64="6H2yn9CobdrdnBAgr4Qr9wFr+C0=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFRRPBS8eK9gPaEPZbCft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7a+sPDwzgw784ap4Np43rdTWlvf2Nwqb1d2dvf2D9zDo5ZOMsWwyRKRqE5INQousWm4EdhJFdI4FNgOx3ezevsJleaJfDSTFIOYDiWPOKPGWu28F0bkctp3q17Nm4usgl9AFQo1+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELsWJY1RB/l83Sk5s86ARImyTxoyd39P5DTWehKHtjOmZqSXazPzv1o3M9FNkHOZZgYlW3wUZYKYhMxuJwOukBkxsUCZ4nZXwkZUUWZsQhUbgr988iq0Lmq+5Yerav22iKMMJ3AK5+DDNdThHhrQBAZjeIZXeHNS58V5dz4WrSWnmDmGP3I+fwDDvI8n</latexit><latexit sha1_base64="6H2yn9CobdrdnBAgr4Qr9wFr+C0=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFRRPBS8eK9gPaEPZbCft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7a+sPDwzgw784ap4Np43rdTWlvf2Nwqb1d2dvf2D9zDo5ZOMsWwyRKRqE5INQousWm4EdhJFdI4FNgOx3ezevsJleaJfDSTFIOYDiWPOKPGWu28F0bkctp3q17Nm4usgl9AFQo1+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELsWJY1RB/l83Sk5s86ARImyTxoyd39P5DTWehKHtjOmZqSXazPzv1o3M9FNkHOZZgYlW3wUZYKYhMxuJwOukBkxsUCZ4nZXwkZUUWZsQhUbgr988iq0Lmq+5Yerav22iKMMJ3AK5+DDNdThHhrQBAZjeIZXeHNS58V5dz4WrSWnmDmGP3I+fwDDvI8n</latexit><latexit sha1_base64="6H2yn9CobdrdnBAgr4Qr9wFr+C0=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFRRPBS8eK9gPaEPZbCft0s0m7G6EEvojvHhQxKu/x5v/xm2bg7a+sPDwzgw784ap4Np43rdTWlvf2Nwqb1d2dvf2D9zDo5ZOMsWwyRKRqE5INQousWm4EdhJFdI4FNgOx3ezevsJleaJfDSTFIOYDiWPOKPGWu28F0bkctp3q17Nm4usgl9AFQo1+u5Xb5CwLEZpmKBad30vNUFOleFM4LTSyzSmlI3pELsWJY1RB/l83Sk5s86ARImyTxoyd39P5DTWehKHtjOmZqSXazPzv1o3M9FNkHOZZgYlW3wUZYKYhMxuJwOukBkxsUCZ4nZXwkZUUWZsQhUbgr988iq0Lmq+5Yerav22iKMMJ3AK5+DDNdThHhrQBAZjeIZXeHNS58V5dz4WrSWnmDmGP3I+fwDDvI8n</latexit>

1<latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit>

1<latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit>

1<latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit><latexit sha1_base64="SuDerjO4GM8CFqUARb2vGyKND1A=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJptk2NJssyaxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5RKYdH3v7219Y3Nre3STnl3b//gsHJ03LI6M4w3mZbadCJquRSKN1Gg5J3UcJpEkrej8d2s3n7ixgqtHnGS8jChQyViwSg6q533opgE036l6tf8ucgqBAVUoVCjX/nqDTTLEq6QSWptN/BTDHNqUDDJp+VeZnlK2ZgOedehogm3YT5fd0rOnTMgsTbuKSRz9/dEThNrJ0nkOhOKI7tcm5n/1boZxjdhLlSaIVds8VGcSYKazG4nA2E4QzlxQJkRblfCRtRQhi6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMCyjyU=</latexit>

0
<latexit sha1_base64="Eq2W1qWXrdYGdcddo1HKo7/q3Zs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AL8tjyQ=</latexit><latexit sha1_base64="Eq2W1qWXrdYGdcddo1HKo7/q3Zs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AL8tjyQ=</latexit><latexit sha1_base64="Eq2W1qWXrdYGdcddo1HKo7/q3Zs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AL8tjyQ=</latexit><latexit sha1_base64="Eq2W1qWXrdYGdcddo1HKo7/q3Zs=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCIqnghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AL8tjyQ=</latexit>

. . .<latexit sha1_base64="dzMsZRmye1hDS+HtfJEWrrQ74MU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh6LXjxWsLXQLiWbZtvQbLIkb4Wy9Gd48aCIV3+NN/+NabsHbR0IDDNvyHsTpVJY9P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeG8RbTUptORC2XQvEWCpS8kxpOk0jyx2h8O/Mfn7ixQqsHnKQ8TOhQiVgwik7q5r0oJr2BRjvtV2t+3Z+DrJKgIDUo0OxXv1yQZQlXyCS1thv4KYY5NSiY5NNKL7M8pWxMh7zrqKIJt2E+X3lKzpwyILE27ikkc/V3IqeJtZMkcpMJxZFd9mbif143w/g6zIVKM+SKLT6KM0lQk9n9ZCAMZygnjlBmhNuVsBE1lKFrqeJKCJZPXiXti3rg+P1lrXFT1FGGEziFcwjgChpwB01oAQMNz/AKbx56L96797EYLXlF5hj+wPv8AUMFkTo=</latexit><latexit sha1_base64="dzMsZRmye1hDS+HtfJEWrrQ74MU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh6LXjxWsLXQLiWbZtvQbLIkb4Wy9Gd48aCIV3+NN/+NabsHbR0IDDNvyHsTpVJY9P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeG8RbTUptORC2XQvEWCpS8kxpOk0jyx2h8O/Mfn7ixQqsHnKQ8TOhQiVgwik7q5r0oJr2BRjvtV2t+3Z+DrJKgIDUo0OxXv1yQZQlXyCS1thv4KYY5NSiY5NNKL7M8pWxMh7zrqKIJt2E+X3lKzpwyILE27ikkc/V3IqeJtZMkcpMJxZFd9mbif143w/g6zIVKM+SKLT6KM0lQk9n9ZCAMZygnjlBmhNuVsBE1lKFrqeJKCJZPXiXti3rg+P1lrXFT1FGGEziFcwjgChpwB01oAQMNz/AKbx56L96797EYLXlF5hj+wPv8AUMFkTo=</latexit><latexit sha1_base64="dzMsZRmye1hDS+HtfJEWrrQ74MU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh6LXjxWsLXQLiWbZtvQbLIkb4Wy9Gd48aCIV3+NN/+NabsHbR0IDDNvyHsTpVJY9P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeG8RbTUptORC2XQvEWCpS8kxpOk0jyx2h8O/Mfn7ixQqsHnKQ8TOhQiVgwik7q5r0oJr2BRjvtV2t+3Z+DrJKgIDUo0OxXv1yQZQlXyCS1thv4KYY5NSiY5NNKL7M8pWxMh7zrqKIJt2E+X3lKzpwyILE27ikkc/V3IqeJtZMkcpMJxZFd9mbif143w/g6zIVKM+SKLT6KM0lQk9n9ZCAMZygnjlBmhNuVsBE1lKFrqeJKCJZPXiXti3rg+P1lrXFT1FGGEziFcwjgChpwB01oAQMNz/AKbx56L96797EYLXlF5hj+wPv8AUMFkTo=</latexit><latexit sha1_base64="dzMsZRmye1hDS+HtfJEWrrQ74MU=">AAAB8nicbVBNSwMxFHxbv2r9qnr0EiyCp7Irgh6LXjxWsLXQLiWbZtvQbLIkb4Wy9Gd48aCIV3+NN/+NabsHbR0IDDNvyHsTpVJY9P1vr7S2vrG5Vd6u7Ozu7R9UD4/aVmeG8RbTUptORC2XQvEWCpS8kxpOk0jyx2h8O/Mfn7ixQqsHnKQ8TOhQiVgwik7q5r0oJr2BRjvtV2t+3Z+DrJKgIDUo0OxXv1yQZQlXyCS1thv4KYY5NSiY5NNKL7M8pWxMh7zrqKIJt2E+X3lKzpwyILE27ikkc/V3IqeJtZMkcpMJxZFd9mbif143w/g6zIVKM+SKLT6KM0lQk9n9ZCAMZygnjlBmhNuVsBE1lKFrqeJKCJZPXiXti3rg+P1lrXFT1FGGEziFcwjgChpwB01oAQMNz/AKbx56L96797EYLXlF5hj+wPv8AUMFkTo=</latexit>

?

<latexit sha1_base64="+kUd9qTF1Lyv/9vnG4d9P+laJ3Q="></latexit>

〈ψψ〉T,ρ

〈ψψ〉0
∼

[
〈σ〉T,ρ

fπ

]2
<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1

<latexit sha1_base64="mINfg+aHheM79HZECEqXxvUGVvY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVvV6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDfTmMvQ==</latexit>

1

<latexit sha1_base64="E3Dd7EEE/tukiUzX7wafS3WOaK0=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRqEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipXukVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1C9L1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AH69jL4=</latexit>

2
<latexit sha1_base64="H59bpvMNDIVndA5aDDnyjQ7h7Ao=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIV9Vj04rGC/YA2lM120q7dbMLuRiihv8CLB8Wrv8mb/8Ztm4O2Phh4vDfDzLwwFVwbz/t2SmvrG5tb5W13Z3dv/6DiHrZ0kimGTZaIRHVCqlFwiU3DjcBOqpDGocB2OL6b+e1nVJon8tFMUgxiOpQ84owaKz1c9itVr+bNQVaJX5AqFGj0K1+9QcKyGKVhgmrd9b3UBDlVhjOBU7eXaUwpG9Mhdi2VNEYd5PNDp+TUKgMSJcqWNGSu/p7Iaaz1JA5tZ0zNSC97M/E/r5uZ6CbIuUwzg5ItFkWZICYhs6/JgCtkRkwsoUxxeythI6ooMzYb14bgL7+8SlrnNf+qdlGt3xZhlOEYTuAMfLiGOtxDA5rAAOEF3uDdeXJenY9FY8kpJo7gD5zPHxdPi5Y=</latexit>

4
<latexit sha1_base64="rk3cMAKLvk7CCLZEk+MTg7cPMt4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVoEeiF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipXukVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyVylf1q9K1dssjjycwCmcgwfXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AITNjMI=</latexit>

6

<latexit sha1_base64="TpN6sRMdEhkCqnjWyIQJr5WE10I=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivV3V6p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmoX5art3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDe7WMvA==</latexit>

0

<latexit sha1_base64="yrz6nCDnELqhmkCrHNAtoCMov1E=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJKoqMuiG5cV7AOaECbTSTt0MhNmJkIJ+Qg3/oobF4q4deHOv3HSZqGtF4Y5nHMP994TJowq7TjfVmVpeWV1rbpe29jc2t6xd/c6SqQSkzYWTMheiBRhlJO2ppqRXiIJikNGuuH4ptC7D0QqKvi9niTEj9GQ04hipA0V2CeZFwo2UJPYfJknRyL3hDHMs4GT54FddxrOtOAicEtQB2W1AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH0DOYqJ8rPpUTk8MswARkKaxzWcsr8dGYpVsaDpjJEeqXmtIP/T+qmOrvyM8iTVhOPZoChlUAtYJAQHVBKs2cQAhCU1u0I8QhJhbXKsmRDc+ZMXQee04V40zu7O683rMo4qOACH4Bi44BI0wS1ogTbA4BE8g1fwZj1ZL9a79TFrrVilZx/8KevzB4cqoGA=</latexit> ρ

ρ0

<latexit sha1_base64="f5utFL+VJi/EhSsYd3CMkHZ3gDM=">AAAB+XicbVBNSwMxFHxbv2r9WvXoJVgET2VXRT0WvXis0NpCdynZNNuGZpMlyRbK0n/ixYMiXv0n3vw3pu0etHUgMMzM471MlHKmjed9O6W19Y3NrfJ2ZWd3b//APTx60jJThLaI5FJ1IqwpZ4K2DDOcdlJFcRJx2o5G9zO/PaZKMymaZpLSMMEDwWJGsLFSz3XzIIpRM5A2hJo9Mu25Va/mzYFWiV+QKhRo9NyvoC9JllBhCMdad30vNWGOlWGE02klyDRNMRnhAe1aKnBCdZjPL5+iM6v0USyVfcKgufp7IseJ1pMksskEm6Fe9mbif143M/FtmDORZoYKslgUZxwZiWY1oD5TlBg+sQQTxeytiAyxwsTYsiq2BH/5y6vk6aLmX9cuH6+q9buijjKcwCmcgw83UIcHaEALCIzhGV7hzcmdF+fd+VhES04xcwx/4Hz+AOXekzE=</latexit>

T

Tc
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CHIRAL SYMMETRY RESTORATION

Key issue : Thermodynamics  of  chiral order parameter  
its dependence on temperature and baryon chemical potential / baryon density 

From Nambu-Goldstone to Wigner-Weyl realisations of chiral symmetry

PHYSIK
DEPARTMENT

Lattice QCD
HIC Freeze-out

µB = 0
<latexit sha1_base64="0PgTBAshSUF0aGJEFUkVW8XNzy8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE0I1Q6sZlBfuAJoTJZNIOncmEmYlQQjdu/BU3LhRx6z+482+ctFlo64FhDufcy733hCmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGE1IR1PNSD+VBPGQkV44vin83gORiorkXk9S4nM0TGhMMdJGCuzj3Atj6IWCRWrCzZd7PJsGLXgNnWlg152GMwNcJm5J6qBEO7C/vEjgjJNEY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwNEGcKD+fXTGFp0aJYCykeYmGM/V3R464KnY0lRzpkVr0CvE/b5Dp+MrPaZJmmiR4PijOGNQCFpHAiEqCNZsYgrCkZleIR0girE1wNROCu3jyMumeN1zD7y7qzVYZRxUcgRNwBlxwCZrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDyfuYFg==</latexit><latexit sha1_base64="0PgTBAshSUF0aGJEFUkVW8XNzy8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE0I1Q6sZlBfuAJoTJZNIOncmEmYlQQjdu/BU3LhRx6z+482+ctFlo64FhDufcy733hCmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGE1IR1PNSD+VBPGQkV44vin83gORiorkXk9S4nM0TGhMMdJGCuzj3Atj6IWCRWrCzZd7PJsGLXgNnWlg152GMwNcJm5J6qBEO7C/vEjgjJNEY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwNEGcKD+fXTGFp0aJYCykeYmGM/V3R464KnY0lRzpkVr0CvE/b5Dp+MrPaZJmmiR4PijOGNQCFpHAiEqCNZsYgrCkZleIR0girE1wNROCu3jyMumeN1zD7y7qzVYZRxUcgRNwBlxwCZrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDyfuYFg==</latexit><latexit sha1_base64="0PgTBAshSUF0aGJEFUkVW8XNzy8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE0I1Q6sZlBfuAJoTJZNIOncmEmYlQQjdu/BU3LhRx6z+482+ctFlo64FhDufcy733hCmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGE1IR1PNSD+VBPGQkV44vin83gORiorkXk9S4nM0TGhMMdJGCuzj3Atj6IWCRWrCzZd7PJsGLXgNnWlg152GMwNcJm5J6qBEO7C/vEjgjJNEY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwNEGcKD+fXTGFp0aJYCykeYmGM/V3R464KnY0lRzpkVr0CvE/b5Dp+MrPaZJmmiR4PijOGNQCFpHAiEqCNZsYgrCkZleIR0girE1wNROCu3jyMumeN1zD7y7qzVYZRxUcgRNwBlxwCZrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDyfuYFg==</latexit><latexit sha1_base64="0PgTBAshSUF0aGJEFUkVW8XNzy8=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUlE0I1Q6sZlBfuAJoTJZNIOncmEmYlQQjdu/BU3LhRx6z+482+ctFlo64FhDufcy733hCmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGE1IR1PNSD+VBPGQkV44vin83gORiorkXk9S4nM0TGhMMdJGCuzj3Atj6IWCRWrCzZd7PJsGLXgNnWlg152GMwNcJm5J6qBEO7C/vEjgjJNEY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwNEGcKD+fXTGFp0aJYCykeYmGM/V3R464KnY0lRzpkVr0CvE/b5Dp+MrPaZJmmiR4PijOGNQCFpHAiEqCNZsYgrCkZleIR0girE1wNROCu3jyMumeN1zD7y7qzVYZRxUcgRNwBlxwCZrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDyfuYFg==</latexit>

crossover 

low −T
<latexit sha1_base64="nbqOTr4JnQM3Liak6r3VJ2OimTs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHCv2CNpTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48ahmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8d2s3n7k2ggVN3CScD+iw1iEglG0VjfrBSGR6umiMe2XK27VnYusgpdDBXLV++Wv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9ajGnEjZ/NV56SM+sMSKi0fTGSuft7IqORMZMosJ0RxZFZrs3M/2rdFMMbPxNxkiKP2eKjMJUEFZndTwZCc4ZyYoEyLeyuhI2opgxtSiUbgrd88iq0Lque5YerSu02j6MIJ3AK5+DBNdTgHurQBAYKnuEV3hx0Xpx352PRWnDymWP4I+fzB91RkPc=</latexit><latexit sha1_base64="nbqOTr4JnQM3Liak6r3VJ2OimTs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHCv2CNpTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48ahmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8d2s3n7k2ggVN3CScD+iw1iEglG0VjfrBSGR6umiMe2XK27VnYusgpdDBXLV++Wv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9ajGnEjZ/NV56SM+sMSKi0fTGSuft7IqORMZMosJ0RxZFZrs3M/2rdFMMbPxNxkiKP2eKjMJUEFZndTwZCc4ZyYoEyLeyuhI2opgxtSiUbgrd88iq0Lque5YerSu02j6MIJ3AK5+DBNdTgHurQBAYKnuEV3hx0Xpx352PRWnDymWP4I+fzB91RkPc=</latexit><latexit sha1_base64="nbqOTr4JnQM3Liak6r3VJ2OimTs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHCv2CNpTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48ahmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8d2s3n7k2ggVN3CScD+iw1iEglG0VjfrBSGR6umiMe2XK27VnYusgpdDBXLV++Wv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9ajGnEjZ/NV56SM+sMSKi0fTGSuft7IqORMZMosJ0RxZFZrs3M/2rdFMMbPxNxkiKP2eKjMJUEFZndTwZCc4ZyYoEyLeyuhI2opgxtSiUbgrd88iq0Lque5YerSu02j6MIJ3AK5+DBNdTgHurQBAYKnuEV3hx0Xpx352PRWnDymWP4I+fzB91RkPc=</latexit><latexit sha1_base64="nbqOTr4JnQM3Liak6r3VJ2OimTs=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8GJJRNBj0YvHCv2CNpTNdtMu3WTD7kQpoT/DiwdFvPprvPlv3LY5aOsLCw/vzLAzb5BIYdB1v53C2vrG5lZxu7Szu7d/UD48ahmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8d2s3n7k2ggVN3CScD+iw1iEglG0VjfrBSGR6umiMe2XK27VnYusgpdDBXLV++Wv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9ajGnEjZ/NV56SM+sMSKi0fTGSuft7IqORMZMosJ0RxZFZrs3M/2rdFMMbPxNxkiKP2eKjMJUEFZndTwZCc4ZyYoEyLeyuhI2opgxtSiUbgrd88iq0Lque5YerSu02j6MIJ3AK5+DBNdTgHurQBAYKnuEV3hx0Xpx352PRWnDymWP4I+fzB91RkPc=</latexit>

crossover ?
phase transition ?

(P)NJL type quark models, 
chiral quark-meson models, 
… 
suggest first-order  
chiral phase transition, 
BUT …

<latexit sha1_base64="aOaT4Ite0+13a7g9ApFQYl8uur4=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAbBg4QZ1xyDXrwIEbJBZhh6OjVJk57F7h4hDAEv/ooXD4p49Se8+Td2loMmPih4vFdFVT0/4Uwqy/o2cguLS8sr+dXC2vrG5pa5vdOQcSoo1GnMY9HyiQTOIqgrpji0EgEk9Dk0/f71yG8+gJAsjmpqkIAbkm7EAkaJ0pJn7mWOH+CaR7EjWQj32D4vO8e30BhizyxaJWsMPE/sKSmiKaqe+eV0YpqGECnKiZRt20qUmxGhGOUwLDiphITQPulCW9OIhCDdbPzDEB9qpYODWOiKFB6rvycyEko5CH3dGRLVk7PeSPzPa6cqKLsZi5JUQUQni4KUYxXjUSC4wwRQxQeaECqYvhXTHhGEKh1bQYdgz748TxonJfuidHp3VqxcTePIo310gI6QjS5RBd2gKqojih7RM3pFb8aT8WK8Gx+T1pwxndlFf2B8/gBhIpYS</latexit>

Tc ! 158MeV

<latexit sha1_base64="9HRWcMWfXXFlPXBI/jVa0sXPWEM=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6kpK3bhRKtgHNCFMppN26MwkzEyUEvspblwo4tYvceffOG2z0NYDFw7n3Mu994QJo0o7zrdVWFpeWV0rrpc2Nre2d+zybkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHg18dsPRCoai3s9SojPUV/QiGKkjRTY5cwLI+jxNKjDS3gT3I4Du+JUnSngInFzUgE5GoH95fVinHIiNGZIqa7rJNrPkNQUMzIueakiCcJD1CddQwXiRPnZ9PQxPDRKD0axNCU0nKq/JzLElRrx0HRypAdq3puI/3ndVEcXfkZFkmoi8GxRlDKoYzjJAfaoJFizkSEIS2puhXiAJMLapFUyIbjzLy+S1nHVPaue3J1WavU8jiLYBwfgCLjgHNTANWiAJsDgETyDV/BmPVkv1rv1MWstWPnMHvgD6/MHnCmS8A==</latexit>

µB > MN

<latexit sha1_base64="cTP836lO1Z+iJWAb4D5x14nk/xk="></latexit>

〈ψ̄ψ〉T,nB

〈ψ̄ψ〉0
∼

[
〈σ〉T,nB

fπ

]2

<latexit sha1_base64="Na19P97TqKk65dmQzrxoNGtpvrY=">AAACEHicbVC7TsMwFHXKq5RXgJElokIwVQlChbEqC2OR6ENqoshxnNaqY0e2g1RF+QQWfoWFAYRYGdn4G5w2A225kuWjc87VvfcECSVS2faPUVlb39jcqm7Xdnb39g/Mw6Oe5KlAuIs45WIQQIkpYbiriKJ4kAgM44DifjC5LfT+IxaScPagpgn2YjhiJCIIKk355nnmBpyGchrrL2N+O3e59i+Sdp77Zt1u2LOyVoFTgjooq+Ob327IURpjphCFUg4dO1FeBoUiiOK85qYSJxBN4AgPNWQwxtLLZgfl1plmQiviQj+mrBn7tyODsSy2084YqrFc1gryP22YqujGywhLUoUZmg+KUmopbhXpWCERGCk61QAiQfSuFhpDAZHSGdZ0CM7yyaugd9lwmo3m/VW91S7jqIITcAougAOuQQvcgQ7oAgSewAt4A+/Gs/FqfBifc2vFKHuOwUIZX7/wEZ5u</latexit>nB

n0



42

Low-Energy S%ucture of "e Nucleon:
Mass and Size(s)

5.

PHYSIK
DEPARTMENT



Trace of energy-momentum tensor         vanishes classically …

SCALE INVARIANCE,  TRACE ANOMALY
and MASS of the NUCLEON

QCD with massless quarks : no dimensional parameter  

… but - QCD as a quantum field theory introduces renormalisation scale,  and so :

( TRACE  ANOMALY )

PHYSIK
DEPARTMENT

x → λx
<latexit sha1_base64="gb1rnZZiXUENMREhfu66zeRNcVQ=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIRdFl047KCfUATymQyaYdOJmFmoi2hGzf+ihsXirj1H9z5N07bLLT1wMDhnHu4c0+Qcqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYEU5E7Shmea0nUqK44DTVjC4nviteyoVS8SdHqXUj3FPsIgRrI3UtY9yL4jQ0JOs19dYyuQBedzEQ4yG465dcarOFGiRuAWpQIF61/7ywoRkMRWacKxUx3VS7edYakY4HZe9TNEUkwHu0Y6hAsdU+fn0ijE6MUqIokSaJzSaqr8TOY6VGsWBmYyx7qt5byL+53UyHV36ORNppqkgs0VRxpFO0KQSFDJJieYjQzCRzPwVkT6WmGhTXNmU4M6fvEiaZ1XX8NvzSu2qqKMEh3AMp+DCBdTgBurQAAKP8Ayv8GY9WS/Wu/UxG12yiswB/IH1+QOElJiR</latexit><latexit sha1_base64="gb1rnZZiXUENMREhfu66zeRNcVQ=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIRdFl047KCfUATymQyaYdOJmFmoi2hGzf+ihsXirj1H9z5N07bLLT1wMDhnHu4c0+Qcqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYEU5E7Shmea0nUqK44DTVjC4nviteyoVS8SdHqXUj3FPsIgRrI3UtY9yL4jQ0JOs19dYyuQBedzEQ4yG465dcarOFGiRuAWpQIF61/7ywoRkMRWacKxUx3VS7edYakY4HZe9TNEUkwHu0Y6hAsdU+fn0ijE6MUqIokSaJzSaqr8TOY6VGsWBmYyx7qt5byL+53UyHV36ORNppqkgs0VRxpFO0KQSFDJJieYjQzCRzPwVkT6WmGhTXNmU4M6fvEiaZ1XX8NvzSu2qqKMEh3AMp+DCBdTgBurQAAKP8Ayv8GY9WS/Wu/UxG12yiswB/IH1+QOElJiR</latexit><latexit sha1_base64="gb1rnZZiXUENMREhfu66zeRNcVQ=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIRdFl047KCfUATymQyaYdOJmFmoi2hGzf+ihsXirj1H9z5N07bLLT1wMDhnHu4c0+Qcqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYEU5E7Shmea0nUqK44DTVjC4nviteyoVS8SdHqXUj3FPsIgRrI3UtY9yL4jQ0JOs19dYyuQBedzEQ4yG465dcarOFGiRuAWpQIF61/7ywoRkMRWacKxUx3VS7edYakY4HZe9TNEUkwHu0Y6hAsdU+fn0ijE6MUqIokSaJzSaqr8TOY6VGsWBmYyx7qt5byL+53UyHV36ORNppqkgs0VRxpFO0KQSFDJJieYjQzCRzPwVkT6WmGhTXNmU4M6fvEiaZ1XX8NvzSu2qqKMEh3AMp+DCBdTgBurQAAKP8Ayv8GY9WS/Wu/UxG12yiswB/IH1+QOElJiR</latexit><latexit sha1_base64="gb1rnZZiXUENMREhfu66zeRNcVQ=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwVRIRdFl047KCfUATymQyaYdOJmFmoi2hGzf+ihsXirj1H9z5N07bLLT1wMDhnHu4c0+Qcqa043xbS8srq2vrpY3y5tb2zq69t99USSYJbZCEJ7IdYEU5E7Shmea0nUqK44DTVjC4nviteyoVS8SdHqXUj3FPsIgRrI3UtY9yL4jQ0JOs19dYyuQBedzEQ4yG465dcarOFGiRuAWpQIF61/7ywoRkMRWacKxUx3VS7edYakY4HZe9TNEUkwHu0Y6hAsdU+fn0ijE6MUqIokSaJzSaqr8TOY6VGsWBmYyx7qt5byL+53UyHV36ORNppqkgs0VRxpFO0KQSFDJJieYjQzCRzPwVkT6WmGhTXNmU4M6fvEiaZ1XX8NvzSu2qqKMEh3AMp+DCBdTgBurQAAKP8Ayv8GY9WS/Wu/UxG12yiswB/IH1+QOElJiR</latexit>Invariance under scale transformations 

From MASSLESS QUARKS  to  MASSIVE  NUCLEONS : 

Physical nucleon mass :

Sigma terms : σN =
1

2
(mu +md)〈N

∣∣ūu+ d̄d
∣∣N〉

<latexit sha1_base64="kJ+cnhhISjXQZb3A+YCmzjzZJHU="></latexit><latexit sha1_base64="kJ+cnhhISjXQZb3A+YCmzjzZJHU="></latexit><latexit sha1_base64="kJ+cnhhISjXQZb3A+YCmzjzZJHU="></latexit><latexit sha1_base64="kJ+cnhhISjXQZb3A+YCmzjzZJHU="></latexit>

MN = M(0)
N + σN + σs = 0.94GeV

<latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit>

σs = ms〈N |s̄s|N〉
<latexit sha1_base64="jzTiW6DUb11CXnpbIGRYTY5leSM=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCuCgzIuhGKLpxVSrYC3TKcCZN29AkMyQZoUz7Dm58FTcuFHHrxp1vY3pZaOsPgY//nMPJ+aOEM20879tZWl5ZXVvPbeQ3t7Z3dt29/ZqOU0VolcQ8Vo0INOVM0qphhtNGoiiIiNN61L8Z1+sPVGkWy3szSGhLQFeyDiNgrBW6pzjQrCsg1PgKi1AHHGSXU1weBhGoTI/0sByoiRe6Ba/oTYQXwZ9BAc1UCd2voB2TVFBpCAetm76XmFYGyjDC6SgfpJomQPrQpU2LEgTVrWxy0wgfW6eNO7GyTxo8cX9PZCC0HojIdgowPT1fG5v/1Zqp6Vy2MiaT1FBJpos6KccmxuOAcJspSgwfWACimP0rJj1QQIyNMW9D8OdPXoTaWdG3fHdeKF3P4sihQ3SETpCPLlAJ3aIKqiKCHtEzekVvzpPz4rw7H9PWJWc2c4D+yPn8AeVVnjE=</latexit><latexit sha1_base64="jzTiW6DUb11CXnpbIGRYTY5leSM=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCuCgzIuhGKLpxVSrYC3TKcCZN29AkMyQZoUz7Dm58FTcuFHHrxp1vY3pZaOsPgY//nMPJ+aOEM20879tZWl5ZXVvPbeQ3t7Z3dt29/ZqOU0VolcQ8Vo0INOVM0qphhtNGoiiIiNN61L8Z1+sPVGkWy3szSGhLQFeyDiNgrBW6pzjQrCsg1PgKi1AHHGSXU1weBhGoTI/0sByoiRe6Ba/oTYQXwZ9BAc1UCd2voB2TVFBpCAetm76XmFYGyjDC6SgfpJomQPrQpU2LEgTVrWxy0wgfW6eNO7GyTxo8cX9PZCC0HojIdgowPT1fG5v/1Zqp6Vy2MiaT1FBJpos6KccmxuOAcJspSgwfWACimP0rJj1QQIyNMW9D8OdPXoTaWdG3fHdeKF3P4sihQ3SETpCPLlAJ3aIKqiKCHtEzekVvzpPz4rw7H9PWJWc2c4D+yPn8AeVVnjE=</latexit><latexit sha1_base64="jzTiW6DUb11CXnpbIGRYTY5leSM=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCuCgzIuhGKLpxVSrYC3TKcCZN29AkMyQZoUz7Dm58FTcuFHHrxp1vY3pZaOsPgY//nMPJ+aOEM20879tZWl5ZXVvPbeQ3t7Z3dt29/ZqOU0VolcQ8Vo0INOVM0qphhtNGoiiIiNN61L8Z1+sPVGkWy3szSGhLQFeyDiNgrBW6pzjQrCsg1PgKi1AHHGSXU1weBhGoTI/0sByoiRe6Ba/oTYQXwZ9BAc1UCd2voB2TVFBpCAetm76XmFYGyjDC6SgfpJomQPrQpU2LEgTVrWxy0wgfW6eNO7GyTxo8cX9PZCC0HojIdgowPT1fG5v/1Zqp6Vy2MiaT1FBJpos6KccmxuOAcJspSgwfWACimP0rJj1QQIyNMW9D8OdPXoTaWdG3fHdeKF3P4sihQ3SETpCPLlAJ3aIKqiKCHtEzekVvzpPz4rw7H9PWJWc2c4D+yPn8AeVVnjE=</latexit><latexit sha1_base64="jzTiW6DUb11CXnpbIGRYTY5leSM=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCuCgzIuhGKLpxVSrYC3TKcCZN29AkMyQZoUz7Dm58FTcuFHHrxp1vY3pZaOsPgY//nMPJ+aOEM20879tZWl5ZXVvPbeQ3t7Z3dt29/ZqOU0VolcQ8Vo0INOVM0qphhtNGoiiIiNN61L8Z1+sPVGkWy3szSGhLQFeyDiNgrBW6pzjQrCsg1PgKi1AHHGSXU1weBhGoTI/0sByoiRe6Ba/oTYQXwZ9BAc1UCd2voB2TVFBpCAetm76XmFYGyjDC6SgfpJomQPrQpU2LEgTVrWxy0wgfW6eNO7GyTxo8cX9PZCC0HojIdgowPT1fG5v/1Zqp6Vy2MiaT1FBJpos6KccmxuOAcJspSgwfWACimP0rJj1QQIyNMW9D8OdPXoTaWdG3fHdeKF3P4sihQ3SETpCPLlAJ3aIKqiKCHtEzekVvzpPz4rw7H9PWJWc2c4D+yPn8AeVVnjE=</latexit>
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<latexit sha1_base64="xjL/XXIyYbkTg5HEzL4rAYmMMa4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIVdVl047JCX9DEMplO2qEzkzCPQgn5EzcuFHHrn7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wfu4VFbJUZi0sIJS2Q3QoowKkhLU81IN5UE8YiRTjS+n/mdCZGKJqKppykJORoKGlOMtJX6rpsFUQybT1nATSBMnvfdqlfz5oCrxC9IFRRo9N2vYJBgw4nQmCGler6X6jBDUlPMSF4JjCIpwmM0JD1LBeJEhdn88hyeWWUA40TaEhrO1d8TGeJKTXlkOznSI7XszcT/vJ7R8W2YUZEaTQReLIoNgzqBsxjggEqCNZtagrCk9laIR0girG1YFRuCv/zyKmlf1Pzr2uXjVbV+V8RRBifgFJwDH9yAOngADdACGEzAM3gFb07mvDjvzseiteQUM8fgD5zPH7EAk7Y=</latexit>

Tµν

<latexit sha1_base64="m0dgsDuTou+lm4jFheINSJSPT50=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgupCRV1GXRRV1W6AuSNEymk3boZBJmJkIJ/Q83/oobF4q4Elz4N07bCNp64MLhnHuZOSdIGJXKsr6MpeWV1bX1wkZxc2t7Z9fc22/JOBWYNHHMYtEJkCSMctJUVDHSSQRBUcBIOxjeTPz2PRGSxryhRgnxItTnNKQYKS35ZiVzgxA2um6U+nqgm4g4UTFsiLF76tT8TIsuT8e17g/zfLNkla0p4CKxc1ICOeq++eH2YpxGhCvMkJSObSXKy5BQFDMyLrqpJAnCQ9QnjqYcRUR62TTbGB5rpQfDWOjhCk7V3xcZiqQcRYHejJAayHlvIv7nOakKr7yM8iRVhOPZQ2HKoA4/KQr2qCBYsZEmCAuq/wrxAAmEla6zqEuw5yMvklalbF+Uz+7OS9XrvI4COARH4ATY4BJUwS2ogybA4AE8gRfwajwaz8ab8T5bXTLymwPwB8bnN8h0oes=</latexit>

Tµ
µ ∝ Tr [GµνG

µν ]

<latexit sha1_base64="m1wCb067ujRRoSHnfGS5NiqcgUI="></latexit>

M(0)
N = 〈N|Tµ

µ|N〉 = 9

4
〈N|α

π
(E2 −B2)|N〉 $ 0.8GeV

<latexit sha1_base64="qtskfsSx/ZhwrAOhwshOJLh/U20=">AAAB+HicbVDLSgNBEOz1GeMjqx69DAYhHgy7QaLHEBE8RjAPyIvZyWwyZHZ2mZkV4pIv8eJBEa9+ijf/xkmyB00saCiquunu8iLOlHacb2ttfWNzazuzk93d2z/I2YdHDRXGktA6CXkoWx5WlDNB65ppTluRpDjwOG1645uZ33ykUrFQPOhJRLsBHgrmM4K1kfp2Lul4PipUe6WL217pfNq3807RmQOtEjcleUhR69tfnUFI4oAKTThWqu06ke4mWGpGOJ1mO7GiESZjPKRtQwUOqOom88On6MwoA+SH0pTQaK7+nkhwoNQk8ExngPVILXsz8T+vHWv/upswEcWaCrJY5Mcc6RDNUkADJinRfGIIJpKZWxEZYYmJNlllTQju8surpFEquuVi+f4yX6mmcWTgBE6hAC5cQQXuoAZ1IBDDM7zCm/VkvVjv1seidc1KZ47hD6zPH3TLka0=</latexit>

(B2 −E2)

non-vanishing
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NUCLEON  MASS
- Aspects of Broken Symmetry - 

MN
<latexit sha1_base64="+77QQIptDBITg3rX43Gor9rqqVs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MaNUsFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRtfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rRbe9u0itX/Ko/E1qGIIcK5Kr3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtONQYkFNmM0WnqAT5/RRrLR70qKZ+3siw8KYsYhcp8B2aBZrU/O/Wie18WWYMZmklkoy/yhOObIKTa9HfaYpsXzsABPN3K6IDLHGxLqMSi6EYPHkZWieVQPH9+eV2lUeRxGO4BhOIYALqMEN1KEBBAQ8wyu8edp78d69j3lrwctnDuGPvM8fQv6QCg==</latexit><latexit sha1_base64="+77QQIptDBITg3rX43Gor9rqqVs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MaNUsFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRtfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rRbe9u0itX/Ko/E1qGIIcK5Kr3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtONQYkFNmM0WnqAT5/RRrLR70qKZ+3siw8KYsYhcp8B2aBZrU/O/Wie18WWYMZmklkoy/yhOObIKTa9HfaYpsXzsABPN3K6IDLHGxLqMSi6EYPHkZWieVQPH9+eV2lUeRxGO4BhOIYALqMEN1KEBBAQ8wyu8edp78d69j3lrwctnDuGPvM8fQv6QCg==</latexit><latexit sha1_base64="+77QQIptDBITg3rX43Gor9rqqVs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MaNUsFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRtfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rRbe9u0itX/Ko/E1qGIIcK5Kr3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtONQYkFNmM0WnqAT5/RRrLR70qKZ+3siw8KYsYhcp8B2aBZrU/O/Wie18WWYMZmklkoy/yhOObIKTa9HfaYpsXzsABPN3K6IDLHGxLqMSi6EYPHkZWieVQPH9+eV2lUeRxGO4BhOIYALqMEN1KEBBAQ8wyu8edp78d69j3lrwctnDuGPvM8fQv6QCg==</latexit><latexit sha1_base64="+77QQIptDBITg3rX43Gor9rqqVs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MaNUsFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRtfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rRbe9u0itX/Ko/E1qGIIcK5Kr3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtONQYkFNmM0WnqAT5/RRrLR70qKZ+3siw8KYsYhcp8B2aBZrU/O/Wie18WWYMZmklkoy/yhOObIKTa9HfaYpsXzsABPN3K6IDLHGxLqMSi6EYPHkZWieVQPH9+eV2lUeRxGO4BhOIYALqMEN1KEBBAQ8wyu8edp78d69j3lrwctnDuGPvM8fQv6QCg==</latexit>

(
g =

gπN
gA

)

<latexit sha1_base64="4upCfhtdsPIgnQZteOaTc/9ReBs=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiQi6EaounElFewDmhAm00k6dPJg5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zx7uHOPnwquwLK+jaXlldW19dJGeXNre2fX3NtvqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPryd+54FJxZP4HkYpcyMSxjzglICWPLPqCBZALcQXOA+93Ek5vh07iY7g0LscO5KHAzj2zIpVt6bAi8QuSAUVaHrml9NPaBaxGKggSvVsKwU3JxI4FWxcdjLFUkKHJGQ9TWMSMeXm03PGuKqVPg4SqV8MeKr+TuQkUmoU+XoyIjBQ895E/M/rZRCcuzmP0wxYTGeLgkxgSPCkG9znklEQI00IlVz/FdMBkYSCbrCsS7DnT14k7ZO6rfndaaVxVdRRQofoCNWQjc5QA92gJmohih7RM3pFb8aT8WK8Gx+z0SWjyBygPzA+fwD2optr</latexit><latexit sha1_base64="4upCfhtdsPIgnQZteOaTc/9ReBs=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiQi6EaounElFewDmhAm00k6dPJg5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zx7uHOPnwquwLK+jaXlldW19dJGeXNre2fX3NtvqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPryd+54FJxZP4HkYpcyMSxjzglICWPLPqCBZALcQXOA+93Ek5vh07iY7g0LscO5KHAzj2zIpVt6bAi8QuSAUVaHrml9NPaBaxGKggSvVsKwU3JxI4FWxcdjLFUkKHJGQ9TWMSMeXm03PGuKqVPg4SqV8MeKr+TuQkUmoU+XoyIjBQ895E/M/rZRCcuzmP0wxYTGeLgkxgSPCkG9znklEQI00IlVz/FdMBkYSCbrCsS7DnT14k7ZO6rfndaaVxVdRRQofoCNWQjc5QA92gJmohih7RM3pFb8aT8WK8Gx+z0SWjyBygPzA+fwD2optr</latexit><latexit sha1_base64="4upCfhtdsPIgnQZteOaTc/9ReBs=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiQi6EaounElFewDmhAm00k6dPJg5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zx7uHOPnwquwLK+jaXlldW19dJGeXNre2fX3NtvqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPryd+54FJxZP4HkYpcyMSxjzglICWPLPqCBZALcQXOA+93Ek5vh07iY7g0LscO5KHAzj2zIpVt6bAi8QuSAUVaHrml9NPaBaxGKggSvVsKwU3JxI4FWxcdjLFUkKHJGQ9TWMSMeXm03PGuKqVPg4SqV8MeKr+TuQkUmoU+XoyIjBQ895E/M/rZRCcuzmP0wxYTGeLgkxgSPCkG9znklEQI00IlVz/FdMBkYSCbrCsS7DnT14k7ZO6rfndaaVxVdRRQofoCNWQjc5QA92gJmohih7RM3pFb8aT8WK8Gx+z0SWjyBygPzA+fwD2optr</latexit><latexit sha1_base64="4upCfhtdsPIgnQZteOaTc/9ReBs=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiQi6EaounElFewDmhAm00k6dPJg5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zx7uHOPnwquwLK+jaXlldW19dJGeXNre2fX3NtvqySTlLVoIhLZ9YligsesBRwE66aSkcgXrOMPryd+54FJxZP4HkYpcyMSxjzglICWPLPqCBZALcQXOA+93Ek5vh07iY7g0LscO5KHAzj2zIpVt6bAi8QuSAUVaHrml9NPaBaxGKggSvVsKwU3JxI4FWxcdjLFUkKHJGQ9TWMSMeXm03PGuKqVPg4SqV8MeKr+TuQkUmoU+XoyIjBQ895E/M/rZRCcuzmP0wxYTGeLgkxgSPCkG9znklEQI00IlVz/FdMBkYSCbrCsS7DnT14k7ZO6rfndaaVxVdRRQofoCNWQjc5QA92gJmohih7RM3pFb8aT8WK8Gx+z0SWjyBygPzA+fwD2optr</latexit>

Goldberger - Treiman  relation

TRACE ANOMALY sum rule spontaneously   broken 
CHIRAL SYMMETRY

PHYSIK
DEPARTMENT

MN = g fπ ≡ g〈σ〉
<latexit sha1_base64="tS1r1lW/onJ+qelkESY9xcUIGW0=">AAACIHicbVDLSsNAFJ34rPVVdelmsAguRBIR6kYounGjVLAPaEqYTG/i4GQSZyaFEvIpbvwVNy4U0Z1+jdM0C18HBs49517u3OMnnClt2x/WzOzc/MJiZam6vLK6tl7b2OyoOJUU2jTmsez5RAFnAtqaaQ69RAKJfA5d//Zs4ndHIBWLxbUeJzCISChYwCjRRvJqjcz1A3zhXeb4BIfuflEGnpuwHLtwl7KRUTkRIQdXsTAiriwKr1a3D+wC+C9xSlJHJVpe7d0dxjSNQGjKiVJ9x070ICNSM8ohr7qpgoTQWxJC31BBIlCDrDgwx7tGGeIgluYJjQv1+0RGIqXGkW86I6Jv1G9vIv7n9VMdHA8yJpJUg6DTRUHKsY7xJC08ZBKo5mNDCJXM/BXTGyIJ1SbTqgnB+X3yX9I5PHAMvzqqN0/LOCpoG+2gPeSgBmqic9RCbUTRPXpEz+jFerCerFfrbdo6Y5UzW+gHrM8v9zqi5w==</latexit><latexit sha1_base64="tS1r1lW/onJ+qelkESY9xcUIGW0=">AAACIHicbVDLSsNAFJ34rPVVdelmsAguRBIR6kYounGjVLAPaEqYTG/i4GQSZyaFEvIpbvwVNy4U0Z1+jdM0C18HBs49517u3OMnnClt2x/WzOzc/MJiZam6vLK6tl7b2OyoOJUU2jTmsez5RAFnAtqaaQ69RAKJfA5d//Zs4ndHIBWLxbUeJzCISChYwCjRRvJqjcz1A3zhXeb4BIfuflEGnpuwHLtwl7KRUTkRIQdXsTAiriwKr1a3D+wC+C9xSlJHJVpe7d0dxjSNQGjKiVJ9x070ICNSM8ohr7qpgoTQWxJC31BBIlCDrDgwx7tGGeIgluYJjQv1+0RGIqXGkW86I6Jv1G9vIv7n9VMdHA8yJpJUg6DTRUHKsY7xJC08ZBKo5mNDCJXM/BXTGyIJ1SbTqgnB+X3yX9I5PHAMvzqqN0/LOCpoG+2gPeSgBmqic9RCbUTRPXpEz+jFerCerFfrbdo6Y5UzW+gHrM8v9zqi5w==</latexit><latexit sha1_base64="tS1r1lW/onJ+qelkESY9xcUIGW0=">AAACIHicbVDLSsNAFJ34rPVVdelmsAguRBIR6kYounGjVLAPaEqYTG/i4GQSZyaFEvIpbvwVNy4U0Z1+jdM0C18HBs49517u3OMnnClt2x/WzOzc/MJiZam6vLK6tl7b2OyoOJUU2jTmsez5RAFnAtqaaQ69RAKJfA5d//Zs4ndHIBWLxbUeJzCISChYwCjRRvJqjcz1A3zhXeb4BIfuflEGnpuwHLtwl7KRUTkRIQdXsTAiriwKr1a3D+wC+C9xSlJHJVpe7d0dxjSNQGjKiVJ9x070ICNSM8ohr7qpgoTQWxJC31BBIlCDrDgwx7tGGeIgluYJjQv1+0RGIqXGkW86I6Jv1G9vIv7n9VMdHA8yJpJUg6DTRUHKsY7xJC08ZBKo5mNDCJXM/BXTGyIJ1SbTqgnB+X3yX9I5PHAMvzqqN0/LOCpoG+2gPeSgBmqic9RCbUTRPXpEz+jFerCerFfrbdo6Y5UzW+gHrM8v9zqi5w==</latexit><latexit sha1_base64="tS1r1lW/onJ+qelkESY9xcUIGW0=">AAACIHicbVDLSsNAFJ34rPVVdelmsAguRBIR6kYounGjVLAPaEqYTG/i4GQSZyaFEvIpbvwVNy4U0Z1+jdM0C18HBs49517u3OMnnClt2x/WzOzc/MJiZam6vLK6tl7b2OyoOJUU2jTmsez5RAFnAtqaaQ69RAKJfA5d//Zs4ndHIBWLxbUeJzCISChYwCjRRvJqjcz1A3zhXeb4BIfuflEGnpuwHLtwl7KRUTkRIQdXsTAiriwKr1a3D+wC+C9xSlJHJVpe7d0dxjSNQGjKiVJ9x070ICNSM8ohr7qpgoTQWxJC31BBIlCDrDgwx7tGGeIgluYJjQv1+0RGIqXGkW86I6Jv1G9vIv7n9VMdHA8yJpJUg6DTRUHKsY7xJC08ZBKo5mNDCJXM/BXTGyIJ1SbTqgnB+X3yX9I5PHAMvzqqN0/LOCpoG+2gPeSgBmqic9RCbUTRPXpEz+jFerCerFfrbdo6Y5UzW+gHrM8v9zqi5w==</latexit>

MN = M(0)
N + σN + σs = 0.94GeV

<latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit><latexit sha1_base64="TqAF15XObjGsrD6KY6K7fwoy+hc=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkUJ1IRRd6EapYC/QGUsmzbShmQtJRijDPIobX8WNC0V0p09jph1EWw8kfPz/OSTnd0JGhTSMTy03N7+wuJRfLqysrq1v6JtbTRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyhuep37onXNDAv5WjkNge6vvUpRhJJXX1amw5LrzqXsPT9L6LS8Z+Ag+gJWjfQ0r+QaE6jPJJxTq8IM2kqxeNsjEuOAtmBkWQVb2rf1i9AEce8SVmSIiOaYTSjhGXFDOSFKxIkBDhIeqTjkIfeUTY8XjBBO4ppQfdgKvjSzhWf0/EyBNi5Dmq00NyIKa9VPzP60TSPbZj6oeRJD6ePORGDMoApmnBHuUESzZSgDCn6q8QDxBHWKpMCyoEc3rlWWgelU3FN5Vi7SyLIw92wC4oARNUQQ1cgjpoAAwewBN4Aa/ao/asvWnvk9acls1sgz+lfX0DTC+fVg==</latexit>

~ 90 % 
of the nucleon mass from 
gluonic  trace  anomaly

<latexit sha1_base64="qn/wDcHSan/5cyVm9SZ44EqgXqo="></latexit>

M(0)
N ∝ 〈N|Tr[GµνG

µν ]|N〉

~ 10 % 
of the nucleon mass from 

quark mass terms
(sigma terms)

broken  scale  invariance



<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
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SIZES of the NUCLEON

 mesonic cloud
〈r2〉1/2

E,isoscalar # 0.8 fm

   baryonic core
〈r2〉1/2

B
# 0.5 fm

PHYSIK
DEPARTMENT

NUCLEON :  compact valence quark core  +  mesonic (multi      ) cloud

Separation of scales 

Low-energy QCD: spontaneously broken chiral symmetry + localisation (confinement)
<latexit sha1_base64="frESfbSmQ7I8v+i4Q4TqprWx7s0=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oYtlsN+3SzSbd3Sgl5H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsyZ0rb9bRXW1jc2t4rbpZ3dvf2D8uFRW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv++Gbmdx6pVCwS93oaUy/EQ8ECRrA20kPq+gFyfSzTSTbJ+uWKXbXnQKvEyUkFcjT75S93EJEkpEITjpXqOXasvRRLzQinWclNFI0xGeMh7RkqcEiVl86vztCZUQYoiKQpodFc/T2R4lCpaeibzhDrkVr2ZuJ/Xi/RwZWXMhEnmgqyWBQkHOkIzSJAAyYp0XxqCCaSmVsRGWGJiTZBlUwIzvLLq6R9UXXq1dpdrdK4zuMowgmcwjk4cAkNuIUmtICAhGd4hTfryXqx3q2PRWvBymeO4Q+szx/HwpK2</latexit>

q̄q

Historic example:  Chiral Soliton Model of the Nucleon

N. Kaiser, 
U.-G. Meißner,  

W. W. 
Nucl. Phys.  A466 (1987) 685

<latexit sha1_base64="eM9QrTSEJ76IFdpCoVZ6AjJNKOc=">AAACInicbVDLSsQwFE19juNr1KWb4CDoZmhFfOxENy5HcVSYDkOa3naCaVOSW2Eo/RY3/oobF4q6EvwY03EWvi6EnJx7DzfnBJkUBl333ZmYnJqema3N1ecXFpeWGyurl0blmkOHK6n0dcAMSJFCBwVKuM40sCSQcBXcnFT9q1vQRqj0AocZ9BIWpyISnKGl+o1DP1AyNMPEXoUvIcKt4rxfcKnysPSVldLqqTSUpa9FPMBt6scx9cp+o+m23FHRv8AbgyYZV7vfePVDxfMEUuSSGdP13Ax7BdMouISy7ucGMsZvWAxdC1OWgOkVI4sl3bRMSCOl7UmRjtjvioIlpnJhJxOGA/O7V5H/9bo5Rge9QqRZjpDyr0VRLikqWuVFQ6GBoxxawLgW9q+UD5hmHG2qdRuC99vyX3C50/L2Wrtnu82j43EcNbJONsgW8cg+OSKnpE06hJM78kCeyLNz7zw6L87b1+iEM9askR/lfHwCBOmlKA==</latexit>(
Rcloud

Rcore

)
! 1

<latexit sha1_base64="T0wKj0cE3o9RyTHHKw40DU+Ucsw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQnI57ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SloXVe+qWnuoVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPJEI84</latexit>

3



<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
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FORM FACTORS of the NUCLEON

<latexit sha1_base64="e4EeS6udAOjrr38kv8qOTmxt2Co="></latexit>

Gi(q
2) = Gi(0) +

q2

π

∫ ∞

t0

dt
ImGi(t)

t(t − q2 − iε)

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="U36uH+H8TsOQFkFmjx/N/kNaSR0="></latexit>

〈r2i 〉 =
6

Gi(0)

dGi(q2)

dq2

∣∣∣
q2=0

=
6

π

∫ ∞

t0

dt

t2
Si(t)

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t
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<latexit sha1_base64="4Xj9G2I5LoiJwOenJHg1S3bw0nY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eDTuW/XnYazAF4nbknqqETbt7+GYUKzmEmggmg9cJ0UvJwo4FSweW2YaZYSOiEjNjBUkphpL18kn+MLo4Q4SpQ5EvBC/b2Rk1gX4cxkTGCsV71C/M8bZBDdejmXaQZM0uVDUSYwJLioAYdcMQpiZgihipusmI6JIhRMWTVTgrv65XXSvWq4143mY7PeuivrqKIzdI4ukYtuUAs9oDbqIIqm6Bm9ojcrt16sd+tjOVqxyp1T9AfW5w9EQ5QV</latexit>

tc

<latexit sha1_base64="DHeqIXSfw1UBTPH3ousjU36BEt0="></latexit>

〈r2i 〉 = 〈r2i 〉cloud + 〈r2i 〉core =
6

π

[∫ tc

t0

dt

t2
Si(t) +

∫ ∞

tc

dt

t2
Si(t)

]



X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

Isoscalar electric form factor
<latexit sha1_base64="2dmk3RsvtL/uoGJb0FzPHKrDbBU="></latexit>

GS
E(q2) =

1

2

[
Gp

E(q2) + Gn
E(q2)

]

Empirical : 

Simplest Vector Dominance Model: “cloud” dominated by      meson

Example 1:  ISOSCALAR ELECTRIC FORM FACTOR of the NUCLEON

Y.H. Lin, 
H.-W. Hammer, 
U.-G. Meißner 

PRL 128 (2022) 052002

<latexit sha1_base64="Nb5KUbvGJ+ZtDjJ+KCrG/aBvpak=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJCstS/4oXD4p49Yd489+YbfegrQMhw8z3kclECaPaeN63U1lb39jcqm7Xdnb39g/cw6OulqnCpIMlk6ofIU0YFaRjqGGknyiCeMRIL5reFn7vkShNpXgwWUJCjsaCjihGxkpDtx5EksU64/bKA8nJGM2GbsNrenPAVeKXpAFKtIfuVxBLnHIiDGZI64HvJSbMkTIUMzKrBakmCcJTNCYDSwXiRIf5PPwMnlolhiOp7BEGztXfGzniushnJzkyE73sFeJ/3iA1o+swpyJJDRF48dAoZdBIWDQBY6oINiyzBGFFbVaIJ0ghbGxfNVuCv/zlVdI9b/qXzYv7i0brpqyjCo7BCTgDPrgCLXAH2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP5QYlWI=</latexit>ω
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<latexit sha1_base64="CjoXgtyiClzhUGg8kli79dRqFxY="></latexit>

〈r2p〉1/2 = 0.840 ± 0.004 fm <latexit sha1_base64="IpgsCKmlqO6D+td2Bpdl5IUIh1g="></latexit>

〈r2S〉1/2 = 0.775 ± 0.011 fm<latexit sha1_base64="7bs123fc6LnQQy68208ZGf0hG9w="></latexit>

〈r2n〉 = −0.105 ± 0.006 fm2

<latexit sha1_base64="xrWEy7rGsMIRR7HKNcz7WWH+j8E=">AAACUHicbVHLSgMxFL1TX7W+qi7dBIsgCGWmFHUjFN24rGgf0BmHTJq2oZnMkGSEMvQT3XTnd7hxoWj6kGrbC+GenHtucnMSxJwpbdtvVmZtfWNzK7ud29nd2z/IHx7VVZRIQmsk4pFsBlhRzgStaaY5bcaS4jDgtBH078b1xguVikXiSQ9i6oW4K1iHEawN5ee7bhDxthqEJqUux6LLKZL+43PJlZPNEN2g1Zp4rrlYrRBzhZ8v2EV7EmgZODNQgFlU/fzIbUckCanQhGOlWo4day/FUjNizsu5iaIxJn3cpS0DBQ6p8tKJIUN0Zpg26kTSLKHRhP3bkeJQjac1yhDrnlqsjclVtVaiO9deykScaCrI9KJOwpGO0Nhd1GaSEs0HBmAimZkVkR6WmGjzBzljgrP45GVQLxWdy2L5oVyo3M7syMIJnMI5OHAFFbiHKtSAwCu8wyd8WSPrw/rOWFPpb4Zj+BeZ3A/gXral</latexit>

〈r2S〉 = 〈r2p〉+ 〈r2n〉

<latexit sha1_base64="Nb5KUbvGJ+ZtDjJ+KCrG/aBvpak=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJCstS/4oXD4p49Yd489+YbfegrQMhw8z3kclECaPaeN63U1lb39jcqm7Xdnb39g/cw6OulqnCpIMlk6ofIU0YFaRjqGGknyiCeMRIL5reFn7vkShNpXgwWUJCjsaCjihGxkpDtx5EksU64/bKA8nJGM2GbsNrenPAVeKXpAFKtIfuVxBLnHIiDGZI64HvJSbMkTIUMzKrBakmCcJTNCYDSwXiRIf5PPwMnlolhiOp7BEGztXfGzniushnJzkyE73sFeJ/3iA1o+swpyJJDRF48dAoZdBIWDQBY6oINiyzBGFFbVaIJ0ghbGxfNVuCv/zlVdI9b/qXzYv7i0brpqyjCo7BCTgDPrgCLXAH2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP5QYlWI=</latexit>ω

… based on  precision fits to form factors at both spacelike and timelike 
<latexit sha1_base64="AT5/W2R+NYhpm16sXpkrTEHkrr0=">AAAB+XicbVC7TsMwFL3hWcorwMhiUSExVUlVAWMFC2OR6ENqQ+U4TmvVcYLtVKqi/gkLAwix8ids/A1OmwFajmT56Jx75ePjJ5wp7Tjf1tr6xubWdmmnvLu3f3BoHx23VZxKQlsk5rHs+lhRzgRtaaY57SaS4sjntOOPb3O/M6FSsVg86GlCvQgPBQsZwdpIA9vu+zEP1DQyV/b0WJsN7IpTdeZAq8QtSAUKNAf2Vz+ISRpRoQnHSvVcJ9FehqVmhNNZuZ8qmmAyxkPaM1TgiCovmyefoXOjBCiMpTlCo7n6eyPDkcrDmckI65Fa9nLxP6+X6vDay5hIUk0FWTwUphzpGOU1oIBJSjSfGoKJZCYrIiMsMdGmrLIpwV3+8ipp16ruZbV+X680boo6SnAKZ3ABLlxBA+6gCS0gMIFneIU3K7NerHfrYzG6ZhU7J/AH1ucP86ST4A==</latexit>

q2

<latexit sha1_base64="kgEyrSo9Pu19cw1CLwYGAN3U6LU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx5bsA9ol5LNZtvQPJYkKyxLxX/ixYMiXv0h3vw3ZtsetHUgZJj5PjKZMGFUG8/7dkobm1vbO+Xdyt7+weGRe3zS1TJVmHSwZFL1Q6QJo4J0DDWM9BNFEA8Z6YXT28LvPRClqRT3JktIwNFY0JhiZKw0cqvDULJIZ9xe+VByMkazkVvz6t4ccJ34S1IDS7RG7tcwkjjlRBjMkNYD30tMkCNlKGZkVhmmmiQIT9GYDCwViBMd5PPwM3hulQjGUtkjDJyrvzdyxHWRz05yZCZ61SvE/7xBauKbIKciSQ0RePFQnDJoJCyagBFVBBuWWYKwojYrxBOkEDa2r4otwV/98jrpXtb9q3qj3ag120+LOsrgFJyBC+CDa9AEd6AFOgCDDDyDV/DmPDovzrvzsRgtOcsKq+APnM8fvpuV8Q==</latexit>ω

<latexit sha1_base64="R3HRgk1o1c2CeHVuN5BVT3dkOHE=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMFHVZcOOyBdsKnaFkMpk2NDMZkoxQh6Kf4saFIm79D3f+jZm2C209EHI4515ycoKUM6Ud59sqrayurW+UNytb2zu7e/b+QUeJTBLaJoILeRdgRTlLaFszzeldKimOA067wei68Lv3VComkls9Tqkf40HCIkawNlLfPvICwUM1js2Ve3IovJRN+nbVqTlToGXizkkV5mj27S8vFCSLaaIJx0r1XCfVfo6lZoTTScXLFE0xGeEB7Rma4JgqP5+mn6BTo4QoEtKcRKOp+nsjx7EqAprJGOuhWvQK8T+vl+noys9ZkmaaJmT2UJRxpAUqqkAhk5RoPjYEE8lMVkSGWGKiTWEVU4K7+OVl0jmvuRe1eqtebbSeZnWU4RhO4AxcuIQG3EAT2kDgAZ7hFd6sR+vFerc+ZqMla17hIfyB9fkDnR+WcA==</latexit>ρπ

<latexit sha1_base64="Bs7MbmcNBq+/uCBE8r9Gjhe5W80=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjoi4Lbly2YB/QGUomk2lDM5MhyShlLPgjblwo4tYvceffmGm70NYDIYdz7iUnJ0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPO0pkktA2EVzIXoAV5Syhbc00p71UUhwHnHaD8U3hd++pVEwkd3qSUj/Gw4RFjGBtpIFd9QLBQzWJzZV76YhNB3bNqTszoFXiLkgNFmgO7C8vFCSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP59Fn6JTo4QoEtKcRKOZ+nsjx7Eq0pnJGOuRWvYK8T+vn+no2s9ZkmaaJmT+UJRxpAUqekAhk5RoPjEEE8lMVkRGWGKiTVsVU4K7/OVV0jmvu5f1i9ZFrdF6mtdRhmM4gTNw4QoacAtNaAOBB3iGV3izHq0X6936mI+WrEWFR/AH1ucPNpyVFQ==</latexit>

φ

<latexit sha1_base64="vQuCZLvf6t+Eqa8RCrkmUcb/tFU=">AAAB/nicbVDNS8MwHE3n15xfVfHkJTgET6OVoR4HXoRdNnAfsJaRpukWliYlSYVRCvtXvHhQxKt/hzf/G9NtB918EPJ47/cjLy9IGFXacb6t0sbm1vZOebeyt39weGQfn3SVSCUmHSyYkP0AKcIoJx1NNSP9RBIUB4z0gsl94feeiFRU8Ec9TYgfoxGnEcVIG2lon3mBYKGaxubKml6AZNbM86FddWrOHHCduEtSBUu0hvaXFwqcxoRrzJBSA9dJtJ8hqSlmJK94qSIJwhM0IgNDOYqJ8rN5/BxeGiWEkZDmcA3n6u+NDMWqSGgmY6THatUrxP+8QaqjOz+jPEk14XjxUJQyqAUsuoAhlQRrNjUEYUlNVojHSCKsTWMVU4K7+uV10r2uuTe1ertebbRnizrK4BxcgCvgglvQAA+gBToAgww8g1fwZs2sF+vd+liMlqxlhafgD6zPHzIBlr8=</latexit>

KK̄

<latexit sha1_base64="ahA4Yac2M0hxatoXs3W7lKiYLEU=">AAACC3icbVDLSsNAFJ34rPUVdekmtAgVpCRS1GVBEN21aB/Q1DKZTtqhk0mYuRFLKLh046+4caGIW3/AnX/jpO1CWw9c7uGcO8y9x4s4U2Db38bC4tLyympmLbu+sbm1be7s1lUYS0JrJOShbHpYUc4ErQEDTpuRpDjwOG14g/PUb9xRqVgobmAY0XaAe4L5jGDQUsfMuUDvwfOTq2DkHrleyLtqGOiWXHTY7XUBDkcdM28X7TGseeJMSR5NUemYX243JHFABRCOlWo5dgTtBEtghNNR1o0VjTAZ4B5taSpwQFU7Gd8ysg600rX8UOoSYI3V3y8SHKh0Qz0ZYOirWS8V//NaMfhn7YSJKAYqyOQjP+YWhFYajNVlkhLgQ00wkUzvapE+lpiAji+rQ3BmT54n9eOic1IsVUv5cvVhEkcG7aMcKiAHnaIyukQVVEMEPaJn9IrejCfjxXg3PiajC8 Y0wj30B8bnD3jPm8U=</latexit>

ImFS
i (t)

<latexit sha1_base64="LEYgur0kSOG74YnLVy45nK3tg5M=">AAAB9XicbZBLSwMxFIXv1Fetr6pLN8EiuCozIuqy4MZlC/YBbS2ZTKYNzWSG5I5ahoI/w40LRdz6X9z5b0wfC209EPg454bcHD+RwqDrfju5ldW19Y38ZmFre2d3r7h/0DBxqhmvs1jGuuVTw6VQvI4CJW8lmtPIl7zpD68nefOeayNidYujhHcj2lciFIyite46yB/RDzMm4zQY94olt+xORZbBm0MJ5qr2il+dIGZpxBUySY1pe26C3YxqFEzycaGTGp5QNqR93raoaMRNN5tuPSYn1glIGGt7FJKp+/tGRiNjRpFvJyOKA7OYTcz/snaK4VU3EypJkSs2eyhMJcGYTCoggdCcoRxZoEwLuythA6opQ1tUwZbgLX55GRpnZe+ifF47L1VqT7M68nAEx3AKHlxCBW6gCnVgoOEZXuHNeXBenHfnYzaac+YVHsIfOZ8/cKyTlg==</latexit>

cloud <latexit sha1_base64="HcrPY8j9rQTiZOtUTH/CbAhxWxU=">AAAB9HicbZBLSwMxFIUz9VXrq+rSTbAIrsqMiLosuHHZgn1AO5RMeqcNzUzG5E6xDAX/hRsXirj1x7jz35g+Ftp6IPBxzg25OUEihUHX/XZya+sbm1v57cLO7t7+QfHwqGFUqjnUuZJKtwJmQIoY6ihQQivRwKJAQjMY3k7z5gi0ESq+x3ECfsT6sQgFZ2gtv4PwiEGYcaVh0i2W3LI7E10FbwElslC1W/zq9BRPI4iRS2ZM23MT9DOmUXAJk0InNZAwPmR9aFuMWQTGz2ZLT+iZdXo0VNqeGOnM/X0jY5Ex4yiwkxHDgVnOpuZ/WTvF8MbPRJykCDGfPxSmkqKi0wZoT2jgKMcWGNfC7kr5gGnG0fZUsCV4y19ehcZF2bsqX9YuS5Xa07yOPDkhp+SceOSaVMgdqZI64eSBPJNX8uaMnBfn3fmYj+acRYXH5I+czx+fbZMe</latexit>core

<latexit sha1_base64="Chhk34P9+hHzIpnKcpy2argfyII=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMImQhDA7mU3GzM4sM71CWAJ+ghcPinj1f7z5N04eB00saCiquunuChMpLPr+t5dbW9/Y3MpvF3Z29/YPiodHTatTw3iDaanNfUgtl0LxBgqU/D4xnMah5K1wdDP1W4/cWKHVHY4T3o3pQIlIMIpOanbCKMNJr1jyy/4MZJUEC1KCBWq94lenr1kac4VMUmvbgZ9gN6MGBZN8UuiklieUjeiAtx1VNOa2m82unZAzp/RJpI0rhWSm/p7IaGztOA5dZ0xxaJe9qfif104xuu5mQiUpcsXmi6JUEtRk+jrpC8MZyrEjlBnhbiVsSA1l6AIquBCC5ZdXSfOiHFyWK/VKqVp/mseRhxM4hXMI4AqqcAs1aACDB3iGV3jztPfivXsf89act4jwGP7A+/wB/r6P3g==</latexit>

t

<latexit sha1_base64="C7BlkTpX3UexowQR/LUrvgVbCTM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMA9IljA7mU2GzM5uZnqFsAT8Bi8eFPHq73jzb5w8DppY0FBUddPdFSRSGHTdbye3sbm1vZPfLeztHxweFY9PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0d3Mbz1ybUSsHnCScD+iAyVCwShaqd0NwgynPdYrltyyOwdZJ96SlGCJWq/41e3HLI24QiapMR3PTdDPqEbBJJ8WuqnhCWUjOuAdSxWNuPGz+b1TcmGVPgljbUshmau/JzIaGTOJAtsZURyaVW8m/ud1Ugxv/UyoJEWu2GJRmEqCMZk9T/pCc4ZyYgllWthbCRtSTRnaiAo2BG/15XXSvCp71+VKvVKq1p8WceThDM7hEjy4gSrcQw0awEDCM7zCmzN2Xpx352PRmnOWEZ7CHzifP3RBkLQ=</latexit>

tc

Detailed analysis using  
best-fit spectral functions :

<latexit sha1_base64="B1Gz3JuykDkiy77YqsB/FnWLtxM="></latexit>

〈r2S〉1/2core # 0.47 fm

<latexit sha1_base64="3WQHdz04rb2Fa8TUm2z5xvr3if0="></latexit>

〈r2S〉1/2core ≡ 〈r2B〉1/2 = 0.50 ± 0.01 fm

<latexit sha1_base64="EFxxicmLiG+p1VUAEfSH4Umw7gs=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREirosiqi7ivYBTQyT6aQdOnkwMxFKyNKNv+LGhSJu/QR3/o2TNgttPTDM4Zx7ufceN2JUSMP41gpz8wuLS8Xl0srq2vqGvrnVEmHMMWnikIW84yJBGA1IU1LJSCfiBPkuI213eJ757QfCBQ2DOzmKiO2jfkA9ipFUkqPvJpbrwWs/tQ4tN2Q9MfLVl1w6F/e3FXmQOnrZqBpjwFli5qQMcjQc/cvqhTj2SSAxQ0J0TSOSdoK4pJiRtGTFgkQID1GfdBUNkE+EnYwPSeG+UnrQC7l6gYRj9XdHgnyRbagqfSQHYtrLxP+8biy9UzuhQRRLEuDJIC9mUIYwSwX2KCdYspEiCHOqdoV4gDjCUmVXUiGY0yfPktZR1Tyu1m5q5fpZHkcR7IA9UAEmOAF1cAUaoAkweATP4BW8aU/ai/aufUxKC1resw3+QPv8AfgqmVA=</latexit> Im
G

S E
(t
)

<latexit sha1_base64="aEuV0LG3+YshpMCAse9mtmA417E="></latexit>

〈r2S〉 ! 〈r2S〉core +
6

m2
ω

N. Kaiser,  W. W.  
Phys. Rev. 

C110 (2024) 015202



X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="3jcgFTBXsjQxrIa75sflT94kv/U=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UgVBgrWBiLRB9SG1WO47RWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEgloW0iuJA9HyvKWUzbmmlOe4mkOPI57fqTm9zvPlCpmIjv9TShXoRHMQsZwdpIQ7s68AUP1DQyVzaQYzEb2jWn7syBVolbkBoUaA3tr0EgSBrRWBOOleq7TqK9DEvNCKezyiBVNMFkgke0b2iMI6q8bB59hk6NEqBQSHNijebq740MRypPZyYjrMdq2cvF/7x+qsMrL2Nxkmoak8VDYcqRFijvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5AxjplJA=</latexit>ρ

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

ππ cloud

<latexit sha1_base64="MVHI3qVuuN+79/3vkvxkjxACoD0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURqS6LblxWsA9IQ5hMJu3QSSbMQyihuPFX3LhQxK1f4c6/cdJmoa0Hhjmccy/33hNmjErlON9WZWV1bX2julnb2t7Z3bP3D7qSa4FJB3PGRT9EkjCako6iipF+JghKQkZ64fim8HsPREjK03s1yYifoGFKY4qRMlJgHw1CziI5ScyXe1pHfpBjLsh0Gth1p+HMAJeJW5I6KNEO7K9BxLFOSKowQ1J6rpMpP0dCUczItDbQkmQIj9GQeIamKCHSz2cnTOGpUSIYc2FequBM/d2Ro0QWW5rKBKmRXPQK8T/P0yq+8nOaZlqRFM8HxZpBxWGRB4yoIFixiSEIC2p2hXiEBMLKpFYzIbiLJy+T7nnDbTaadxf11nUZRxUcgxNwBlxwCVrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDpg6YQQ==</latexit>

[uud]core
<latexit sha1_base64="tF0Ee+SURnclX1Q1MzE7GgafZPY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURqS6LblxWsA9IQ5hMJu3QyUyYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nvClFGlHefbqqysrq1vVDdrW9s7u3v2/kF XiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxzfFH7vgUhFBb/Xk5T4CRpyGlOMtJEC+2gQChapSWK+3MuiyA9yLCSZTgO77jScGeAycUtSByXagf01iATOEsI1Zkgpz3VS7edIaooZmdYGmSIpwmM0JJ6hHCVE+fnshCk8NUoEYyHN4xrO1N8dOUpUsaWpTJAeqUWvEP/zvEzHV35OeZppwvF8UJwxqAUs8oARlQRrNjEEYUnNrhCPkERYm9RqJgR38eRl0j1vuM1G8+6i3rou46iCY3ACzoALLkEL3II26AAMHsEzeAVv1pP1Yr1bH/PSilX2HII/sD5/AIugmDA=</latexit>

[udd]core

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t<latexit sha1_base64="o0LZMuZ7/Yl85Lfo9E7SxHF8X9E=">AAAB/3icbVDNS8MwHE39nPOrKnjxEhyCp9GOMT0OvXic4D5gqyVN0y0sSUuSCqPu4L/ixYMiXv03vPnfmG496OaDkMd7vx95eUHCqNKO822trK6tb2yWtsrbO7t7+/bBYUfFqcSkjWMWy16AFGFUkLammpFeIgniASPdYHyd+90HIhWNxZ2eJMTjaChoRDHSRvLt40EQs1BNuLmyOuT+IKH3talvV5yqMwNcJm5BKqBAy7e/BmGMU06Exgwp1XedRHsZkppiRqblQapIgvAYDUnfUIE4UV42yz+FZ0YJYRRLc4SGM/X3Roa4yiOaSY70SC16ufif1091dOllVCSpJgLPH4pSBnUM8zJgSCXBmk0MQVhSkxXiEZIIa1NZ2ZTgLn55mXRqVbdRbdzWK82roo4SOAGn4By44AI0wQ1ogTbA4BE8g1fwZj1ZL9a79TEfXbGKnSPwB9bnD9rJlgI=</latexit>

4m2
π

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

ππ cloud

<latexit sha1_base64="3jcgFTBXsjQxrIa75sflT94kv/U=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UgVBgrWBiLRB9SG1WO47RWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEgloW0iuJA9HyvKWUzbmmlOe4mkOPI57fqTm9zvPlCpmIjv9TShXoRHMQsZwdpIQ7s68AUP1DQyVzaQYzEb2jWn7syBVolbkBoUaA3tr0EgSBrRWBOOleq7TqK9DEvNCKezyiBVNMFkgke0b2iMI6q8bB59hk6NEqBQSHNijebq740MRypPZyYjrMdq2cvF/7x+qsMrL2Nxkmoak8VDYcqRFijvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5AxjplJA=</latexit>ρ

<latexit sha1_base64="IIL2bESIRnrMskyS/Etx/BRXlB0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahgpREpLosiqi7CvYBTQyTyaQdOnkwMxFKyNKNv+LGhSJu/QR3/o2TNgutHhjmcM693HuPGzMqpGF8aaW5+YXFpfJyZWV1bX1D39zqiCjhmLRxxCLec5EgjIakLalkpBdzggKXka47Os/97j3hgkbhrRzHxA7QIKQ+xUgqydF3U8v14XWQWYeWGzFPjAP1pZfOxV2nJg8yR68adWMC+JeYBamCAi1H/7S8CCcBCSVmSIi+acTSThGXFDOSVaxEkBjhERqQvqIhCoiw08khGdxXigf9iKsXSjhRf3akKBD5hqoyQHIoZr1c/M/rJ9I/tVMaxokkIZ4O8hMGZQTzVKBHOcGSjRVBmFO1K8RDxBGWKruKCsGcPfkv6RzVzUa9cXNcbZ4VcZTBDtgDNWCCE9AEV6AF2gCDB/AEXsCr9qg9a2/a+7S0pBU92+AXtI9v/WaZVQ==</latexit> Im
G

V E
(t
)

<latexit sha1_base64="EjzzIy5nqG5DwOsrnykGCFGQM1w=">AAAB/nicbVDNS8MwHE3n15xfVfHkJTgUD2O0ItPj0IvHCe4D1jLSNN3C0qQkqTDKwH/FiwdFvPp3ePO/Md160M0HIY/3fj/y8oKEUaUd59sqrayurW+UNytb2zu7e/b+QUeJVGLSxoIJ2QuQIoxy0tZUM9JLJEFxwEg3GN/mfveRSEUFf9CThPgxGnIaUYy0kQb2kRcIFqpJbK4s8WremVfj04FdderODHCZuAWpggKtgf3lhQKnMeEaM6RU33US7WdIaooZmVa8VJEE4TEakr6hHMVE+dks/hSeGiWEkZDmcA1n6u+NDMUqT2gmY6RHatHLxf+8fqqjaz+jPEk14Xj+UJQyqAXMu4AhlQRrNjEEYUlNVohHSCKsTWMVU4K7+OVl0rmou4164/6y2rwp6iiDY3ACzoELrkAT3IEWaAMMMvAMXsGb9WS9WO/Wx3y0ZBU7h+APrM8f/LmVgw==</latexit>

p&n
<latexit sha1_base64="0CgIGzDR6OiQP4oG2MtVSNfOfqc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7AekoWy2k3bpJht2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51jMo0hzZXUuleyAxIkUAbBUropRpYHErohpPbud99BG2ESh5wmkIQs1EiIsEZWsnP+2FEudJgZoNqza27C9C/xCtIjRRoDaqf/aHiWQwJcsmM8T03xSBnGgWXMKv0MwMp4xM2At/ShMVggnxx8oyeWWVII6VtJUgX6s+JnMXGTOPQdsYMx2bVm4v/eX6G0XWQiyTNEBK+XBRlkqKi8//pUGjgKKeWMK6FvZXyMdOMo02pYkPwVl/+SzoXda9Rb9xf1po3RRxlckJOyTnxyBVpkjvSIm3CiSJP5IW8Oug8O2/O+7K15BQzx+QXnI9vT+eRSw==</latexit>cores

<latexit sha1_base64="CbpNH/kB2oCarQEFnOLKZIishKw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWy2k3bpZhN2N0IJ/RtePCji1T/jzX/jts1Bqw8GHu/NMDMvTAXXxnW/nNLa+sbmVnm7srO7t39QPTzq6CRTDNssEYnqhVSj4BLbhhuBvVQhjUOB3XByO/e7j6g0T+SDmaYYxHQkecQZNVbycz+MCKOSoZgNqjW37i5A/hKvIDUo0BpUP/1hwrIYpWGCat333NQEOVWGM4Gzip9pTCmb0BH2LZU0Rh3ki5tn5MwqQxIlypY0ZKH+nMhprPU0Dm1nTM1Yr3pz8T+vn5noOsi5TDODki0XRZkgJiHzAMiQK2RGTC2hTHF7K2FjqigzNqaKDcFbffkv6VzUvUa9cX9Za94UcZThBE7hHDy4gibcQQvawCCFJ3iBVydznp03533ZWnKKmWP4BefjG+jWkZ8=</latexit>

cancel

48

Example 1I:  ISOVECTOR ELECTRIC FORM FACTOR of the NUCLEON

Isovector electric form factor
<latexit sha1_base64="mfV1lnAKvW2eqIHx3EL4yxhHcjM="></latexit>

GV
E (q2) =

1

2

[
Gp

E(q2) − Gn
E(q2)

] <latexit sha1_base64="H5TZlUEy6dbENhZe6qwetq3V/AQ=">AAACOHicbZDLSgMxFIYz9VbrbdSlm2AR3FhmilQ3QtGNOyvYC3RqyWQybWgmGZKMUIY+lhsfw524caGIW5/A9IKtrQdC/nznnCTn92NGlXacFyuztLyyupZdz21sbm3v2Lt7NSUSiUkVCyZkw0eKMMpJVVPNSCOWBEU+I3W/dzXM1x+IVFTwO92PSStCHU5DipE2qG3feL5ggepHZks9hniHESjbtfuiJ8eHCzjF8RSfzGD+iwdtO+8UnFHAReFORB5MotK2n71A4CQiXGOGlGq6TqxbKZKaYnNfzksUiRHuoQ5pGslRRFQrHQ0+gEeGBDAU0iyu4YjOdqQoUsPZTGWEdFfN54bwv1wz0eF5K6U8TjThePxQmDCoBRy6CAMqCdasbwTCkpq/QtxFEmFtvM4ZE9z5kRdFrVhwS4XS7Wm+fDmxIwsOwCE4Bi44A2VwDSqgCjB4BK/gHXxYT9ab9Wl9jUsz1qRnH/wJ6/sHpA6s5A==</latexit>

〈r2V 〉 = 〈r2p〉 − 〈r2n〉

Empirical : 
<latexit sha1_base64="I2xKsqFtRVKpWlL5dmfoPALhT4c="></latexit>

〈r2V 〉1/2 = 0.901 ± 0.009 fm Y.H. Lin,  H.-W. Hammer,  U.-G. Meißner    PRL 128 (2022) 052002

… clue and test case :  in the limit of exact isospin symmetry,  
contributions from proton and neutron valence quark cores CANCEL

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="3jcgFTBXsjQxrIa75sflT94kv/U=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UgVBgrWBiLRB9SG1WO47RWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEgloW0iuJA9HyvKWUzbmmlOe4mkOPI57fqTm9zvPlCpmIjv9TShXoRHMQsZwdpIQ7s68AUP1DQyVzaQYzEb2jWn7syBVolbkBoUaA3tr0EgSBrRWBOOleq7TqK9DEvNCKezyiBVNMFkgke0b2iMI6q8bB59hk6NEqBQSHNijebq740MRypPZyYjrMdq2cvF/7x+qsMrL2Nxkmoak8VDYcqRFijvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5AxjplJA=</latexit>ρ

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

ππ cloud

<latexit sha1_base64="MVHI3qVuuN+79/3vkvxkjxACoD0=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURqS6LblxWsA9IQ5hMJu3QSSbMQyihuPFX3LhQxK1f4c6/cdJmoa0Hhjmccy/33hNmjErlON9WZWV1bX2julnb2t7Z3bP3D7qSa4FJB3PGRT9EkjCako6iipF+JghKQkZ64fim8HsPREjK03s1yYifoGFKY4qRMlJgHw1CziI5ScyXe1pHfpBjLsh0Gth1p+HMAJeJW5I6KNEO7K9BxLFOSKowQ1J6rpMpP0dCUczItDbQkmQIj9GQeIamKCHSz2cnTOGpUSIYc2FequBM/d2Ro0QWW5rKBKmRXPQK8T/P0yq+8nOaZlqRFM8HxZpBxWGRB4yoIFixiSEIC2p2hXiEBMLKpFYzIbiLJy+T7nnDbTaadxf11nUZRxUcgxNwBlxwCVrgFrRBB2DwCJ7BK3iznqwX6936mJdWrLLnEPyB9fkDpg6YQQ==</latexit>

[uud]core
<latexit sha1_base64="tF0Ee+SURnclX1Q1MzE7GgafZPY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyURqS6LblxWsA9IQ5hMJu3QyUyYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxzfFH7vgUhFBb/Xk5T4CRpyGlOMtJEC+2gQChapSWK+3MuiyA9yLCSZTgO77jScGeAycUtSByXagf01iATOEsI1Zkgpz3VS7edIaooZmdYGmSIpwmM0JJ6hHCVE+fnshCk8NUoEYyHN4xrO1N8dOUpUsaWpTJAeqUWvEP/zvEzHV35OeZppwvF8UJwxqAUs8oARlQRrNjEEYUnNrhCPkERYm9RqJgR38eRl0j1vuM1G8+6i3rou46iCY3ACzoALLkEL3II26AAMHsEzeAVv1pP1Yr1bH/PSilX2HII/sD5/AIugmDA=</latexit>

[udd]core

Detailed analysis  
using best-fit  
spectral functions :

<latexit sha1_base64="7pKgAQERDqS4ZaFPl+H4SQUhC6Q="></latexit>

〈r2V 〉core = 〈r2p〉core − 〈r2n〉core = −0.025 fm2

PHYSIK
DEPARTMENT

Isovector charge radius almost entirely determined by two-pion cloud

… almost vanishing
N. Kaiser,  W. W.  

Phys. Rev. 
C110 (2024) 015202



(from       scattering and (from       capture and  
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Axial form factor 

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t

<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="oiq2j3BE7yrwCZUVvxem1QdcX+c=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlfWmQ6qNbfuzoCWiVeQGhRoDqpf/VCSNKbCEI617nluYvwMK8MIp9NKP9U0wWSMh7RnqcAx1X42Sz1FJ1YJUSSVPcKgmfp7I8OxzqPZyRibkV70cvE/r5ea6MrPmEhSQwWZPxSlHBmJ8gpQyBQlhk8swUQxmxWREVaYGFtUxZbgLX55mbTP6t5F/fzuvNa4LuoowxEcwyl4cAkNuIUmtICAgmd4hTfnyXlx3p2P+WjJKXYO4Q+czx8kFZLx</latexit>

W

<latexit sha1_base64="EMzZGwJtY7oVIh0YKPvwwmAZe6E=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktleWTAfVmlt3Z0DLxCtIDQo0B9WvfihJGlNhCMda9zw3MX6GlWGE02mln2qaYDLGQ9qzVOCYaj+bpZ6iE6uEKJLKHmHQTP29keFY59HsZIzNSC96ufif10tNdOVnTCSpoYLMH4pSjoxEeQUoZIoSwyeWYKKYzYrICCtMjC2qYkvwFr+8TNpnde+ifn53XmtcF3WU4QiO4RQ8uIQG3EITWkBAwTO8wpvz5Lw4787HfLTkFDuH8AfO5w9KEpMK</latexit>p

<latexit sha1_base64="Q0ZmnSX1aSGJZnM84hs+bjmwq6Q=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlcmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdHCJMI</latexit>n

<latexit sha1_base64="ocEtO9tSYqWHJzx95LfjNXjZ3OY=">AAAB+3icbVA7T8MwGHR4lvIKZWSJqJBYqBJUAWMFC2OR6ENqQuU4TmvVj8h2EFWUv8LCAEKs/BE2/g1OmwFaTrJ8uvs++XxhQonSrvttrayurW9sVraq2zu7e/v2Qa2rRCoR7iBBheyHUGFKOO5ooinuJxJDFlLcCyc3hd97xFIRwe/1NMEBgyNOYoKgNtLQrvmhoJGaMnNlPksfzvKhXXcb7gzOMvFKUgcl2kP7y48EShnmGlGo1MBzEx1kUGqCKM6rfqpwAtEEjvDAUA4ZVkE2y547J0aJnFhIc7h2ZurvjQwyVcQzkwzqsVr0CvE/b5Dq+CrICE9SjTmaPxSn1NHCKYpwIiIx0nRqCESSmKwOGkMJkTZ1VU0J3uKXl0n3vOFdNJp3zXrruqyjAo7AMTgFHrgELXAL2qADEHgCz+AVvFm59WK9Wx/z0RWr3DkEf2B9/gB6yZS8</latexit>

µ−

<latexit sha1_base64="asx9tYT27MUDnAl6RUctkhtcnb8=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWpCVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrkoyiUkHJyyR/RApwqggHU01I/1UEsRDRnrh+Kbwew9EKpqIez1Jic/RUNCYYqSNFNhHXpiwSE24uXJPZIHHs2lg152GMwNcJm5J6qBEO7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwVCBOlJ/P0k/hqVEiGCfSHKHhTP29kSOuioBmkiM9UoteIf7nDTIdX/k5FWmmicDzh+KMQZ3AogoYUUmwZhNDEJbUZIV4hCTC2hRWMyW4i19eJt3zhnvRaN41663rso4qOAYn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB3WTleM=</latexit>νµ

Empirical : 

<latexit sha1_base64="7X3bKhZKElO9g78lDT78qvAI6Cs="></latexit>

GA(q2) = gA

[
1 +

1

6
〈r2A〉q2 + . . .

]
R.J. Hill,  P. Kammel,  W.C. Marciano,  A. Sirlin

Rep. Prog. Phys. 81 (2018) 096301

PHYSIK
DEPARTMENT

Example I1I:  ISOVECTOR AXIAL FORM FACTOR of the NUCLEON

<latexit sha1_base64="KmqP6Pzy36sNQ6bNyGPMW/t7AC0=">AAAB+3icbVBLSwMxGMzWV62vtR69BIvgqeyKqMeiF48V7AO6S8lms21oHkuSFcvSv+LFgyJe/SPe/Ddm2z1o60DIMPN9ZDJRyqg2nvftVNbWNza3qtu1nd29/QP3sN7VMlOYdLBkUvUjpAmjgnQMNYz0U0UQjxjpRZPbwu89EqWpFA9mmpKQo5GgCcXIWGno1oNIslhPub3ygGcwnQ3dhtf05oCrxC9JA5RoD92vIJY440QYzJDWA99LTZgjZShmZFYLMk1ShCdoRAaWCsSJDvN59hk8tUoME6nsEQbO1d8bOeK6iGcnOTJjvewV4n/eIDPJdZhTkWaGCLx4KMkYNBIWRcCYKoINm1qCsKI2K8RjpBA2tq6aLcFf/vIq6Z43/cvmxf1Fo3VT1lEFx+AEnAEfXIEWuANt0AEYPIFn8ArenJnz4rw7H4vRilPuHIE/cD5/AIIklME=</latexit>µp
<latexit sha1_base64="ngbUGLo048hkjXSgcfxlScE5kkk=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+piSrHcVqrjhPZDqKK+issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4YnsB1hRzgTtaKY57aeS4jjgtBdMbgu/90ilYol40NOU+jEeCRYxgrWRhnbdCxIeqmlsrtwTGQpnQ7vhNJ050CpxS9KAEu2h/eWFCcliKjThWKmB66Taz7HUjHA6q3mZoikmEzyiA0MFjqny83n2GTo1SoiiRJojNJqrvzdyHKsinpmMsR6rZa8Q//MGmY6u/ZyJNNNUkMVDUcaRTlBRBAqZpETzqSGYSGayIjLGEhNt6qqZEtzlL6+S7nnTvWxe3F80WjdlHVU4hhM4AxeuoAV30IYOEHiCZ3iFN2tmvVjv1sditGKVO0fwB9bnD3FwlLY=</latexit>

νd

scattering analysis)  

<latexit sha1_base64="O5XfN8vKEthksXafjpw7/Cy29lI="></latexit>

〈r2A〉 = 0.46 ± 0.16 fm2
<latexit sha1_base64="mXBKcnE/k2/tC/d7RfazMQBUwE4="></latexit>

〈r2A〉 = 0.454 ± 0.013 fm2

dipole fits) 
<latexit sha1_base64="1sedhICwQTEtWMQyv2fLwc/LLrA=">AAACEXicbVDLSgMxFM3UV62vUZdugkUoKGVGirosunFZwT6gM5ZMJm1DM8mQZJQy9Bfc+CtuXCji1p07/8ZMOwttPRByOOde7r0niBlV2nG+rcLS8srqWnG9tLG5tb1j7+61lEgkJk0smJCdACnCKCdNTTUjnVgSFAWMtIPRVea374lUVPBbPY6JH6EBp32KkTZSz654gWChGkfmS4l3AmNP0sFQIynFA8wE7sX07njSs8tO1ZkCLhI3J2WQo9Gzv7xQ4CQiXGOGlOq6Tqz9FElNMSOTkpcoEiM8QgPSNZSjiCg/nV40gUdGCWFfSPO4hlP1d0eKIpUtbSojpIdq3svE/7xuovsXfkp5nGjC8WxQP2FQC5jFA0MqCdZsbAjCkppdIR4iibA2IZZMCO78yYukdVp1z6q1m1q5fpnHUQQH4BBUgAvOQR1cgwZoAgwewTN4BW/Wk/VivVsfs9KClffsgz+wPn8ASKSdSg==</latexit>

e p → e nπ+ <latexit sha1_base64="ngbUGLo048hkjXSgcfxlScE5kkk=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+piSrHcVqrjhPZDqKK+issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APqx3VZJJQjsk4YnsB1hRzgTtaKY57aeS4jjgtBdMbgu/90ilYol40NOU+jEeCRYxgrWRhnbdCxIeqmlsrtwTGQpnQ7vhNJ050CpxS9KAEu2h/eWFCcliKjThWKmB66Taz7HUjHA6q3mZoikmEzyiA0MFjqny83n2GTo1SoiiRJojNJqrvzdyHKsinpmMsR6rZa8Q//MGmY6u/ZyJNNNUkMVDUcaRTlBRBAqZpETzqSGYSGayIjLGEhNt6qqZEtzlL6+S7nnTvWxe3F80WjdlHVU4hhM4AxeuoAV30IYOEHiCZ3iFN2tmvVjv1sditGKVO0fwB9bnD3FwlLY=</latexit>

νd

Detailed analysis using three-pion spectrum dominated by broad       meson :<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="+WDNVvugYAd0Y7mYqKsY504SW4o="></latexit>

〈r2A〉 = 〈r2A〉core +
6

m2
a

(1 + δa)

4

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

<latexit sha1_base64="GTA9Hr6EfYF+rAu1v/kqlJWLhP0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIgtSE2kqBuh6ELdVbQPaEKYTKbt0MmDmYlQQj/Bjb/ixoUibl2682+cpFlo64Hhnjn3Xu69x40YFdIwvrW5+YXFpeXCSnF1bX1jU9/abokw5pg0cchC3nGRIIwGpCmpZKQTcYJ8l5G2O7xM8+0HwgUNg3s5iojto35AexQjqSRHP7DckHli5KuQ3Dm0LCvwHN741uFV9jlKg1EZO3rJqBoZ4Cwxc1ICORqO/mV5IY59EkjMkBBd04iknSAuKWZkXLRiQSKEh6hPuooGyCfCTrKDxnBfKR7shVy9QMJM/d2RIF+kO6tKH8mBmM6l4n+5bix7Z3ZCgyiWJMCTQb2YQRnC1B3oUU6wZCNFEOZU7QrxAHGEpfKwqEwwp0+eJa3jqnlSrd3WSvWL3I4C2AV7oAxMcArq4Bo0QBNg8AiewSt40560F+1d+5iUzml5zw74A+3zB37DmvM=</latexit>

Si(t) = ImGi(t)/Gi(0)

<latexit sha1_base64="Wxf8zeEl6SeRtDktoFtKIfJo45w=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6rLoxmUF+4A2hMlk0g6dTMLMTaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIBVcg+N8W5WNza3tnepubW//4PDIPj7p6iRTlHVoIhLVD4hmgkvWAQ6C9VPFSBwI1gsm94XfmzKleSKfYJYyLyYjySNOCRjJt+1hkIhQz2Jz5eA7c9+uOw1nAbxO3JLUUYm2b38Nw4RmMZNABdF64DopeDlRwKlg89ow0ywldEJGbGCoJDHTXr5IPscXRglxlChzJOCF+nsjJ7EuwpnJmMBYr3qF+J83yCC69XIu0wyYpMuHokxgSHBRAw65YhTEzBBCFTdZMR0TRSiYsmqmBHf1y+uke9VwrxvNx2a9dVfWUUVn6BxdIhfdoBZ6QG3UQRRN0TN6RW9Wbr1Y79bHcrRilTun6A+szx/2tZPi</latexit>

t0

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud
<latexit sha1_base64="dWSL3Gpe9jHxCOSPPeO7FQQ6Qx8=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktldmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdQJpMO</latexit>

t

<latexit sha1_base64="EYJF8/4hb6z03Hznn3kl3PovVHs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXRjcsK9gFtCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cIOVMacf5tiobm1vbO9Xd2t7+weGRfXzSVUkmCe2QhCeyH2BFORO0o5nmtJ9KiuOA014wuS/83pRKxRLxpGcp9WI8EixiBGsj+bY9DBIeqllsrhz77ty3607DWQCtE7ckdSjR9u2vYZiQLKZCE46VGrhOqr0cS80Ip/PaMFM0xWSCR3RgqMAxVV6+SD5HF0YJUZRIc4RGC/X3Ro5jVYQzkzHWY7XqFeJ/3iDT0a2XM5FmmgqyfCjKONIJKmpAIZOUaD4zBBPJTFZExlhiok1ZNVOCu/rlddK9arjXjeZjs966K+uowhmcwyW4cAMteIA2dIDAFJ7hFd6s3Hqx3q2P5WjFKndO4Q+szx/bNZPQ</latexit>a1
<latexit sha1_base64="oiq2j3BE7yrwCZUVvxem1QdcX+c=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlfWmQ6qNbfuzoCWiVeQGhRoDqpf/VCSNKbCEI617nluYvwMK8MIp9NKP9U0wWSMh7RnqcAx1X42Sz1FJ1YJUSSVPcKgmfp7I8OxzqPZyRibkV70cvE/r5ea6MrPmEhSQwWZPxSlHBmJ8gpQyBQlhk8swUQxmxWREVaYGFtUxZbgLX55mbTP6t5F/fzuvNa4LuoowxEcwyl4cAkNuIUmtICAgmd4hTfnyXlx3p2P+WjJKXYO4Q+czx8kFZLx</latexit>

W

<latexit sha1_base64="EMzZGwJtY7oVIh0YKPvwwmAZe6E=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktleWTAfVmlt3Z0DLxCtIDQo0B9WvfihJGlNhCMda9zw3MX6GlWGE02mln2qaYDLGQ9qzVOCYaj+bpZ6iE6uEKJLKHmHQTP29keFY59HsZIzNSC96ufif10tNdOVnTCSpoYLMH4pSjoxEeQUoZIoSwyeWYKKYzYrICCtMjC2qYkvwFr+8TNpnde+ifn53XmtcF3WU4QiO4RQ8uIQG3EITWkBAwTO8wpvz5Lw4787HfLTkFDuH8AfO5w9KEpMK</latexit>p

<latexit sha1_base64="Q0ZmnSX1aSGJZnM84hs+bjmwq6Q=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APasWQymTY0kwxJRilD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJEs60cd1vp7Syura+Ud6sbG3v7O5V9w/aWqaK0BaRXKpugDXlTNCWYYbTbqIojgNOO8H4Jvc7j1RpJsW9mSTUj/FQsIgRbKz00A8kD/UktlcmpoNqza27M6Bl4hWkBgWag+pXP5QkjakwhGOte56bGD/DyjDC6bTSTzVNMBnjIe1ZKnBMtZ/NUk/RiVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVsSV4i19eJu2zundRP787rzWuizrKcATHcAoeXEIDbqEJLSCg4Ble4c15cl6cd+djPlpyip1D+APn8wdHCJMI</latexit>n

<latexit sha1_base64="ocEtO9tSYqWHJzx95LfjNXjZ3OY=">AAAB+3icbVA7T8MwGHR4lvIKZWSJqJBYqBJUAWMFC2OR6ENqQuU4TmvVj8h2EFWUv8LCAEKs/BE2/g1OmwFaTrJ8uvs++XxhQonSrvttrayurW9sVraq2zu7e/v2Qa2rRCoR7iBBheyHUGFKOO5ooinuJxJDFlLcCyc3hd97xFIRwe/1NMEBgyNOYoKgNtLQrvmhoJGaMnNlPksfzvKhXXcb7gzOMvFKUgcl2kP7y48EShnmGlGo1MBzEx1kUGqCKM6rfqpwAtEEjvDAUA4ZVkE2y547J0aJnFhIc7h2ZurvjQwyVcQzkwzqsVr0CvE/b5Dq+CrICE9SjTmaPxSn1NHCKYpwIiIx0nRqCESSmKwOGkMJkTZ1VU0J3uKXl0n3vOFdNJp3zXrruqyjAo7AMTgFHrgELXAL2qADEHgCz+AVvFm59WK9Wx/z0RWr3DkEf2B9/gB6yZS8</latexit>

µ−

<latexit sha1_base64="asx9tYT27MUDnAl6RUctkhtcnb8=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWpCVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrkoyiUkHJyyR/RApwqggHU01I/1UEsRDRnrh+Kbwew9EKpqIez1Jic/RUNCYYqSNFNhHXpiwSE24uXJPZIHHs2lg152GMwNcJm5J6qBEO7C/vCjBGSdCY4aUGrhOqv0cSU0xI9OalymSIjxGQzIwVCBOlJ/P0k/hqVEiGCfSHKHhTP29kSOuioBmkiM9UoteIf7nDTIdX/k5FWmmicDzh+KMQZ3AogoYUUmwZhNDEJbUZIV4hCTC2hRWMyW4i19eJt3zhnvRaN41663rso4qOAYn4Ay44BK0wC1ogw7A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB3WTleM=</latexit>νµ

FIG. 3. Axial form factor of the nucleon as measured in muon cap-
ture on the proton and sketched in a ’core plus cloud’ picture. The
meson cloud is dominated by the isovector JP = 1+ three-pion
spectrum in which the a1 meson figures prominently.

GP (q2). It contains the pion pole at q2 = m2
π and behaves

in such a way that PCAC and the GT relation are fulfilled (for
details see e.g. [24]).

Determinations of 〈r2A〉 reported in [24] refer to two sources
of information: a combined dipole fit to the axial form fac-
tor extracted from νd scattering and pion electroproduction,
which gives 〈r2A〉 = 0.454 ± 0.013 fm2, and a more conser-
vative analysis of νd scattering and µp capture data, without
resorting to an assumed dipole form, which consequently in-
volves larger uncertainties: 〈r2A〉 = 0.46± 0.16 fm2. In either
of these two cases,

〈r2A〉1/2 = 0.67± 0.01 fm (24)
(from νd scattering and e−p → e−nπ+ dipole fits) ,

〈r2A〉1/2 = 0.68± 0.11 fm (25)
(from νd scattering and µp capture analysis) ,

the axial radius is evidently smaller than the proton charge
radius by about 20 %.

Writing the axial formfactor as a unsubtracted dispersion
relation,

GA(q
2) =

1

π

∫ ∞

t0

dt
ImGA(t)

t− q2 − iε
, (26)

and recalling the normalisation GA(q2 = 0) = gA, the corre-
sponding mean-squared radius is:

〈r2A〉 =
6

gA

dGA(q2)

dq2

∣∣∣
q2=0

=
6

gAπ

∫ ∞

t0

dt

t2
ImGA(t) , (27)

The isovector JP = 1+ spectrum, ImGA(t), starts at the
three-pion threshold, t0 = 9m2

π , and prominently features the
broad a1 meson resonance as sketched in Fig. 3.

Let us start again with a simple estimate using a schematic
axial vector dominance picture. It assigns the leading part
of the surface contribution to GA(q2) through the spectrum
of the a1 meson (with its large width). An approximate
scale of this ‘cloud’ part can be introduced by an a1 pole,
ImGA(t) = gAπδ(t − m2

a), with a mass ma % 1.2 GeV.
Using the empirical 〈r2A〉 one finds for the remaining ‘core’

size:

〈r2A〉1/2core =

(
〈r2A〉 −

6

m2
a

)1/2

% 0.54± 0.01 fm, (28)

if the dipole fit value (24) is taken for reference. Using (25)
instead the uncertainty in 〈r2A〉

1/2
core increases to about 25%.

A more detailed evaluation requires full account of the
broad isovector JP = 1+ three-pion spectral distribution. We
start from the ansatz:

GA(q
2) =

gA m2
a

m2
a − q2 + Σa(q2)− ima Γa(q2)

. (29)

The real self-energy correction Σa(q2), compatible with the
dispersion relation (26), is determined by a twice-subtracted
dispersion relation:

Σa(q
2) =

q2

π
(q2 −m2

a) −
∫ ∞

9m2
π

dt

t

ma Γa(t)

(t−m2
a)(t− q2)

,

(30)

where the subtractions leave gA and ma untouched. Results
from τ → πππντ decays can be used to set constraints
on the energy dependence of the a1 width, Γa(t). In the
present work we employ the widths shown in Fig. 4 taken
from [26, 27]. In the latter work [27] the a1 → ρπ → 3π
amplitude is integrated over the three-pion phase space, the
information needed in order to identify the meson-cloud sec-
tor of GA(q2). With this input the principal value integral
in (30) is performed. This is done over a limited range,
9m2

π ≤ t ≤ tu, with the upper limit chosen symmetrically
as tu = 2m2

a − 9m2
π for simple practical reasons. Taking the

derivative of (29) at q2 = 0, the a1 contribution to the squared
axial radius is given by:

〈r2A〉a1 =
6

m2
a

(1 + δa) , (31)

with the correction term

δa = −m3
a

π
−
∫ tu

9m2
π

dt
Γa(t)

t2(t−m2
a)

(32)

depending on the chosen energy-dependent a1 width.
As an example, setting ma = 1.23 GeV and using the

energy-dependent width from [27] shown by the full line in
Fig. 4, one finds δa = 0.12 and 〈r2A〉a1 = 0.173 fm2, so that

〈r2A〉1/2core % 0.53± 0.02, fm , (33)

with an estimated uncertainty based on (24) and a correspond-
ingly larger one if (25) is used. The alternative choice [26] of
the a1 width gives δa = 0.04 and a slightly larger core radius
of 0.54 fm, still consistent within the uncertainties. Variations
of ma by ± 3% and of Γa by about ± 40% as indicated by
the PDG values for the a1(1260) [28] lead to only marginal
changes well within the uncertainties in (33).

The core radius (33) deduced from the axial formfactor is
less accurately determined than the core radius (18) extracted
from the analysis of the isoscalar electric form factor. It is
nonetheless remarkable that, starting from two independent
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Axial radius significantly smaller than proton charge radius

a) b)

( based on a)  —  correspondingly larger uncertainty when using b) )
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〈r2p〉 = 0.71± 0.01 fm2
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FIG. 11. The filled red points show the measured total
cross sections obtained from Eq.(3) in fine photon energy bins.
The inner bars represent the statistical errors and outer bars
are the total errors, with the statistical and systematic errors
added in quadrature. The open blue triangles represent the
total cross sections calculated by integrating the functions
fitted to the measured differential cross sections for the three
beam energy regions, with only the statistical uncertainties
shown.

i is:

weighti =
1

L(Eγi)[nb−1]/0.045GeV
. (4)

We then fit the weighted M(e+e−) distribution to ob-
tain a luminosity-weighted number of J/ψ events in each

bin of Eγ and t, which we denote NJ/ψ
wt (Eγ , t). The en-

ergy resolution as measured by the experimental setup is
better than the 45 MeV bin size used in this procedure.

The cross sections are reported at the mean t and Eγ

values within each bin (red points in Fig. 12). Note that
for a given energy region, the mean Eγ values depend
on the t bin. Still, we attribute a common mean energy
within each energy region and treat the corresponding de-
viations of the cross section due to the energy correction
as a systematic error. In addition, generally, the cross
section averaged over the bin deviates from the cross sec-
tion at the mean Eγ and t where it is reported, espe-
cially for the bins that are wide and have non-rectangular
shapes. This deviation will also be treated as a system-
atic error.

To calculate the differential cross section, we divide
the luminosity-weighted number of J/ψ events in each
bin by the area of the bin, a(Eγ , t), and correct for the
reconstruction efficiency ε(Eγ , t):

dσ
dt (Eγ , t) =

NJ/ψ
wt (Eγ ,t) [GeV·nb]

a(Eγ ,t) [GeV·GeV2]
1

ε(Eγ ,t)
. (5)

Thus, the differential cross section will be in units of
[nb/GeV2]. The area of each bin is calculated with MC
by generating a uniform distribution over the whole rect-
angular (Eγ , t) plane in Fig. 12.

We apply the same procedure for the extraction of the
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FIG. 12. The distribution of the flux-weighted data in the
Eγ−t plane and the mean values of the reported cross sections
(solid dots) within the corresponding bins. A mass selection
of 3.05 < M(e+e−) < 3.15 GeV is used for the events in this
plot.

J/ψ yields as explained in Sec. III for the total cross sec-
tion. The efficiencies calculated from MC, εMC(Eγ , t),
are corrected by the overall normalization correction as
obtained in Sec. III, using the BH process. Thus, in
Eq.(5) we use ε(Eγ , t) = εMC(Eγ , t) × (0.847 ± 0.019).
Now we have all the ingredients in Eq.(5) to calculate
the differential cross sections, and the results are given in
Fig. 13. To parametrize them, they are fitted with a sum
of two exponential functions. To check the consistency of
the differential cross sections, we integrate the fitted func-
tion over the corresponding range tmin(Eγi)− tmax(Eγi),
where Eγi is the mean energy for the corresponding en-
ergy region, and compare these integrals with the total
cross section results. We find a good agreement, shown
in Fig. 11.
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FIG. 13. The measured differential cross sections with both
statistical (inner bars) and total (outer bars) uncertainties
shown for the three energy regions, from Eq.(5). The points
are fitted with a sum of two exponential functions. The sec-
ond exponential contribution is most significant in the lowest
energy bin, where the slope changes sign.
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total cross sections calculated by integrating the functions
fitted to the measured differential cross sections for the three
beam energy regions, with only the statistical uncertainties
shown.

i is:

weighti =
1

L(Eγi)[nb−1]/0.045GeV
. (4)

We then fit the weighted M(e+e−) distribution to ob-
tain a luminosity-weighted number of J/ψ events in each

bin of Eγ and t, which we denote NJ/ψ
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for a given energy region, the mean Eγ values depend
on the t bin. Still, we attribute a common mean energy
within each energy region and treat the corresponding de-
viations of the cross section due to the energy correction
as a systematic error. In addition, generally, the cross
section averaged over the bin deviates from the cross sec-
tion at the mean Eγ and t where it is reported, espe-
cially for the bins that are wide and have non-rectangular
shapes. This deviation will also be treated as a system-
atic error.

To calculate the differential cross section, we divide
the luminosity-weighted number of J/ψ events in each
bin by the area of the bin, a(Eγ , t), and correct for the
reconstruction efficiency ε(Eγ , t):

dσ
dt (Eγ , t) =
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Eγ−t plane and the mean values of the reported cross sections
(solid dots) within the corresponding bins. A mass selection
of 3.05 < M(e+e−) < 3.15 GeV is used for the events in this
plot.

J/ψ yields as explained in Sec. III for the total cross sec-
tion. The efficiencies calculated from MC, εMC(Eγ , t),
are corrected by the overall normalization correction as
obtained in Sec. III, using the BH process. Thus, in
Eq.(5) we use ε(Eγ , t) = εMC(Eγ , t) × (0.847 ± 0.019).
Now we have all the ingredients in Eq.(5) to calculate
the differential cross sections, and the results are given in
Fig. 13. To parametrize them, they are fitted with a sum
of two exponential functions. To check the consistency of
the differential cross sections, we integrate the fitted func-
tion over the corresponding range tmin(Eγi)− tmax(Eγi),
where Eγi is the mean energy for the corresponding en-
ergy region, and compare these integrals with the total
cross section results. We find a good agreement, shown
in Fig. 11.

10.36 GeV < Eγ < 11.44 GeV
9.28 GeV < Eγ < 10.36 GeV
8.20 GeV < E  < 9.28 GeV

FIG. 13. The measured differential cross sections with both
statistical (inner bars) and total (outer bars) uncertainties
shown for the three energy regions, from Eq.(5). The points
are fitted with a sum of two exponential functions. The sec-
ond exponential contribution is most significant in the lowest
energy bin, where the slope changes sign.
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FIG. 1: Left: the Feynman diagram of J/ψ photoproduction off a proton. Right: the differential

cross section of J/ψ photoproduction at the center-of-mass energy Ecm = 4.58 GeV (lab. energy

of the photon Eγ = 10.72 GeV); the data is from the GlueX Collaboration [9]; the theory curve

corresponds to the dipole form of the scalar gravitational formfactor with the parameter ms =

1.24± 0.07 GeV, corresponding to the mass radius of the proton Rm = 0.55± 0.03 fm.

of πr2cc̄, where the size of the cc̄ pair rcc̄ ! 1/2mc ! 0.08 fm. We will fit this parameter to

the GlueX Collaboration data [9], and then check that it is in the expected range.

Let us briefly discuss the kinematics of the γ + p → J/ψ + p process. Because of the

large mass of J/ψ, close to the threshold the process is characterized by a sizable minimal

momentum transfer tmin; right at the threshold, its value is tmin = −M2
ψM/(Mψ + M) !

−2.23 GeV2 ! −(1.5 GeV)2, where Mψ ! 3.097 GeV is the mass of J/ψ and M ! 0.938

GeV is the mass of the proton. The large magnitude of tmin close to the threshold makes the

use of the vector meson dominance model questionable. On the other hand, t is still much

smaller than 4m2
c ! 6.25 GeV2 which justifies the approach based on Eqs (31) and (32). In

this kinematical domain, the factor c2 in (31) can indeed be treated as a constant; when the

magnitude of t becomes comparable to 4m2
c ! 6.25 GeV2, this factor can be expected to

acquire a significant t dependence. Because tmin rapidly varies with the c.m.s. energy close

to the threshold, the energy dependence of the integrated cross section (33) is sensitive the

scalar gravitational formfactor. However the quantity that is most sensitive to the scalar

gravitational formfactor is the differential cross section (32).

The dominance of the scalar gluon operator over the operators with covariant derivatives

11
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dq2

∣∣∣
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Empirical mass radius
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MN = M0 + σN + σs

<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>

(M0 ! 0.9MN)

<latexit sha1_base64="q20hzJuzia9vC6zpr+kcicVi4sI="></latexit>

Gm(q2) = 〈P ′|Tµ
µ |P 〉 = 〈P ′|

β(g)

2g
Gµν

a Ga
µν + mq(ūu + d̄d) + mss̄s|P 〉

Recent GlueX update:       S. Adhikari et al. ;  arXiv:2304.03845

<latexit sha1_base64="t6QPRmkdH4QW1eUoHF9ImyBZgDk="></latexit>

〈r2m〉1/2 = (0.53 ± 0.04) fm
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Example IV:  MASS RADIUS of the NUCLEON (contd.)

Core (gluon) dominance plus small corrections from sigma terms
<latexit sha1_base64="XSe8owQaIhJHuSxTrLUcoox2A6o="></latexit>

〈r2m〉 =

[
M0

MN
〈r2m〉core +

σN

MN
〈r2ππ〉 +

σs

MN
〈r2KK̄〉

]

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>
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<latexit sha1_base64="8zbeWx0N8ihDlyIP0BiL8UEKU5M=">AAACAHicbVC7TsMwFHXKq5RXgIGBJaJCYqoSVAFjBQOMRaIPKY0qx3Faq44d2Q5SlaYDv8LCAEKsfAYbf4PTZoCWI1k+Oude3XuPH1MilW1/G6WV1bX1jfJmZWt7Z3fP3D9oS54IhFuIUy66PpSYEoZbiiiKu7HAMPIp7vijm9zvPGIhCWcPahxjL4IDRkKCoNJS3zzq+ZwGchzpL52oyXTq3uK2l/XNql2zZ7CWiVOQKijQ7JtfvYCjJMJMIQqldB07Vl4KhSKI4qzSSySOIRrBAXY1ZTDC0ktnB2TWqVYCK+RCP6asmfq7I4WRzHfUlRFUQ7no5eJ/npuo8MpLCYsThRmaDwoTailu5WlYAREYKTrWBCJB9K4WGkIBkdKZVXQIzuLJy6R9XnMuavX7erVxXcRRBsfgBJwBB1yCBrgDTdACCGTgGbyCN+PJeDHejY95ackoeg7BHxifP++Bl0c=</latexit>
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by
a
sizable

m
inim

al

m
om

entum
transfer

t
m
in ;

right
at

the
threshold,

its
value

is
t
m
in
=

−
M

2ψ M
/(M

ψ
+
M
) !

−
2.23

G
eV

2
!

−
(1.5

G
eV

) 2,
w
here

M
ψ
!

3.097
G
eV

is
the

m
ass

of
J/ψ

and
M

!
0.938

G
eV

is
the

m
ass

of the
proton.

T
he

large
m
agnitude

of t
m
in
close

to
the

threshold
m
akes

the

use
of

the
vector

m
eson

dom
inance

m
odel

questionable.
O
n
the

other
hand,

t
is
still

m
uch

sm
aller

than
4m

2c !
6.25

G
eV

2
w
hich

justifies
the

approach
based

on
E
qs

(31)
and

(32).
In

this
kinem

atical dom
ain, the

factor
c
2
in

(31)
can

indeed
be

treated
as

a
constant; w

hen
the

m
agnitude

of
t
becom

es
com

parable
to

4m
2c !

6.25
G
eV

2
,
this

factor
can

be
expected

to

acquire
a
significant

t
dependence.

B
ecause

t
m
in
rapidly

varies
w
ith

the
c.m

.s.
energy

close

to
the

threshold,
the

energy
dependence

of
the

integrated
cross

section
(33)

is
sensitive

the

scalar
gravitational

form
factor.

H
ow

ever
the

quantity
that

is
m
ost

sensitive
to

the
scalar

gravitational
form

factor
is
the

differential
cross

section
(32).

T
he

dom
inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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u
+

d̄
d
)
+

m
s s̄
s|P

〉
<latexit sha1_base64="r8x9AFmjWA+mkCzYTmAcKcsDYjM=">AAACGXicbVDLSsNAFJ34tr6iLt0MFkFBSiLFx0IouqgbRcFWoQlhMr2xgzNJnJkIJfQ33Pgrblwo4lJX/o3TmoW2HhjmcM693HtPmHKmtON8WWPjE5NT0zOzpbn5hcUle3mlqZJMUmjQhCfyOiQKOIuhoZnmcJ1KICLkcBXeHvf9q3uQiiXxpe6m4AtyE7OIUaKNFNiOFya8rbrCfHk9EJvOFj7Ep8EZ9hQTcIedykHV2+7lXhjhOjR7gV12Ks4AeJS4BSmjAueB/eG1E5oJiDXlRKmW66Taz4nUjHLolbxMQUroLbmBlqExEaD8fHBZD28YpY2jRJoXazxQf3fkRKj+8qZSEN1Rw15f/M9rZTra93MWp5mGmP4MijKOdYL7MeE2k0A17xpCqGRmV0w7RBKqTZglE4I7fPIoae5U3N1K9aJarh0VccygNbSONpGL9lANnaBz1EAUPaAn9IJerUfr2Xqz3n9Kx6yiZxX9gfX5DRO7nnY=</latexit>

G
m
(0

)
=

M
N

!
0
.9
4
G
eV

<latexit sha1_base64="suuCFhVm5gE4G/+HQzCcsttlSBc="></latexit>

〈r
2m
〉
=

6

M
N

d
G

m
(q

2)

d
q
2

∣∣∣q
2
=

0

C
ore (gluon) dom

inance plus 
sm

all corrections from
 sigm

a term
s

<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>

〈r
2m
〉
=

1

M
N

[M
0 〈r

c
o
r
e 〉

2
+

σ
N
〈r

2σ 〉
+

σ
s 〈r

2s 〉 ]

M
ass radius

<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>

〈r
2m
〉
1
/
2
=

(0
.5
5
±

0
.0
3
)
fm

…
 equals “core” radius in the chiral lim

it

D
. K

harzeev :  Phys. R
ev. D

104 (2021) 054015

PH
Y

SIK
D

EPA
RT

M
EN

T

<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>

(M
0
!

0
.9

M
N
)

17

M
A

SS RA
D

IU
S of the N

U
CLEO

N

0.6
0.8

1.0
1.2

1.4

0.0

0.5

1.0

1.5

2.0

F
IG

.
1:

L
eft:

the
Feynm

an
diagram

of
J
/ψ

photoproduction
off

a
proton.

R
ight:

the
differential

cross
section
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J
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photoproduction
at
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4.58
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(lab.
energy

of
the

photon
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=

10.72
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);
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data
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the
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curve

corresponds
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dipole

form
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the
scalar
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form

factor
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=
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to
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that
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expected
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L
et
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discuss
the

kinem
atics

of
the

γ
+
p
→

J/ψ
+
p
process.
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ecause

of
the

large
m
ass

of
J/ψ

,
close

to
the

threshold
the

process
is
characterized

by
a
sizable

m
inim

al
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om

entum
transfer
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in ;

right
at

the
threshold,

its
value
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t
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=
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+
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−
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−
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ψ
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3.097
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is
the
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J/ψ

and
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m
ass
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proton.

T
he

large
m
agnitude

of t
m
in
close

to
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threshold
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still
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than
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6.25
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w
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justifies
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approach
based
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E
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(31)
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(32).
In
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ain, the
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(31)
can
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be

treated
as

a
constant; w

hen
the
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agnitude

of
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becom

es
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parable
to
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6.25
G
eV
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this
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can

be
expected

to

acquire
a
significant
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dependence.
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ecause
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rapidly

varies
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ith

the
c.m

.s.
energy

close

to
the

threshold,
the

energy
dependence

of
the

integrated
cross
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is
sensitive

the

scalar
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that
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to
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is
the

differential
cross
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(32).
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inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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s

<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>〈r 2m 〉
=

1M
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0 〈r
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σ
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+
σ
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M
ass radius

<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>〈r 2m 〉 1
/
2
=

(0.55
±

0.03)
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…
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D
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<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>(M
0 !

0.9
M

N
)

<latexit sha1_base64="qt2KSil/0pBIBJ0wnEHvyFQxwKs=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84AkhNnJbDJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e4KEyks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2SC2XQvEGCpS8nRhO41DyVji+nfmtJ26s0OoBJwnvxXSoRCQYRSc1u2GUsWm/VPYr/hxklQQ5KUOOer/01R1olsZcIZPU2k7gJ9jLqEHBJJ8Wu6nlCWVjOuQdRxWNue1l82un5NwpAxJp40ohmau/JzIaWzuJQ9cZUxzZZW8m/ud1UoxueplQSYpcscWiKJUENZm9TgbCcIZy4ghlRrhbCRtRQxm6gIouhGD55VXSvKwEV5XqfbVcq+ZxFOAUzuACAriGGtxBHRrA4BGe4RXePO29eO/ex6J1zctnTuAPvM8ftjCPMA==</latexit>c <latexit sha1_base64="Td7SwZiVY5OJnoC50AP8wigqO2Q=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ac0pWy2m3bpZhN2J0IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnCBxEdKxEKRtFKvh+EmR9QnbE8H1Zrbt1dgKwTryA1KNAaVr/8UczSiCtkkhrT99wEBxnVKJjkecVPDU8om9Ix71uqaMTNIFvcnJMLq4xIGGtbCslC/T2R0ciYWRTYzojixKx6c/E/r59ieDvIhEpS5IotF4WpJBiTeQBkJDRnKGeWUKaFvZWwCdWUoY2pYkPwVl9eJ52runddbzw0as1GEUcZzuAcLsGDG2jCPbSgDQwSeIZXeHNS58V5dz6WrSWnmDmFP3A+fwCAWZH1</latexit>c̄
<latexit sha1_base64="jL12LjWJO3vRalXmENafILIeL1I=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5pIUZcFN+Kqgn1AE8pkMmmHTmbCzEQoIW78FTcuFHHrX7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IdeEGW3+ZkXCBaqSWy+zGspmg/smlN3poCLxC1JDZRoDewvLxQ4jQnXmCGl+q6TaD9DUlPMSF71UkUShMdoSPqGchQT5WfTC3J4YpQQRkKaxzWcqr87MhSrYjtTGSM9UvNeIf7n9VMdXfkZ5UmqCcezQVHKoBawiAOGVBKs2cQQhCU1u0I8QhJhbUKrmhDc+ZMXSee87l7UG3eNWrNRxlEBR+AYnAIXXIImuAEt0AYYPIJn8ArerCfrxXq3PmalS1bZcwD+wPr8AQoUlz4=</latexit>J
/Ψ

<latexit sha1_base64="wPinNQMLHq6NOidg3iqUfLqv+OU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx4r2Ad0l5LNpm1oHkuSFZal/hUvHhTx6g/x5r8x2+5BWwdChpnvI5OJEka18bxvp7KxubW9U92t7e0fHB65xyc9LVOFSRdLJtUgQpowKkjXUMPIIFEE8YiRfjS7Lfz+I1GaSvFgsoSEHE0EHVOMjJVGbj2IJIt1xu2VBxPEOZqP3IbX9BaA68QvSQOU6IzcryCWOOVEGMyQ1kPfS0yYI2UoZmReC1JNEoRnaEKGlgrEiQ7zRfg5PLdKDMdS2SMMXKi/N3LEdZHPTnJkpnrVK8T/vGFqxjdhTkWSGiLw8qFxyqCRsGgCxlQRbFhmCcKK2qwQT5FC2Ni+arYEf/XL66R32fSvmq37VqPdKuuoglNwBi6AD65BG9yBDugCDDLwDF7Bm/PkvDjvzsdytOKUO3XwB87nD4aWlU4=</latexit>γ

<latexit sha1_base64="ax2j1smoURtO7rECuMGM2l1K67I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL56kgv2ANpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt1Mn6QUjuZ4Nyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVq7WHWqVRy+MowhmcwyV4cA0NuIMmtIDBBJ7hFd6cxHlx3p2PZWvByWdO4Q+czx/t4Y9F</latexit>

N
<latexit sha1_base64="KUSsQ5cH/YiUb0KuMRSKks5d0Ig=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vjw4kkq2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKV2lk3CMnd2aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYbXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpXlS8y0r1vlquVfM4CnAMJ3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9664uQzR/AHzucPUDCPdg==</latexit>

N
′

<latexit sha1_base64="3BIX88yoMuHITd8amijwAZC9hAA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZS1GXBjbiqYB/QhDKZTNqhk5kwMxFKCG78FTcuFHHrV7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IeZF0TwNj/zAsFCNYnNl3mJovnArjl1Zwq4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX42PSGHJ0YJYSSkeVzDqfq7I0OxKrYzlTHSIzXvFeJ/Xj/V0ZWfUZ6kmnA8GxSlDGoBizxgSCXBmk0MQVhSsyvEIyQR1ia1qgnBnT95kXTO6+5FvXHXqDUbZRwVcASOwSlwwSVoghvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH5URl4g=</latexit>J
/ψ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="IACulQ8HU2KY7e8DuA 0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+idu XCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQ jmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>π
<latexit sha1_base64="IACulQ8HU2KY7e8DuA 0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+idu XCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQ jmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>π

<latexit sha1_base64="esOgoV3tWKVNuu0k8z+sr8xykoU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN4qbCvYB7VgymbQNzSRDklHK0P9w40IRt/6LO//GTDsLbT0QcjjnXnJygpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsr89iNVmklxbyYx9SM8FGzACDZWeugFkod6EtkrvZ32yxW36s6AlomXkwrkaPTLX71QkiSiwhCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nAEdV+Oks9RSdWCdFAKnuEQTP190aKI51Fs5MRNiO96GXif143MYNLP2UiTgwVZP7QIOHISJRVgEKmKDF8YgkmitmsiIywwsTYokq2BG/xy8ukdVb1zqu1u1qlfpPXUYQjOIZT8OAC6nANDWgCAQXP8ApvzpPz4rw7H/PRgpPvHMIfOJ8/E/SS7A==</latexit>

K

<latexit sha1_base64="r+JeO4DLcJteBgfxgL1Hp+P2PEo=">AAAB/XicbVDNS8MwHE39nPOrfty8BIfgabQy1OPAi+JlgvuAtYw0TbewNClJKsxS/Fe8eFDEq/+HN/8b060H3XwQ8njv9yMvL0gYVdpxvq2l5ZXVtfXKRnVza3tn197b7yiRSkzaWDAhewFShFFO2ppqRnqJJCgOGOkG46vC7z4Qqajg93qSED9GQ04jipE20sA+9ALBQjWJzZV5AZLZbZ4P7JpTd6aAi8QtSQ2UaA3sLy8UOI0J15ghpfquk2g/Q1JTzEhe9VJFEoTHaEj6hnIUE+Vn0/Q5PDFKCCMhzeEaTtXfGxmKVRHQTMZIj9S8V4j/ef1UR5d+RnmSasLx7KEoZVALWFQBQyoJ1mxiCMKSmqwQj5BEWJvCqqYEd/7Li6RzVnfP6427Rq15U9ZRAUfgGJwCF1yAJrgGLdAGGDyCZ/AK3qwn68V6tz5mo0tWuXMA/sD6/AFrT5Xi</latexit>

K̄

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core

<latexit sha1_base64="j3DkJ6XShjFzsgobm+MHjLptwYc=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSrHcVqrThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY+Pn3CmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJB9HyvKWUw7mmlO+4mkOPI57fnT28LvPVKpmIgf9CyhXoTHMQsZwdpII7s+9AUP1CwyV0a4SIN8ZDecpjMHWiVuSRpQoj2yv4aBIGlEY004VmrgOon2Miw1I5zmtWGqaILJFI/pwNAYR1R52Tx7jk6NEqBQSHNijebq740MR6qIZyYjrCdq2SvE/7xBqsNrL2Nxkmoak8VDYcqRFqgoAgVMUqL5zBBMJDNZEZlgiYk2ddVMCe7yl1dJ97zpXjYv7i8arZuyjiocwwmcgQtX0II7aEMHCDzBM7zCm5VbL9a79bEYrVjlzhH8gfX5A/FzlQo=</latexit>

cloud

X

<latexit sha1_base64="OUf9tRMYGDujBu0vpvw3d2gnLWg=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCWoAsYKFsYi0YfURpXj3LRWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEglhTYVXMieTxRwFkNbM82hl0ggkc+h609ucr/7AFIxEd/raQJeREYxCxkl2khDuzrwBQ/UNDJXRoWE2dCuOXVnDrxK3ILUUIHW0P4aBIKmEcSacqJU33US7WVEakY5zCqDVEFC6ISMoG9oTCJQXjaPPsOnRglwKKQ5scZz9fdGRiKVpzOTEdFjtezl4n9eP9XhlZexOEk1xHTxUJhyrAXOe8ABk0A1nxpCqGQmK6ZjIgnVpq2KKcFd/vIq6ZzX3Yt6465Ra14XdZTRMTpBZ8hFl6iJblELtRFFj+gZvaI368l6sd6tj8VoySp2jtAfWJ8/HnKUkg==</latexit>core
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u
+

d̄
d
)
+

m
s s̄
s|P

〉
<latexit sha1_base64="r8x9AFmjWA+mkCzYTmAcKcsDYjM=">AAACGXicbVDLSsNAFJ34tr6iLt0MFkFBSiLFx0IouqgbRcFWoQlhMr2xgzNJnJkIJfQ33Pgrblwo4lJX/o3TmoW2HhjmcM693HtPmHKmtON8WWPjE5NT0zOzpbn5hcUle3mlqZJMUmjQhCfyOiQKOIuhoZnmcJ1KICLkcBXeHvf9q3uQiiXxpe6m4AtyE7OIUaKNFNiOFya8rbrCfHk9EJvOFj7Ep8EZ9hQTcIedykHV2+7lXhjhOjR7gV12Ks4AeJS4BSmjAueB/eG1E5oJiDXlRKmW66Taz4nUjHLolbxMQUroLbmBlqExEaD8fHBZD28YpY2jRJoXazxQf3fkRKj+8qZSEN1Rw15f/M9rZTra93MWp5mGmP4MijKOdYL7MeE2k0A17xpCqGRmV0w7RBKqTZglE4I7fPIoae5U3N1K9aJarh0VccygNbSONpGL9lANnaBz1EAUPaAn9IJerUfr2Xqz3n9Kx6yiZxX9gfX5DRO7nnY=</latexit>

G
m
(0

)
=

M
N

!
0
.9
4
G
eV

<latexit sha1_base64="suuCFhVm5gE4G/+HQzCcsttlSBc="></latexit>

〈r
2m
〉
=

6

M
N

d
G

m
(q

2)

d
q
2

∣∣∣q
2
=

0

C
ore (gluon) dom

inance plus 
sm

all corrections from
 sigm

a term
s

<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>

〈r
2m
〉
=

1

M
N

[M
0 〈r

c
o
r
e 〉

2
+

σ
N
〈r

2σ 〉
+

σ
s 〈r

2s 〉 ]

M
ass radius

<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>

〈r
2m
〉
1
/
2
=

(0
.5
5
±

0
.0
3
)
fm

…
 equals “core” radius in the chiral lim

it

D
. K

harzeev :  Phys. R
ev. D

104 (2021) 054015

PH
Y

SIK
D

EPA
RT

M
EN

T

<latexit sha1_base64="Aq/ra+SZiMTipD9fXLBzjSE8pdY=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEqSEik+NgV3bipVLAPaEKYTCbt0MmDmYlQQvdu/BU3LhRx6w+482+ctFlo64VhDuecy733eAmjQprmt7a0vLK6tl7aKG9ube/s6nv7HRGnHJM2jlnMex4ShNGItCWVjPQSTlDoMdL1Rte53n0gXNA4upfjhDghGkQ0oBhJRbl6xfZi5otxqL6s1nRNeyCVO4SmcWmfNN3b44mrV03DnBZcBFYBqqColqt/2X6M05BEEjMkRN8yE+lkiEuKGZmU7VSQBOERGpC+ghEKiXCy6S0TeKQYHwYxVy+ScMr+7shQKPJ1lTNEcijmtZz8T+unMrhwMholqSQRng0KUgZlDPNgoE85wZKNFUCYU7UrxEPEEZYqvrIKwZo/eRF0Tg3rzKjf1auNqyKOEjgEFVADFjgHDXADWqANMHgEz+AVvGlP2ov2rn3MrEta0XMA/pT2+QNLO5nr</latexit>

(M
0
!

0
.9

M
N
)

17

M
A

SS R
A

D
IU

S of the N
U

C
LEO

N

0.6
0.8

1.0
1.2

1.4
0.0

0.5

1.0

1.5

2.0

F
IG

.
1:

L
eft:

th
e
F
eyn

m
an

d
iagram

of
J
/ψ

p
h
otop

rod
u
ction

off
a
p
roton

.
R
ight:

th
e
d
iff
erential

cross
section

of
J
/ψ

p
h
otop

rod
u
ction

at
th
e
center-of-m

ass
en

ergy
E

cm
=

4.58
G
eV

(lab
.
en

ergy

of
th
e
p
h
oton

E
γ
=

10.72
G
eV

);
th
e
d
ata

is
from

th
e
G
lu
eX

C
ollab

oration
[9];

th
e
th
eory

cu
rve

corresp
on

d
s
to

th
e
d
ip
ole

form
of

th
e
scalar

gravitation
al

form
factor

w
ith

th
e
p
aram

eter
m

s
=

1.24
±
0.07

G
eV

,
corresp

on
d
in
g
to

th
e
m
ass

rad
iu
s
of

th
e
p
roton

R
m
=

0.55
±
0.03

fm
.

of
π
r
2cc̄ ,

w
h
ere

th
e
size

of
th
e
cc̄

p
air

r
cc̄ !

1/2m
c !

0.08
fm

.
W
e
w
ill

fi
t
th
is

p
aram

eter
to

th
e
G
lu
eX

C
ollab

oration
d
ata

[9],
an

d
th
en

ch
eck

th
at

it
is
in

th
e
exp

ected
ran

ge.

L
et

u
s
b
riefl

y
d
iscu

ss
th
e
kin

em
atics

of
th
e
γ
+

p
→

J
/ψ

+
p
p
rocess.

B
ecau

se
of

th
e

large
m
ass

of
J
/ψ

,
close

to
th
e
th
resh

old
th
e
p
rocess

is
ch
aracterized

by
a
sizab

le
m
in
im

al

m
om

entu
m

tran
sfer

tm
in ;

right
at

th
e
th
resh

old
,
its

valu
e
is

tm
in

=
−
M

2ψ M
/(M

ψ
+

M
)
!

−
2.23

G
eV

2
!

−
(1.5

G
eV

)
2,

w
h
ere

M
ψ
!

3.097
G
eV

is
th
e
m
ass

of
J
/ψ

an
d
M

!
0.938

G
eV

is
th
e
m
ass

of
th
e
p
roton

.
T
h
e
large

m
agn

itu
d
e
of

tm
in
close

to
th
e
th
resh

old
m
akes

th
e

u
se

of
th
e
vector

m
eson

d
om

in
an

ce
m
od

el
qu

estion
ab

le.
O
n
th
e
oth

er
h
an

d
,
t
is

still
m
u
ch

sm
aller

th
an

4m
2c !

6.25
G
eV

2
w
h
ich

ju
stifi

es
th
e
ap

p
roach

b
ased

on
E
qs

(31)
an

d
(32).

In

th
is
kin

em
atical

d
om

ain
,
th
e
factor

c
2
in

(31)
can

in
d
eed

b
e
treated

as
a
con

stant;
w
h
en

th
e

m
agn

itu
d
e
of

t
b
ecom

es
com

p
arab

le
to

4m
2c
!

6.25
G
eV

2,
th
is

factor
can

b
e
exp

ected
to

acqu
ire

a
sign

ifi
cant

t
d
ep

en
d
en
ce.

B
ecau

se
tm

in
rap

id
ly

varies
w
ith

th
e
c.m

.s.
en
ergy

close

to
th
e
th
resh

old
,
th
e
en
ergy

d
ep

en
d
en
ce

of
th
e
integrated

cross
section

(33)
is
sen

sitive
th
e

scalar
gravitation

al
form

factor.
H
ow

ever
th
e
qu

antity
th
at

is
m
ost

sen
sitive

to
th
e
scalar

gravitation
al

form
factor

is
th
e
d
iff
erential

cross
section

(32).

T
h
e
d
om

in
an

ce
of

th
e
scalar

glu
on

op
erator

over
th
e
op

erators
w
ith

covariant
d
erivatives
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1:

L
eft:

the
Feynm

an
diagram

of
J
/ψ

photoproduction
off

a
proton.

R
ight:

the
differential

cross
section

of
J
/ψ

photoproduction
at

the
center-of-m

ass
energy

E
cm

=
4.58

G
eV

(lab.
energy

of
the

photon
E

γ
=

10.72
G
eV

);
the

data
is
from

the
G
lueX

C
ollaboration

[9];
the

theory
curve

corresponds
to

the
dipole

form
of

the
scalar

gravitational
form

factor
w
ith

the
param

eter
m

s
=

1.24±
0.07

G
eV

,
corresponding

to
the

m
ass

radius
of

the
proton

R
m
=
0.55±

0.03
fm

.

of
π
r 2cc̄ ,

w
here

the
size

of
the

cc̄
pair

r
cc̄ !

1/2m
c !

0.08
fm

.
W
e
w
ill

fit
this

param
eter

to

the
G
lueX

C
ollaboration

data
[9],

and
then

check
that

it
is
in

the
expected

range.

L
et

us
briefly

discuss
the

kinem
atics

of
the

γ
+
p
→

J/ψ
+
p
process.

B
ecause

of
the

large
m
ass

of
J/ψ

,
close

to
the

threshold
the

process
is
characterized

by
a
sizable

m
inim

al

m
om

entum
transfer

t
m
in ;

right
at

the
threshold,

its
value

is
t
m
in
=

−
M

2ψ M
/(M

ψ
+
M
) !

−
2.23

G
eV

2
!

−
(1.5

G
eV

) 2,
w
here

M
ψ
!

3.097
G
eV

is
the

m
ass

of
J/ψ

and
M

!
0.938

G
eV

is
the

m
ass

of the
proton.

T
he

large
m
agnitude

of t
m
in
close

to
the

threshold
m
akes

the

use
of

the
vector

m
eson

dom
inance

m
odel

questionable.
O
n
the

other
hand,

t
is
still

m
uch

sm
aller

than
4m

2c !
6.25

G
eV

2
w
hich

justifies
the

approach
based

on
E
qs

(31)
and

(32).
In

this
kinem

atical dom
ain, the

factor
c
2
in

(31)
can

indeed
be

treated
as

a
constant; w

hen
the

m
agnitude

of
t
becom

es
com

parable
to

4m
2c !

6.25
G
eV

2
,
this

factor
can

be
expected

to

acquire
a
significant

t
dependence.

B
ecause

t
m
in
rapidly

varies
w
ith

the
c.m

.s.
energy

close

to
the

threshold,
the

energy
dependence

of
the

integrated
cross

section
(33)

is
sensitive

the

scalar
gravitational

form
factor.

H
ow

ever
the

quantity
that

is
m
ost

sensitive
to

the
scalar

gravitational
form

factor
is
the

differential
cross

section
(32).

T
he

dom
inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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of
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the
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is
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justifies
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approach
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to
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varies
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energy

close

to
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threshold,
the

energy
dependence
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is
sensitive

the

scalar
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quantity
that

is
m
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sensitive
to
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scalar
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is
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differential
cross
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(32).
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of
the

scalar
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operator
over

the
operators
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<latexit sha1_base64="wPinNQMLHq6NOidg3iqUfLqv+OU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx4r2Ad0l5LNpm1oHkuSFZal/hUvHhTx6g/x5r8x2+5BWwdChpnvI5OJEka18bxvp7KxubW9U92t7e0fHB65xyc9LVOFSRdLJtUgQpowKkjXUMPIIFEE8YiRfjS7Lfz+I1GaSvFgsoSEHE0EHVOMjJVGbj2IJIt1xu2VBxPEOZqP3IbX9BaA68QvSQOU6IzcryCWOOVEGMyQ1kPfS0yYI2UoZmReC1JNEoRnaEKGlgrEiQ7zRfg5PLdKDMdS2SMMXKi/N3LEdZHPTnJkpnrVK8T/vGFqxjdhTkWSGiLw8qFxyqCRsGgCxlQRbFhmCcKK2qwQT5FC2Ni+arYEf/XL66R32fSvmq37VqPdKuuoglNwBi6AD65BG9yBDugCDDLwDF7Bm/PkvDjvzsdytOKUO3XwB87nD4aWlU4=</latexit>γ

<latexit sha1_base64="ax2j1smoURtO7rECuMGM2l1K67I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FL56kgv2ANpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Hbud564NiJWjzhNuB/RkRKhYBSt1Mn6QUjuZ4Nyxa26C5B14uWkAjmag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsVTTixs8W587IhVWGJIy1LYVkof6eyGhkzDQKbGdEcWxWvbn4n9dLMbzxM6GSFLliy0VhKgnGZP47GQrNGcqpJZRpYW8lbEw1ZWgTKtkQvNWX10n7qurVq7WHWqVRy+MowhmcwyV4cA0NuIMmtIDBBJ7hFd6cxHlx3p2PZWvByWdO4Q+czx/t4Y9F</latexit>

N
<latexit sha1_base64="KUSsQ5cH/YiUb0KuMRSKks5d0Ig=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ6KokU9Vjw4kkq2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqAccJ9yM6UCIUjKKV2lk3CMnd2aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYbXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpXlS8y0r1vlquVfM4CnAMJ3AOHlxBDW6hDg1gIOEZXuHNeXRenHfnY9664uQzR/AHzucPUDCPdg==</latexit>

N
′

<latexit sha1_base64="3BIX88yoMuHITd8amijwAZC9hAA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZS1GXBjbiqYB/QhDKZTNqhk5kwMxFKCG78FTcuFHHrV7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IeZF0TwNj/zAsFCNYnNl3mJovnArjl1Zwq4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX42PSGHJ0YJYSSkeVzDqfq7I0OxKrYzlTHSIzXvFeJ/Xj/V0ZWfUZ6kmnA8GxSlDGoBizxgSCXBmk0MQVhSsyvEIyQR1ia1qgnBnT95kXTO6+5FvXHXqDUbZRwVcASOwSlwwSVoghvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH5URl4g=</latexit>J
/ψ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="SaKdMRTGf+iqka63FC4GKqJyLD8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JIUZcFNy4r9AVNDJPJpB06kwkzE6HELvwVNy4UcetvuPNvnLRZaOuFyxzOuZd75oQpo0o7zre1srq2vrFZ2apu7+zu7dsHh10lMolJBwsmZD9EijCakI6mmpF+KgniISO9cHxT6L0HIhUVSVtPUuJzNExoTDHShgrsYy8ULFITbp68HXg8uzc9DeyaU3dmBZeBW4IaKKsV2F9eJHDGSaIxQ0oNXCfVfo6kppiRadXLFEkRHqMhGRiYIE6Un8/8T+GZYSIYC2k60XDG/t7IEVeFRTPJkR6pRa0g/9MGmY6v/ZwmaaZJgueH4oxBLWARBoyoJFiziQEIS2q8QjxCEmFtIquaENzFLy+D7kXdvaw37hq1ZqOMowJOwCk4By64Ak1wC1qgAzB4BM/gFbxZT9aL9W59zEdXrHLnCPwp6/MH2AKWmg==</latexit>

Tµ
µ

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="Jbm60ZVtl9KwRl1mjBrI2LzLIKo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFNy4r2Ae0Y8lkMm1oJhmSjFKG/ocbF4q49V/c+Tdm2llo64GQwzn3kpMTJJxp47rfTmltfWNzq7xd2dnd2z+oHh51tEwVoW0iuVS9AGvKmaBtwwynvURRHAecdoPJTe53H6nSTIp7M02oH+ORYBEj2FjpYRBIHuppbK9sNBtWa27dnQOtEq8gNSjQGla/BqEkaUyFIRxr3ffcxPgZVoYRTmeVQappgskEj2jfUoFjqv1snnqGzqwSokgqe4RBc/X3RoZjnUezkzE2Y73s5eJ/Xj810bWfMZGkhgqyeChKOTIS5RWgkClKDJ9agoliNisiY6wwMbaoii3BW/7yKulc1L3LeuOuUWs2ijrKcAKncA4eXEETbqEFbSCg4Ble4c15cl6cd+djMVpyip1j+APn8wc4L5Lz</latexit>g

<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>π
<latexit sha1_base64="IACulQ8HU2KY7e8DuA0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+iduXCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQjmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>π

<latexit sha1_base64="esOgoV3tWKVNuu0k8z+sr8xykoU=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZcFN4qbCvYB7VgymbQNzSRDklHK0P9w40IRt/6LO//GTDsLbT0QcjjnXnJygpgzbVz32ymsrK6tbxQ3S1vbO7t75f2DlpaJIrRJJJeqE2BNORO0aZjhtBMriqOA03Ywvsr89iNVmklxbyYx9SM8FGzACDZWeugFkod6EtkrvZ32yxW36s6AlomXkwrkaPTLX71QkiSiwhCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nAEdV+Oks9RSdWCdFAKnuEQTP190aKI51Fs5MRNiO96GXif143MYNLP2UiTgwVZP7QIOHISJRVgEKmKDF8YgkmitmsiIywwsTYokq2BG/xy8ukdVb1zqu1u1qlfpPXUYQjOIZT8OAC6nANDWgCAQXP8ApvzpPz4rw7H/PRgpPvHMIfOJ8/E/SS7A==</latexit>

K

<latexit sha1_base64="r+JeO4DLcJteBgfxgL1Hp+P2PEo=">AAAB/XicbVDNS8MwHE39nPOrfty8BIfgabQy1OPAi+JlgvuAtYw0TbewNClJKsxS/Fe8eFDEq/+HN/8b060H3XwQ8njv9yMvL0gYVdpxvq2l5ZXVtfXKRnVza3tn197b7yiRSkzaWDAhewFShFFO2ppqRnqJJCgOGOkG46vC7z4Qqajg93qSED9GQ04jipE20sA+9ALBQjWJzZV5AZLZbZ4P7JpTd6aAi8QtSQ2UaA3sLy8UOI0J15ghpfquk2g/Q1JTzEhe9VJFEoTHaEj6hnIUE+Vn0/Q5PDFKCCMhzeEaTtXfGxmKVRHQTMZIj9S8V4j/ef1UR5d+RnmSasLx7KEoZVALWFQBQyoJ1mxiCMKSmqwQj5BEWJvCqqYEd/7Li6RzVnfP6427Rq15U9ZRAUfgGJwCF1yAJrgGLdAGGDyCZ/AK3qwn68V6tz5mo0tWuXMA/sD6/AFrT5Xi</latexit>

K̄

Estimates of sigma terms and associated radii from Lattice QCD and ChPT

PHYSIK
DEPARTMENT

<latexit sha1_base64="nN6fpY2IncK+IlSvDOhRzfUeLOs="></latexit>

σN ! 40 − 60 MeV , σs ! 30 MeV
<latexit sha1_base64="3VSYU1ILjK0KcHI0pqJhi8EfrA4="></latexit>

〈r2ππ〉1/2 # 1.3 fm , 〈r2KK̄〉 ∼ (mπ/mK)2〈r2ππ〉

<latexit sha1_base64="PSBF6MG+jF/9dli+WY7Y4+u6lU4="></latexit>

〈r2m〉1/2core = 0.48 ± 0.05 fm N. Kaiser,  W. W.  
Phys. Rev. C110 (2024) 015202
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

 TWO-SCALES Picture of the NUCLEON : 
Implications for DENSE BARYONIC MATTER

<latexit sha1_base64="LHa7EUxJUlb0axH8txG5SP+4S5g=">AAACF3icbVDLSgMxFM3UV62vUZdugkVwIWWmFHVZdOOyin1Ap5RMmmlD8xiSjFCG+Qs3/oobF4q41Z1/Y6btQlsvhBzOuYd77wljRrXxvG+nsLK6tr5R3Cxtbe/s7rn7By0tE4VJE0smVSdEmjAqSNNQw0gnVgTxkJF2OL7O9fYDUZpKcW8mMelxNBQ0ohgZS/XdShBKNtATbr/0rp9iqUgWaMph6gfSOmE1C86yNAgjGPGs75a9ijctuAz8OSiDeTX67lcwkDjhRBjMkNZd34tNL0XKUMxIVgoSTWKEx2hIuhYKxInupdO7MnhimQGMpLJPGDhlfztSxHW+uu3kyIz0opaT/2ndxESXvZSKODFE4NmgKGHQSJiHBAdUEWzYxAKEFbW7QjxCCmFjoyzZEPzFk5dBq1rxzyu121q5fjWPowiOwDE4BT64AHVwAxqgCTB4BM/gFbw5T86L8+58zFoLztxzCP6U8/kDysqgTA==</latexit>

Rcore ∼
1

2
fm

<latexit sha1_base64="wba8i7MnntucbGNbySoyU2fSqhQ=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIxoCpBFTBWsDAWRB9SE0WO47RW7TiyHaQqyh+w8CssDCDEysrG3+A+Bmg5kuWjc+7VvfeEKaNKO863VVpaXlldK69XNja3tnfs3b22EpnEpIUFE7IbIkUYTUhLU81IN5UE8ZCRTji8HvudByIVFcm9HqXE56if0JhipI0U2MdeKFikRtx8+V2QYyayqPAU5dD1TovcC2MY8yKwq07NmQAuEndGqmCGZmB/eZHAGSeJxgwp1XOdVPs5kppiRoqKlymSIjxEfdIzNEGcKD+f3FPAI6NEMBbSvETDifq7I0dcjVc2lRzpgZr3xuJ/Xi/T8aWf0yTNNEnwdFCcMagFHIcDIyoJ1mxkCMKSml0hHiCJsDYRVkwI7vzJi6R9VnPPa/XberVxNYujDA7AITgBLrgADXADmqAFMHgEz+AVvFlP1ov1bn1MS0vWrGcf/IH1+QOkep0I</latexit>

Rcloud ∼ 1 fm

<latexit sha1_base64="GniReDPhhqmkSYqitFeS7Q6NuSU=">AAACI3icbVC7TsMwFHV4U14FRhaLCgmWKgEEiAnBwgiIAlJTKse5Sa06cWTfIFVR/oWFX2FhACEWBv4Fp3TgdSXLx+feo+tzgkwKg6777oyNT0xOTc/M1ubmFxaX6ssrV0blmkOLK6n0TcAMSJFCCwVKuMk0sCSQcB30T6r+9R1oI1R6iYMMOgmLUxEJztBS3fqhHygZmkFir8KXEOFmcdEtuFR5WPrKSmn1VBrK0tci7uHW7Y4fx9Qru/WG23SHRf8CbwQaZFRn3fqrHyqeJ5Ail8yYtudm2CmYRsEllDU/N5Ax3mcxtC1MWQKmUww9lnTDMiGNlLYnRTpkvysKlpjKhp1MGPbM715F/tdr5xgddAqRZjlCyr8WRbmkqGgVGA2FBo5yYAHjWti/Ut5jmnG0sdZsCN5vy3/B1XbT22vunu82jo5HccyQNbJONolH9skROSVnpEU4uSeP5Jm8OA/Ok/PqvH2NjjkjzSr5Uc7HJ+zGpaM=</latexit>(
Rcloud

Rcore

)3

! 1

Soft mesonic (multi-pion) cloud 
expected to expand with increasing baryon density along with

decreasing in-medium pion decay constant

Hard baryonic core governed by gluon dynamics
expected to remain stable with increasing baryon density up until

PHYSIK
DEPARTMENT

<latexit sha1_base64="yQuL6rCPDNDqwVm6klK99O4Ucbg="></latexit>

〈r2S〉1/2core # 〈r2A〉1/2core # 〈r2m〉1/2core ≡ Rcore = 0.50 ± 0.02 fm

hard compact cores begin to touch and overlap

<latexit sha1_base64="iZ86QIXHi0lpFdUIsl/Xi14hvXg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgopSZItVl0Y3LCvYBnaFk0kwbmmTGJCOUYVZu/BU3LhRx6ze4829M21lo64HA4ZxzubkniBlV2nG+rcLK6tr6RnGztLW9s7tn7x+0VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnG11O/80CkopG405OY+BwNBQ0pRtpIffvYU5ST+9QLQpi6XmSysJZ5Fa8CQ5717bJTdWaAy8TNSRnkaPbtL28Q4YQToTFDSvVcJ9Z+iqSmmJGs5CWKxAiP0ZD0DBWIE+WnszMyeGqUAQwjaZ7QcKb+nkgRV2rCA5PkSI/UojcV//N6iQ4v/ZSKONFE4PmiMGFQR3DaCRxQSbBmE0MQltT8FeIRkghr01zJlOAunrxM2rWqW6/Wb8/Ljau8jiI4AifgDLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MY8WrHzmEPyB9fkD7qmYJQ==</latexit>

! 1

2
fm

<latexit sha1_base64="QC/ltcfNW/QTvk5bn8GIbsJTAXo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iE6qIkItVlqRuXFewDmhgmk0k7dDIJMxOhhOLGX3HjQhG3foU7/8ZJm4VWDwxzOOde7r3HTxiVyrK+jNLS8srqWnm9srG5tb1j7u51ZZwKTDo4ZrHo+0gSRjnpKKoY6SeCoMhnpOePr3K/d0+EpDG/VZOEuBEachpSjJSWPPPA8WMWyEmkvyz0nITenda41zqZembVqlszwL/ELkgVFGh75qcTxDiNCFeYISkHtpUoN0NCUczItOKkkiQIj9GQDDTlKCLSzWYnTOGxVgIYxkI/ruBM/dmRoUjmW+rKCKmRXPRy8T9vkKrw0s0oT1JFOJ4PClMGVQzzPGBABcGKTTRBWFC9K8QjJBBWOrWKDsFePPkv6Z7V7Ua9cXNebbaKOMrgEByBGrDBBWiCa9AGHYDBA3gCL+DVeDSejTfjfV5aMoqeffALxsc35tmXHQ==</latexit>

f∗
π(nB)



Soft       clouds delocalize:  
percolation       many-body forces  
baryonic cores still separated, but subject to increasingly strong repulsive Pauli effects
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<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q
<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="k6YdpV6/Qk88imgPe4yAQANCb+Q=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBBI8V7Ac0sWy2m3bpZpPubpQS8j+8eFDEq//Fm//GTZuDtj4YeLw3w8w8P+ZMadv+tkorq2vrG+XNytb2zu5edf+graJEEtoiEY9k18eKciZoSzPNaTeWFIc+px1/fJ37nUcqFYvEvZ7G1AvxULCAEayN9OD6Qer6WKaTbJJV+tWaXbdnQMvEKUgNCjT71S93EJEkpEITjpXqOXasvRRLzQinWcVNFI0xGeMh7RkqcEiVl86uztCJUQYoiKQpodFM/T2R4lCpaeibzhDrkVr0cvE/r5fo4MpLmYgTTQWZLwoSjnSE8gjQgElKNJ8agolk5lZERlhiok1QeQjO4svLpH1Wdy7q53fntcZNEUcZjuAYTsGBS2jALTShBQQkPMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCpzJKj</latexit>

q̄q

<latexit sha1_base64="JQU/J76MenmcnkhI/p9KAJDhxjo=">AAACB3icbZDLSsNAFIYnXmu9RV0KMlgEF6UkUtRlwY3uKtgLNKFMppN26GQmzEyUELpz46u4caGIW1/BnW/jpM1CW38Y+PjPOZw5fxAzqrTjfFtLyyura+uljfLm1vbOrr2331YikZi0sGBCdgOkCKOctDTVjHRjSVAUMNIJxld5vXNPpKKC3+k0Jn6EhpyGFCNtrL595AVhFiCZCu5VveqAcEV1miMTD5Ny3644NWcquAhuARVQqNm3v7yBwElEuMYMKdVznVj7GZKaYkYmZS9RJEZ4jIakZ5CjiCg/m94xgSfGGcBQSPO4hlP390SGIqXSKDCdEdIjNV/Lzf9qvUSHl35GeZxowvFsUZgwqAXMQ4EDKgnWLDWAsKTmrxCPkERYm+jyENz5kxehfVZzz2v123qlcVPEUQKH4BicAhdcgAa4Bk3QAhg8gmfwCt6sJ+vFerc+Zq1LVjFzAP7I+vwBaZOZCg==</latexit>

baryon density low
<latexit sha1_base64="YkVfCSMabiMpDyFtpCfZSvUeVL4=">AAACCHicbZDLSsNAFIYn9VbrLerShYNFcFFKIkVdFtzoroK9QBPKZDJphk4mYWYihNClG1/FjQtF3PoI7nwbJ20W2vrDwMd/zuHM+b2EUaks69uorKyurW9UN2tb2zu7e+b+QU/GqcCki2MWi4GHJGGUk66iipFBIgiKPEb63uS6qPcfiJA05vcqS4gboTGnAcVIaWtkHjtekHtIZDF3Gk7DJ1xSlRUY0nE4rY3MutW0ZoLLYJdQB6U6I/PL8WOcRoQrzJCUQ9tKlJsjoShmZFpzUkkShCdoTIYaOYqIdPPZIVN4qh0fBrHQjys4c39P5CiSMos83RkhFcrFWmH+VxumKrhyc8qTVBGO54uClEEVwyIV6FNBsGKZBoQF1X+FOEQCYaWzK0KwF09eht55075otu5a9fZtGUcVHIETcAZscAna4AZ0QBdg8AiewSt4M56MF+Pd+Ji3Voxy5hD8kfH5AxAnmWI=</latexit>

baryon density high

Baryon densities 

tails of mesonic clouds overlap :  
two-body exchange forces  
between nucleons 

<latexit sha1_base64="zRL2Zk2bFsoiVo4iDiJzCs6UzdQ=">AAAB/nicbVBPS8MwHE3nvzn/VcWTl+AQPI1WhnocevE4wc3BWkaapltYmnRJKoxS8Kt48aCIVz+HN7+N6daDbj4Iebz3+5GXFySMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIXoAUYZSTjqaakV4iCYoDRh6C8U3hPzwSqajg93qaED9GQ04jipE20sA+8gLBQjWNzZV5AZLZJJ/kA7vuNJwZ4DJxS1IHJdoD+8sLBU5jwjVmSKm+6yTaz5DUFDOS17xUkQThMRqSvqEcxUT52Sx+Dk+NEsJISHO4hjP190aGYlUkNJMx0iO16BXif14/1dGVn1GepJpwPH8oShnUAhZdwJBKgjWbGoKwpCYrxCMkEdamsZopwV388jLpnjfci0bzrllvXZd1VMExOAFnwAWXoAVuQRt0AAYZeAav4M16sl6sd+tjPlqxyp1D8AfW5w98DZZ8</latexit>

q̄q

compact nucleon cores begin to touch and overlap at distances  
(but still have to overcome repulsive NN hard core)

<latexit sha1_base64="QL/CO1XN5t93AkoTac5mrL2wc88=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3bisYB/QGUomk2lD8xiSjFCGfoAbf8WNC0Xc+gHu/Bsz7Sy09ULI4ZxzufeeMGFUG9f9dkorq2vrG+XNytb2zu5edf+go2WqMGljyaTqhUgTRgVpG2oY6SWKIB4y0g3HN7nefSBKUynuzSQhAUdDQWOKkbHUoFrzQ8kiPeH2yyLoM6K1phx6U/8s88MYxnxqXW7dnRVcBl4BaqCo1qD65UcSp5wIgxnSuu+5iQkypAzFjEwrfqpJgvAYDUnfQoE40UE2O2YKTywTwVgq+4SBM/Z3R4a4zve1To7MSC9qOfmf1k9NfBVkVCSpIQLPB8Upg0bCPBkYUUWwYRMLEFbU7grxCCmEjc2vYkPwFk9eBp3zundRb9w1as3rIo4yOALH4BR44BI0wS1ogTbA4BE8g1fw5jw5L8678zG3lpyi5xD8KefzB7S6m2U=</latexit>

d ! 1 fm

(beyond central densities of neutron stars)
K. Fukushima, T. Kojo,  W.W.  

Phys. Rev. D 102 (2020) 096017
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NN Central Potential  (S = 0,  I = 1)
deduced from LQCD two-nucleon (6-quark) correlation function

NUCLEAR FORCES  from  LATTICE QCD

1.	Introduction	on	hadronic	interactions	from	LQCD

2.	How	“fake	plateaux”	ruin	all	the	previous	works
(except	for	HAL	QCD)

”Mirage in temporal correlation functions for baryon-baryon interactions  in lattice QCD”,  
arXiv: 1607.06371 [hep-lat] (JHEP 10 (2016) 101) by HAL QCD Coll.

“Are two nucleons bound in lattice QCD for heavy quark masses ? 
– Sanity check with Lucsher’s finite volume formula –”

arXiv: 1703.07210 [hep-lat] (submitted to PRD)  by HAL QCD Coll.

3. Hyperons	in	dense	matter	
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Nuclear Physics 
Phenomenology: 

Short-Range  
Repulsive Core

Compression of baryonic matter is energetically expensive
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Fig. 1 (Left) The NN central potential V 1
C(r) in the 1S0 channel, obtained from (2+1)-flavor lattice

QCD at mπ ! 411 (red), 570 (green), 701 (blue) MeV. (Right) Corresponding scattering phase
shifts as a function of energy. Figures are taken from [48].
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Fig. 2 The NN potential in the 3S1 −3 D1 channel, obtained from (2+1)-flavor lattice QCD at
mπ ! 411 (red), 570 (green), 701 (blue) MeV. (Left) The central potential V 0

C(r). (Right) The
tensor potential V 0

T (r). Figures are taken from [48].

masses of these ensembles corresponds to (mπ ,mN) ! (701,1584) MeV (blue),
(570,1412) MeV (green) and (411,1215) MeV (red). The central potential at each
pion mass reproduces qualitative features of the phenomenological NN potential,
namely, a repulsive core at short distance surrounded by an attractive well at medium
and long distances. A range of a tail structure at long distance in the central poten-
tial becomes wider as pion mass decreases. This behavior may be understood from
a viewpoint of the one-pion exchange between nucleons. At short distance, on the
other hand, a height of the repulsive core increases as pion mass decreases. This
pion mass dependence of the short range repulsion could be explained by the one-
gluon-exchange in the quark model, whose strength is proportional to an inverse of
the constituent quark mass. Fig.1 (Right) shows the scattering phase shifts, extracted
through the Schrödinger equation in the infinite volume with the corresponding cen-
tral potential V 1

C(r), which indicates that there is no bound state in the channel at this
range of pion masses. While behaviors of scattering phase shifts are qualitatively
similar to experimental ones, the strength of the attraction is weaker due to heavier
pion masses. Therefore, it is expected that experimental data are reproduced at the
physical pion mass up to systematic errors such as the lattice artifact.
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masses of these ensembles corresponds to (mπ ,mN) ! (701,1584) MeV (blue),
(570,1412) MeV (green) and (411,1215) MeV (red). The central potential at each
pion mass reproduces qualitative features of the phenomenological NN potential,
namely, a repulsive core at short distance surrounded by an attractive well at medium
and long distances. A range of a tail structure at long distance in the central poten-
tial becomes wider as pion mass decreases. This behavior may be understood from
a viewpoint of the one-pion exchange between nucleons. At short distance, on the
other hand, a height of the repulsive core increases as pion mass decreases. This
pion mass dependence of the short range repulsion could be explained by the one-
gluon-exchange in the quark model, whose strength is proportional to an inverse of
the constituent quark mass. Fig.1 (Right) shows the scattering phase shifts, extracted
through the Schrödinger equation in the infinite volume with the corresponding cen-
tral potential V 1

C(r), which indicates that there is no bound state in the channel at this
range of pion masses. While behaviors of scattering phase shifts are qualitatively
similar to experimental ones, the strength of the attraction is weaker due to heavier
pion masses. Therefore, it is expected that experimental data are reproduced at the
physical pion mass up to systematic errors such as the lattice artifact.
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1.4
<latexit sha1_base64="JS/BeG+joHZ6la6bmYA1f3GfQc4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KRgh4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhDlXaWaZostFcSaQTdD8ezTkmlErpo4Qqrm7FdEx0YRal1HFhYBXX14n7SsfBz6+r9ca9SKOMpzBOVwChmtowB00oQUUJDzDK7x52nvx3r2PZWvJK2ZO4Q+8zx+hy4+V</latexit><latexit sha1_base64="JS/BeG+joHZ6la6bmYA1f3GfQc4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KRgh4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhDlXaWaZostFcSaQTdD8ezTkmlErpo4Qqrm7FdEx0YRal1HFhYBXX14n7SsfBz6+r9ca9SKOMpzBOVwChmtowB00oQUUJDzDK7x52nvx3r2PZWvJK2ZO4Q+8zx+hy4+V</latexit><latexit sha1_base64="JS/BeG+joHZ6la6bmYA1f3GfQc4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KRgh4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhDlXaWaZostFcSaQTdD8ezTkmlErpo4Qqrm7FdEx0YRal1HFhYBXX14n7SsfBz6+r9ca9SKOMpzBOVwChmtowB00oQUUJDzDK7x52nvx3r2PZWvJK2ZO4Q+8zx+hy4+V</latexit><latexit sha1_base64="JS/BeG+joHZ6la6bmYA1f3GfQc4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07KRgh4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvfhDlXaWaZostFcSaQTdD8ezTkmlErpo4Qqrm7FdEx0YRal1HFhYBXX14n7SsfBz6+r9ca9SKOMpzBOVwChmtowB00oQUUJDzDK7x52nvx3r2PZWvJK2ZO4Q+8zx+hy4+V</latexit>

1.6
<latexit sha1_base64="dawP83uOR09lScqjiqX54/Sdug4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRUY8FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvSgU3Ngi+vdLa+sbmVnm7srO7t39QPTxqmSTTlDVpIhLdiYhhgivWtNwK1kk1IzISrB2Nb2d++4lpwxP1YCcpCyUZKh5zSqyTHvNeFCPsX0371VrgB3OgVYILUoMCjX71qzdIaCaZslQQY7o4SG2YE205FWxa6WWGpYSOyZB1HVVEMhPm84On6MwpAxQn2pWyaK7+nsiJNGYiI9cpiR2ZZW8m/ud1MxvfhDlXaWaZootFcSaQTdDsezTgmlErJo4Qqrm7FdER0YRal1HFhYCXX14lrQsfBz6+v6zVL4s4ynACp3AOGK6hDnfQgCZQkPAMr/Dmae/Fe/c+Fq0lr5g5hj/wPn8ApNWPlw==</latexit><latexit sha1_base64="dawP83uOR09lScqjiqX54/Sdug4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRUY8FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvSgU3Ngi+vdLa+sbmVnm7srO7t39QPTxqmSTTlDVpIhLdiYhhgivWtNwK1kk1IzISrB2Nb2d++4lpwxP1YCcpCyUZKh5zSqyTHvNeFCPsX0371VrgB3OgVYILUoMCjX71qzdIaCaZslQQY7o4SG2YE205FWxa6WWGpYSOyZB1HVVEMhPm84On6MwpAxQn2pWyaK7+nsiJNGYiI9cpiR2ZZW8m/ud1MxvfhDlXaWaZootFcSaQTdDsezTgmlErJo4Qqrm7FdER0YRal1HFhYCXX14lrQsfBz6+v6zVL4s4ynACp3AOGK6hDnfQgCZQkPAMr/Dmae/Fe/c+Fq0lr5g5hj/wPn8ApNWPlw==</latexit><latexit sha1_base64="dawP83uOR09lScqjiqX54/Sdug4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRUY8FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvSgU3Ngi+vdLa+sbmVnm7srO7t39QPTxqmSTTlDVpIhLdiYhhgivWtNwK1kk1IzISrB2Nb2d++4lpwxP1YCcpCyUZKh5zSqyTHvNeFCPsX0371VrgB3OgVYILUoMCjX71qzdIaCaZslQQY7o4SG2YE205FWxa6WWGpYSOyZB1HVVEMhPm84On6MwpAxQn2pWyaK7+nsiJNGYiI9cpiR2ZZW8m/ud1MxvfhDlXaWaZootFcSaQTdDsezTgmlErJo4Qqrm7FdER0YRal1HFhYCXX14lrQsfBz6+v6zVL4s4ynACp3AOGK6hDnfQgCZQkPAMr/Dmae/Fe/c+Fq0lr5g5hj/wPn8ApNWPlw==</latexit><latexit sha1_base64="dawP83uOR09lScqjiqX54/Sdug4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRUY8FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvSgU3Ngi+vdLa+sbmVnm7srO7t39QPTxqmSTTlDVpIhLdiYhhgivWtNwK1kk1IzISrB2Nb2d++4lpwxP1YCcpCyUZKh5zSqyTHvNeFCPsX0371VrgB3OgVYILUoMCjX71qzdIaCaZslQQY7o4SG2YE205FWxa6WWGpYSOyZB1HVVEMhPm84On6MwpAxQn2pWyaK7+nsiJNGYiI9cpiR2ZZW8m/ud1MxvfhDlXaWaZootFcSaQTdDsezTgmlErJo4Qqrm7FdER0YRal1HFhYCXX14lrQsfBz6+v6zVL4s4ynACp3AOGK6hDnfQgCZQkPAMr/Dmae/Fe/c+Fq0lr5g5hj/wPn8ApNWPlw==</latexit>

1.8
<latexit sha1_base64="TCfR3UPT5UdWd3FhsPmo0fEc5t0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvXw5yrNLNM0eWiOBPIJmj+PRpyzagVU0cI1dzdiuiYaEKty6jiQsCrL6+T9pWPAx/fX9ca10UcZTiDc7gEDDfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+n34+Z</latexit><latexit sha1_base64="TCfR3UPT5UdWd3FhsPmo0fEc5t0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvXw5yrNLNM0eWiOBPIJmj+PRpyzagVU0cI1dzdiuiYaEKty6jiQsCrL6+T9pWPAx/fX9ca10UcZTiDc7gEDDfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+n34+Z</latexit><latexit sha1_base64="TCfR3UPT5UdWd3FhsPmo0fEc5t0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvXw5yrNLNM0eWiOBPIJmj+PRpyzagVU0cI1dzdiuiYaEKty6jiQsCrL6+T9pWPAx/fX9ca10UcZTiDc7gEDDfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+n34+Z</latexit><latexit sha1_base64="TCfR3UPT5UdWd3FhsPmo0fEc5t0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB07IRwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApubBB8e6WNza3tnfJuZW//4PCoenzSNkmmKWvRRCS6GxHDBFesZbkVrJtqRmQkWCea3M79zhPThifqwU5TFkoyUjzmlFgnPeb9KEbYr88G1VrgBwugdYILUoMCzUH1qz9MaCaZslQQY3o4SG2YE205FWxW6WeGpYROyIj1HFVEMhPmi4Nn6MIpQxQn2pWyaKH+nsiJNGYqI9cpiR2bVW8u/uf1MhvXw5yrNLNM0eWiOBPIJmj+PRpyzagVU0cI1dzdiuiYaEKty6jiQsCrL6+T9pWPAx/fX9ca10UcZTiDc7gEDDfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+n34+Z</latexit>

2.0
<latexit sha1_base64="2SYYQ/5EQxcSsYcTU2yDBhW8Bjo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WrKloMeCF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXpYIbi/G3t7G5tb2zW9or7x8cHh1XTk7bJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60ST27nfeWLa8EQ92GnKQklGisecEuukx7wfxajm49mgUsU+XgCtk6AgVSjQHFS++sOEZpIpSwUxphfg1IY50ZZTwWblfmZYSuiEjFjPUUUkM2G+OHiGLp0yRHGiXSmLFurviZxIY6Yycp2S2LFZ9ebif14vs/FNmHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GZVdCMHqy+ukXfMD7Af39WqjXsRRgnO4gCsI4BoacAdNaAEFCc/wCm+e9l68d+9j2brhFTNn8Afe5w+dPo+S</latexit><latexit sha1_base64="2SYYQ/5EQxcSsYcTU2yDBhW8Bjo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WrKloMeCF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXpYIbi/G3t7G5tb2zW9or7x8cHh1XTk7bJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60ST27nfeWLa8EQ92GnKQklGisecEuukx7wfxajm49mgUsU+XgCtk6AgVSjQHFS++sOEZpIpSwUxphfg1IY50ZZTwWblfmZYSuiEjFjPUUUkM2G+OHiGLp0yRHGiXSmLFurviZxIY6Yycp2S2LFZ9ebif14vs/FNmHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GZVdCMHqy+ukXfMD7Af39WqjXsRRgnO4gCsI4BoacAdNaAEFCc/wCm+e9l68d+9j2brhFTNn8Afe5w+dPo+S</latexit><latexit sha1_base64="2SYYQ/5EQxcSsYcTU2yDBhW8Bjo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WrKloMeCF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXpYIbi/G3t7G5tb2zW9or7x8cHh1XTk7bJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60ST27nfeWLa8EQ92GnKQklGisecEuukx7wfxajm49mgUsU+XgCtk6AgVSjQHFS++sOEZpIpSwUxphfg1IY50ZZTwWblfmZYSuiEjFjPUUUkM2G+OHiGLp0yRHGiXSmLFurviZxIY6Yycp2S2LFZ9ebif14vs/FNmHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GZVdCMHqy+ukXfMD7Af39WqjXsRRgnO4gCsI4BoacAdNaAEFCc/wCm+e9l68d+9j2brhFTNn8Afe5w+dPo+S</latexit><latexit sha1_base64="2SYYQ/5EQxcSsYcTU2yDBhW8Bjo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4WrKloMeCF48V7Ie0S8mm2TY0yS5JVihLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXpYIbi/G3t7G5tb2zW9or7x8cHh1XTk7bJsk0ZS2aiER3I2KY4Iq1LLeCdVPNiIwE60ST27nfeWLa8EQ92GnKQklGisecEuukx7wfxajm49mgUsU+XgCtk6AgVSjQHFS++sOEZpIpSwUxphfg1IY50ZZTwWblfmZYSuiEjFjPUUUkM2G+OHiGLp0yRHGiXSmLFurviZxIY6Yycp2S2LFZ9ebif14vs/FNmHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GZVdCMHqy+ukXfMD7Af39WqjXsRRgnO4gCsI4BoacAdNaAEFCc/wCm+e9l68d+9j2brhFTNn8Afe5w+dPo+S</latexit>

0.8
<latexit sha1_base64="eo+HG3zYyLC3yTquHyorzyrZJDM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB05IVwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApuLMbfXmljc2t7p7xb2ds/ODyqHp+0TZJpylo0EYnuRsQwwRVrWW4F66aaERkJ1okmt3O/88S04Yl6sNOUhZKMFI85JdZJj3k/ihH267NBtYZ9vABaJ0FBalCgOah+9YcJzSRTlgpiTC/AqQ1zoi2ngs0q/cywlNAJGbGeo4pIZsJ8cfAMXThliOJEu1IWLdTfEzmRxkxl5DolsWOz6s3F/7xeZuN6mHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GVVcCMHqy+ukfeUH2A/ur2uN6yKOMpzBOVxCADfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+mWI+Y</latexit><latexit sha1_base64="eo+HG3zYyLC3yTquHyorzyrZJDM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB05IVwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApuLMbfXmljc2t7p7xb2ds/ODyqHp+0TZJpylo0EYnuRsQwwRVrWW4F66aaERkJ1okmt3O/88S04Yl6sNOUhZKMFI85JdZJj3k/ihH267NBtYZ9vABaJ0FBalCgOah+9YcJzSRTlgpiTC/AqQ1zoi2ngs0q/cywlNAJGbGeo4pIZsJ8cfAMXThliOJEu1IWLdTfEzmRxkxl5DolsWOz6s3F/7xeZuN6mHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GVVcCMHqy+ukfeUH2A/ur2uN6yKOMpzBOVxCADfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+mWI+Y</latexit><latexit sha1_base64="eo+HG3zYyLC3yTquHyorzyrZJDM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB05IVwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApuLMbfXmljc2t7p7xb2ds/ODyqHp+0TZJpylo0EYnuRsQwwRVrWW4F66aaERkJ1okmt3O/88S04Yl6sNOUhZKMFI85JdZJj3k/ihH267NBtYZ9vABaJ0FBalCgOah+9YcJzSRTlgpiTC/AqQ1zoi2ngs0q/cywlNAJGbGeo4pIZsJ8cfAMXThliOJEu1IWLdTfEzmRxkxl5DolsWOz6s3F/7xeZuN6mHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GVVcCMHqy+ukfeUH2A/ur2uN6yKOMpzBOVxCADfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+mWI+Y</latexit><latexit sha1_base64="eo+HG3zYyLC3yTquHyorzyrZJDM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbB05IVwR4LXjxWsB/SLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZelApuLMbfXmljc2t7p7xb2ds/ODyqHp+0TZJpylo0EYnuRsQwwRVrWW4F66aaERkJ1okmt3O/88S04Yl6sNOUhZKMFI85JdZJj3k/ihH267NBtYZ9vABaJ0FBalCgOah+9YcJzSRTlgpiTC/AqQ1zoi2ngs0q/cywlNAJGbGeo4pIZsJ8cfAMXThliOJEu1IWLdTfEzmRxkxl5DolsWOz6s3F/7xeZuN6mHOVZpYpulwUZwLZBM2/R0OuGbVi6gihmrtbER0TTah1GVVcCMHqy+ukfeUH2A/ur2uN6yKOMpzBOVxCADfQgDtoQgsoSHiGV3jztPfivXsfy9aSV8ycwh94nz+mWI+Y</latexit>

1
<latexit sha1_base64="fBi4Q7EcTZ52Eg3fDCdIoIttiHw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyN/c7T6gNT9SjnaYYSjpSPOaMWid18n4Uk2A2qNb8ur8AWSdBQWpQoDmofvWHCcskKssENaYX+KkNc6otZwJnlX5mMKVsQkfYc1RRiSbMF+fOyIVThiROtCtlyUL9PZFTacxURq5TUjs2q95c/M/rZTa+DXOu0syiYstFcSaITcj8dzLkGpkVU0co09zdStiYasqsS6jiQghWX14n7at64NeDh+ta47qIowxncA6XEMANNOAemtACBhN4hld481LvxXv3PpatJa+YOYU/8D5/AL7ijx8=</latexit><latexit sha1_base64="fBi4Q7EcTZ52Eg3fDCdIoIttiHw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyN/c7T6gNT9SjnaYYSjpSPOaMWid18n4Uk2A2qNb8ur8AWSdBQWpQoDmofvWHCcskKssENaYX+KkNc6otZwJnlX5mMKVsQkfYc1RRiSbMF+fOyIVThiROtCtlyUL9PZFTacxURq5TUjs2q95c/M/rZTa+DXOu0syiYstFcSaITcj8dzLkGpkVU0co09zdStiYasqsS6jiQghWX14n7at64NeDh+ta47qIowxncA6XEMANNOAemtACBhN4hld481LvxXv3PpatJa+YOYU/8D5/AL7ijx8=</latexit><latexit sha1_base64="fBi4Q7EcTZ52Eg3fDCdIoIttiHw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyN/c7T6gNT9SjnaYYSjpSPOaMWid18n4Uk2A2qNb8ur8AWSdBQWpQoDmofvWHCcskKssENaYX+KkNc6otZwJnlX5mMKVsQkfYc1RRiSbMF+fOyIVThiROtCtlyUL9PZFTacxURq5TUjs2q95c/M/rZTa+DXOu0syiYstFcSaITcj8dzLkGpkVU0co09zdStiYasqsS6jiQghWX14n7at64NeDh+ta47qIowxncA6XEMANNOAemtACBhN4hld481LvxXv3PpatJa+YOYU/8D5/AL7ijx8=</latexit><latexit sha1_base64="fBi4Q7EcTZ52Eg3fDCdIoIttiHw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48RzAOSJcxOepMhM7PLzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlApurO9/e6WNza3tnfJuZW//4PCoenzSNkmmGbZYIhLdjahBwRW2LLcCu6lGKiOBnWhyN/c7T6gNT9SjnaYYSjpSPOaMWid18n4Uk2A2qNb8ur8AWSdBQWpQoDmofvWHCcskKssENaYX+KkNc6otZwJnlX5mMKVsQkfYc1RRiSbMF+fOyIVThiROtCtlyUL9PZFTacxURq5TUjs2q95c/M/rZTa+DXOu0syiYstFcSaITcj8dzLkGpkVU0co09zdStiYasqsS6jiQghWX14n7at64NeDh+ta47qIowxncA6XEMANNOAemtACBhN4hld481LvxXv3PpatJa+YOYU/8D5/AL7ijx8=</latexit>

2
<latexit sha1_base64="sVxzj72H2URulAo7PsOlrOrLC/w=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKQY8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOd9O6Wt7Z3dvfJ+5eDw6PjEPT3rmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2ndwu/+8S1EYl6xFnKg5iOlYgEo2ilbj4II1KfD92qV/OWIJvEL0gVCrSG7tdglLAs5gqZpMb0fS/FIKcaBZN8XhlkhqeUTemY9y1VNOYmyJfnzsmVVUYkSrQthWSp/p7IaWzMLA5tZ0xxYta9hfif188wug1yodIMuWKrRVEmCSZk8TsZCc0ZypkllGlhbyVsQjVlaBOq2BD89Zc3Sade872a/9CoNhtFHGW4gEu4Bh9uoAn30II2MJjCM7zCm5M6L86787FqLTnFzDn8gfP5A8BnjyA=</latexit><latexit sha1_base64="sVxzj72H2URulAo7PsOlrOrLC/w=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKQY8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOd9O6Wt7Z3dvfJ+5eDw6PjEPT3rmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2ndwu/+8S1EYl6xFnKg5iOlYgEo2ilbj4II1KfD92qV/OWIJvEL0gVCrSG7tdglLAs5gqZpMb0fS/FIKcaBZN8XhlkhqeUTemY9y1VNOYmyJfnzsmVVUYkSrQthWSp/p7IaWzMLA5tZ0xxYta9hfif188wug1yodIMuWKrRVEmCSZk8TsZCc0ZypkllGlhbyVsQjVlaBOq2BD89Zc3Sade872a/9CoNhtFHGW4gEu4Bh9uoAn30II2MJjCM7zCm5M6L86787FqLTnFzDn8gfP5A8BnjyA=</latexit><latexit sha1_base64="sVxzj72H2URulAo7PsOlrOrLC/w=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKQY8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOd9O6Wt7Z3dvfJ+5eDw6PjEPT3rmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2ndwu/+8S1EYl6xFnKg5iOlYgEo2ilbj4II1KfD92qV/OWIJvEL0gVCrSG7tdglLAs5gqZpMb0fS/FIKcaBZN8XhlkhqeUTemY9y1VNOYmyJfnzsmVVUYkSrQthWSp/p7IaWzMLA5tZ0xxYta9hfif188wug1yodIMuWKrRVEmCSZk8TsZCc0ZypkllGlhbyVsQjVlaBOq2BD89Zc3Sade872a/9CoNhtFHGW4gEu4Bh9uoAn30II2MJjCM7zCm5M6L86787FqLTnFzDn8gfP5A8BnjyA=</latexit><latexit sha1_base64="sVxzj72H2URulAo7PsOlrOrLC/w=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lKQY8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOd9O6Wt7Z3dvfJ+5eDw6PjEPT3rmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g2ndwu/+8S1EYl6xFnKg5iOlYgEo2ilbj4II1KfD92qV/OWIJvEL0gVCrSG7tdglLAs5gqZpMb0fS/FIKcaBZN8XhlkhqeUTemY9y1VNOYmyJfnzsmVVUYkSrQthWSp/p7IaWzMLA5tZ0xxYta9hfif188wug1yodIMuWKrRVEmCSZk8TsZCc0ZypkllGlhbyVsQjVlaBOq2BD89Zc3Sade872a/9CoNhtFHGW4gEu4Bh9uoAn30II2MJjCM7zCm5M6L86787FqLTnFzDn8gfP5A8BnjyA=</latexit>

4
<latexit sha1_base64="EKLEXl69cGvAWTyN6IRZF+/hYbU=">AAAB7nicbVDLSgNBEOzxGeMr6tHLYBA8hV0J6DHgxWME84BkCbOT2WTI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090Vpkpa9LxvsrG5tb2zW9or7x8cHh1XTk7bNskMFy2eqMR0Q2aFklq0UKIS3dQIFodKdMLJ3dzvPAljZaIfcZqKIGYjLSPJGTqpk/fDiNZng0rVq3kL0HXiF6QKBZqDyld/mPAsFhq5Ytb2fC/FIGcGJVdiVu5nVqSMT9hI9BzVLBY2yBfnzuilU4Y0SowrjXSh/p7IWWztNA5dZ8xwbFe9ufif18swug1yqdMMhebLRVGmKCZ0/jsdSiM4qqkjjBvpbqV8zAzj6BIquxD81ZfXSfu65ns1/6FebdSLOEpwDhdwBT7cQAPuoQkt4DCBZ3iFN5KSF/JOPpatG6SYOYM/IJ8/w3GPIg==</latexit><latexit sha1_base64="EKLEXl69cGvAWTyN6IRZF+/hYbU=">AAAB7nicbVDLSgNBEOzxGeMr6tHLYBA8hV0J6DHgxWME84BkCbOT2WTI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090Vpkpa9LxvsrG5tb2zW9or7x8cHh1XTk7bNskMFy2eqMR0Q2aFklq0UKIS3dQIFodKdMLJ3dzvPAljZaIfcZqKIGYjLSPJGTqpk/fDiNZng0rVq3kL0HXiF6QKBZqDyld/mPAsFhq5Ytb2fC/FIGcGJVdiVu5nVqSMT9hI9BzVLBY2yBfnzuilU4Y0SowrjXSh/p7IWWztNA5dZ8xwbFe9ufif18swug1yqdMMhebLRVGmKCZ0/jsdSiM4qqkjjBvpbqV8zAzj6BIquxD81ZfXSfu65ns1/6FebdSLOEpwDhdwBT7cQAPuoQkt4DCBZ3iFN5KSF/JOPpatG6SYOYM/IJ8/w3GPIg==</latexit><latexit sha1_base64="EKLEXl69cGvAWTyN6IRZF+/hYbU=">AAAB7nicbVDLSgNBEOzxGeMr6tHLYBA8hV0J6DHgxWME84BkCbOT2WTI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090Vpkpa9LxvsrG5tb2zW9or7x8cHh1XTk7bNskMFy2eqMR0Q2aFklq0UKIS3dQIFodKdMLJ3dzvPAljZaIfcZqKIGYjLSPJGTqpk/fDiNZng0rVq3kL0HXiF6QKBZqDyld/mPAsFhq5Ytb2fC/FIGcGJVdiVu5nVqSMT9hI9BzVLBY2yBfnzuilU4Y0SowrjXSh/p7IWWztNA5dZ8xwbFe9ufif18swug1yqdMMhebLRVGmKCZ0/jsdSiM4qqkjjBvpbqV8zAzj6BIquxD81ZfXSfu65ns1/6FebdSLOEpwDhdwBT7cQAPuoQkt4DCBZ3iFN5KSF/JOPpatG6SYOYM/IJ8/w3GPIg==</latexit><latexit sha1_base64="EKLEXl69cGvAWTyN6IRZF+/hYbU=">AAAB7nicbVDLSgNBEOzxGeMr6tHLYBA8hV0J6DHgxWME84BkCbOT2WTI7Owy0yuEJR/hxYMiXv0eb/6Nk2QPmljQUFR1090Vpkpa9LxvsrG5tb2zW9or7x8cHh1XTk7bNskMFy2eqMR0Q2aFklq0UKIS3dQIFodKdMLJ3dzvPAljZaIfcZqKIGYjLSPJGTqpk/fDiNZng0rVq3kL0HXiF6QKBZqDyld/mPAsFhq5Ytb2fC/FIGcGJVdiVu5nVqSMT9hI9BzVLBY2yBfnzuilU4Y0SowrjXSh/p7IWWztNA5dZ8xwbFe9ufif18swug1yqdMMhebLRVGmKCZ0/jsdSiM4qqkjjBvpbqV8zAzj6BIquxD81ZfXSfu65ns1/6FebdSLOEpwDhdwBT7cQAPuoQkt4DCBZ3iFN5KSF/JOPpatG6SYOYM/IJ8/w3GPIg==</latexit>

3
<latexit sha1_base64="/DNwu4qXFyhk8lryPFJx57y7Ol4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSNxsEIbmeD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyeWWQGp5QNqVj3rdU0YgbP1ucOycXVhmRMNa2FJKF+nsio5ExsyiwnRHFiVn1cvE/r59ieOtnQiUpcsWWi8JUEoxJ/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8HsjyE=</latexit><latexit sha1_base64="/DNwu4qXFyhk8lryPFJx57y7Ol4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSNxsEIbmeD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyeWWQGp5QNqVj3rdU0YgbP1ucOycXVhmRMNa2FJKF+nsio5ExsyiwnRHFiVn1cvE/r59ieOtnQiUpcsWWi8JUEoxJ/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8HsjyE=</latexit><latexit sha1_base64="/DNwu4qXFyhk8lryPFJx57y7Ol4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSNxsEIbmeD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyeWWQGp5QNqVj3rdU0YgbP1ucOycXVhmRMNa2FJKF+nsio5ExsyiwnRHFiVn1cvE/r59ieOtnQiUpcsWWi8JUEoxJ/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8HsjyE=</latexit><latexit sha1_base64="/DNwu4qXFyhk8lryPFJx57y7Ol4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeCF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md7nffeLaiFg94izhfkTHSoSCUbRSNxsEIbmeD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyeWWQGp5QNqVj3rdU0YgbP1ucOycXVhmRMNa2FJKF+nsio5ExsyiwnRHFiVn1cvE/r59ieOtnQiUpcsWWi8JUEoxJ/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8HsjyE=</latexit>

5
<latexit sha1_base64="vMYy+4JrCD/BF4siySVAsQqqk2M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8T2jyM=</latexit><latexit sha1_base64="vMYy+4JrCD/BF4siySVAsQqqk2M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8T2jyM=</latexit><latexit sha1_base64="vMYy+4JrCD/BF4siySVAsQqqk2M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8T2jyM=</latexit><latexit sha1_base64="vMYy+4JrCD/BF4siySVAsQqqk2M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8T2jyM=</latexit>

6
<latexit sha1_base64="DZGeYqvyWIzqI0C7QqUDPc5Dp1s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8Z7jyQ=</latexit><latexit sha1_base64="DZGeYqvyWIzqI0C7QqUDPc5Dp1s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8Z7jyQ=</latexit><latexit sha1_base64="DZGeYqvyWIzqI0C7QqUDPc5Dp1s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8Z7jyQ=</latexit><latexit sha1_base64="DZGeYqvyWIzqI0C7QqUDPc5Dp1s=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilbjYIQnKdD6s1t+4uQNaJV5AaFGgNq1+DUczSiCtkkhrT99wE/YxqFEzyvDJIDU8om9Ix71uqaMSNny3OzcmFVUYkjLUthWSh/p7IaGTMLApsZ0RxYla9ufif108xvPUzoZIUuWLLRWEqCcZk/jsZCc0ZypkllGlhbyVsQjVlaBOq2BC81ZfXSeeq7rl176FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB8Z7jyQ=</latexit> 7

<latexit sha1_base64="+QEhEapuxBA88+NjL8IgI0ErWCM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5BieOtnQiUpcsVWi8JUEoxJ/jsZC80ZyrkllGlhbyVsSjVlaBOq2BC89Zc3Sfem7rl176FRazWKOMpwAZdwDR40oQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8gAjyU=</latexit><latexit sha1_base64="+QEhEapuxBA88+NjL8IgI0ErWCM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5BieOtnQiUpcsVWi8JUEoxJ/jsZC80ZyrkllGlhbyVsSjVlaBOq2BC89Zc3Sfem7rl176FRazWKOMpwAZdwDR40oQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8gAjyU=</latexit><latexit sha1_base64="+QEhEapuxBA88+NjL8IgI0ErWCM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5BieOtnQiUpcsVWi8JUEoxJ/jsZC80ZyrkllGlhbyVsSjVlaBOq2BC89Zc3Sfem7rl176FRazWKOMpwAZdwDR40oQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8gAjyU=</latexit><latexit sha1_base64="+QEhEapuxBA88+NjL8IgI0ErWCM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5BieOtnQiUpcsVWi8JUEoxJ/jsZC80ZyrkllGlhbyVsSjVlaBOq2BC89Zc3Sfem7rl176FRazWKOMpwAZdwDR40oQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8gAjyU=</latexit>

8
<latexit sha1_base64="mbWEZrD7IJvINEW8gzAytLrBRRw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5Bi2PQzoZIUuWKrRWEqCcYk/52MheYM5dwSyrSwtxI2pZoytAlVbAje+subpHtT99y699CotRpFHGW4gEu4Bg9uoQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8mFjyY=</latexit><latexit sha1_base64="mbWEZrD7IJvINEW8gzAytLrBRRw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5Bi2PQzoZIUuWKrRWEqCcYk/52MheYM5dwSyrSwtxI2pZoytAlVbAje+subpHtT99y699CotRpFHGW4gEu4Bg9uoQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8mFjyY=</latexit><latexit sha1_base64="mbWEZrD7IJvINEW8gzAytLrBRRw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5Bi2PQzoZIUuWKrRWEqCcYk/52MheYM5dwSyrSwtxI2pZoytAlVbAje+subpHtT99y699CotRpFHGW4gEu4Bg9uoQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8mFjyY=</latexit><latexit sha1_base64="mbWEZrD7IJvINEW8gzAytLrBRRw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkYI8FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GTZuDtj4YeLw3w8y8IJHCoOt+O6Wt7Z3dvfJ+5eDw6PikenrWNXGqGe+wWMa6H1DDpVC8gwIl7yea0yiQvBfM7nK/98S1EbF6xHnC/YhOlAgFo2ilXjYMQtJcjKo1t+4uQTaJV5AaFGiPql/DcczSiCtkkhoz8NwE/YxqFEzyRWWYGp5QNqMTPrBU0YgbP1ueuyBXVhmTMNa2FJKl+nsio5Ex8yiwnRHFqVn3cvE/b5Bi2PQzoZIUuWKrRWEqCcYk/52MheYM5dwSyrSwtxI2pZoytAlVbAje+subpHtT99y699CotRpFHGW4gEu4Bg9uoQX30IYOMJjBM7zCm5M4L86787FqLTnFzDn8gfP5A8mFjyY=</latexit>

dNN
<latexit sha1_base64="wzygveFGcmmW//lguV/Xub9FMY8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF0+lgq2FJpTNZtMu3WzCfggl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q777VQ2Nre2d6q7tb39g8Oj+vFJX6VGEtojKU/lIMSKciZoTzPN6SCTFCchp4/h9HbuPz5RqVgqHvQso0GCx4LFjGBtJT/3wxhFo7zTKYpRveE23QXQOvFK0oAS3VH9y49SYhIqNOFYqaHnZjrIsdSMcFrUfKNohskUj+nQUoETqoJ8cXOBLqwSoTiVtoRGC/X3RI4TpWZJaDsTrCdq1ZuL/3lDo+NWkDORGU0FWS6KDUc6RfMAUMQkJZrPLMFEMnsrIhMsMdE2ppoNwVt9eZ30r5qe2/TurxvtVhlHFc7gHC7Bgxtowx10oQcEMniGV3hzjPPivDsfy9aKU86cwh84nz/LWpF7</latexit><latexit sha1_base64="wzygveFGcmmW//lguV/Xub9FMY8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF0+lgq2FJpTNZtMu3WzCfggl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q777VQ2Nre2d6q7tb39g8Oj+vFJX6VGEtojKU/lIMSKciZoTzPN6SCTFCchp4/h9HbuPz5RqVgqHvQso0GCx4LFjGBtJT/3wxhFo7zTKYpRveE23QXQOvFK0oAS3VH9y49SYhIqNOFYqaHnZjrIsdSMcFrUfKNohskUj+nQUoETqoJ8cXOBLqwSoTiVtoRGC/X3RI4TpWZJaDsTrCdq1ZuL/3lDo+NWkDORGU0FWS6KDUc6RfMAUMQkJZrPLMFEMnsrIhMsMdE2ppoNwVt9eZ30r5qe2/TurxvtVhlHFc7gHC7Bgxtowx10oQcEMniGV3hzjPPivDsfy9aKU86cwh84nz/LWpF7</latexit><latexit sha1_base64="wzygveFGcmmW//lguV/Xub9FMY8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF0+lgq2FJpTNZtMu3WzCfggl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q777VQ2Nre2d6q7tb39g8Oj+vFJX6VGEtojKU/lIMSKciZoTzPN6SCTFCchp4/h9HbuPz5RqVgqHvQso0GCx4LFjGBtJT/3wxhFo7zTKYpRveE23QXQOvFK0oAS3VH9y49SYhIqNOFYqaHnZjrIsdSMcFrUfKNohskUj+nQUoETqoJ8cXOBLqwSoTiVtoRGC/X3RI4TpWZJaDsTrCdq1ZuL/3lDo+NWkDORGU0FWS6KDUc6RfMAUMQkJZrPLMFEMnsrIhMsMdE2ppoNwVt9eZ30r5qe2/TurxvtVhlHFc7gHC7Bgxtowx10oQcEMniGV3hzjPPivDsfy9aKU86cwh84nz/LWpF7</latexit><latexit sha1_base64="wzygveFGcmmW//lguV/Xub9FMY8=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsMeCF0+lgq2FJpTNZtMu3WzCfggl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5YcaZ0q777VQ2Nre2d6q7tb39g8Oj+vFJX6VGEtojKU/lIMSKciZoTzPN6SCTFCchp4/h9HbuPz5RqVgqHvQso0GCx4LFjGBtJT/3wxhFo7zTKYpRveE23QXQOvFK0oAS3VH9y49SYhIqNOFYqaHnZjrIsdSMcFrUfKNohskUj+nQUoETqoJ8cXOBLqwSoTiVtoRGC/X3RI4TpWZJaDsTrCdq1ZuL/3lDo+NWkDORGU0FWS6KDUc6RfMAUMQkJZrPLMFEMnsrIhMsMdE2ppoNwVt9eZ30r5qe2/TurxvtVhlHFc7gHC7Bgxtowx10oQcEMniGV3hzjPPivDsfy9aKU86cwh84nz/LWpF7</latexit>

[fm]
<latexit sha1_base64="befL+eQsdlr8tQzPQjEtYBPLEe4=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYI8FLx4r2A/cLiWbZtvQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZelApurOd9o9LG5tb2Tnm3srd/cHhUPT7pmCTTlLVpIhLdi4hhgivWttwK1ks1IzISrBtNbud+94lpwxP1YKcpCyUZKR5zSqyTHvN+FOMgluFsUK15dW8BvE78gtSgQGtQ/eoPE5pJpiwVxJjA91Ib5kRbTgWbVfqZYSmhEzJigaOKSGbCfHHxDF84ZYjjRLtSFi/U3xM5kcZMZeQ6JbFjs+rNxf+8ILNxI8y5SjPLFF0uijOBbYLn7+Mh14xaMXWEUM3drZiOiSbUupAqLgR/9eV10rmq+17dv7+uNRtFHGU4g3O4BB9uoAl30II2UFDwDK/whgx6Qe/oY9laQsXMKfwB+vwBRGKQmw==</latexit><latexit sha1_base64="befL+eQsdlr8tQzPQjEtYBPLEe4=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYI8FLx4r2A/cLiWbZtvQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZelApurOd9o9LG5tb2Tnm3srd/cHhUPT7pmCTTlLVpIhLdi4hhgivWttwK1ks1IzISrBtNbud+94lpwxP1YKcpCyUZKR5zSqyTHvN+FOMgluFsUK15dW8BvE78gtSgQGtQ/eoPE5pJpiwVxJjA91Ib5kRbTgWbVfqZYSmhEzJigaOKSGbCfHHxDF84ZYjjRLtSFi/U3xM5kcZMZeQ6JbFjs+rNxf+8ILNxI8y5SjPLFF0uijOBbYLn7+Mh14xaMXWEUM3drZiOiSbUupAqLgR/9eV10rmq+17dv7+uNRtFHGU4g3O4BB9uoAl30II2UFDwDK/whgx6Qe/oY9laQsXMKfwB+vwBRGKQmw==</latexit><latexit sha1_base64="befL+eQsdlr8tQzPQjEtYBPLEe4=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYI8FLx4r2A/cLiWbZtvQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZelApurOd9o9LG5tb2Tnm3srd/cHhUPT7pmCTTlLVpIhLdi4hhgivWttwK1ks1IzISrBtNbud+94lpwxP1YKcpCyUZKR5zSqyTHvN+FOMgluFsUK15dW8BvE78gtSgQGtQ/eoPE5pJpiwVxJjA91Ib5kRbTgWbVfqZYSmhEzJigaOKSGbCfHHxDF84ZYjjRLtSFi/U3xM5kcZMZeQ6JbFjs+rNxf+8ILNxI8y5SjPLFF0uijOBbYLn7+Mh14xaMXWEUM3drZiOiSbUupAqLgR/9eV10rmq+17dv7+uNRtFHGU4g3O4BB9uoAl30II2UFDwDK/whgx6Qe/oY9laQsXMKfwB+vwBRGKQmw==</latexit><latexit sha1_base64="befL+eQsdlr8tQzPQjEtYBPLEe4=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKYI8FLx4r2A/cLiWbZtvQJLskWaEs/RdePCji1X/jzX9j2u5BWx8MPN6bYWZelApurOd9o9LG5tb2Tnm3srd/cHhUPT7pmCTTlLVpIhLdi4hhgivWttwK1ks1IzISrBtNbud+94lpwxP1YKcpCyUZKR5zSqyTHvN+FOMgluFsUK15dW8BvE78gtSgQGtQ/eoPE5pJpiwVxJjA91Ib5kRbTgWbVfqZYSmhEzJigaOKSGbCfHHxDF84ZYjjRLtSFi/U3xM5kcZMZeQ6JbFjs+rNxf+8ILNxI8y5SjPLFF0uijOBbYLn7+Mh14xaMXWEUM3drZiOiSbUupAqLgR/9eV10rmq+17dv7+uNRtFHGU4g3O4BB9uoAl30II2UFDwDK/whgx6Qe/oY9laQsXMKfwB+vwBRGKQmw==</latexit>

ρ/ρ0
<latexit sha1_base64="KC5dWOl2dhb40yOWqm0+7jXgsRQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIoMuiG5cVbC00IUymk3boZCbMTIQair/ixoUibv0Pd/6NkzYLbT0ww+Gce5kzJ0oZVdp1v63K0vLK6lp1vbaxubW9Y+/udZTIJCZtLJiQ3QgpwignbU01I91UEpREjNxHo+vCv38gUlHB7/Q4JUGCBpzGFCNtpNA+8BOkh1Gc+3IoTosrdCehXXcb7hTOIvFKUocSrdD+8vsCZwnhGjOkVM9zUx3kSGqKGZnU/EyRFOERGpCeoRwlRAX5NP3EOTZK34mFNIdrZ6r+3shRotQ4icxkkVXNe4X4n9fLdHwZ5JSnmSYczx6KM+Zo4RRVOH0qCdZsbAjCkpqsDh4iibA2hdVMCd78lxdJ56zhuQ3v9rzevCrrqMIhHMEJeHABTbiBFrQBwyM8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AIenlUE=</latexit><latexit sha1_base64="KC5dWOl2dhb40yOWqm0+7jXgsRQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIoMuiG5cVbC00IUymk3boZCbMTIQair/ixoUibv0Pd/6NkzYLbT0ww+Gce5kzJ0oZVdp1v63K0vLK6lp1vbaxubW9Y+/udZTIJCZtLJiQ3QgpwignbU01I91UEpREjNxHo+vCv38gUlHB7/Q4JUGCBpzGFCNtpNA+8BOkh1Gc+3IoTosrdCehXXcb7hTOIvFKUocSrdD+8vsCZwnhGjOkVM9zUx3kSGqKGZnU/EyRFOERGpCeoRwlRAX5NP3EOTZK34mFNIdrZ6r+3shRotQ4icxkkVXNe4X4n9fLdHwZ5JSnmSYczx6KM+Zo4RRVOH0qCdZsbAjCkpqsDh4iibA2hdVMCd78lxdJ56zhuQ3v9rzevCrrqMIhHMEJeHABTbiBFrQBwyM8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AIenlUE=</latexit><latexit sha1_base64="KC5dWOl2dhb40yOWqm0+7jXgsRQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIoMuiG5cVbC00IUymk3boZCbMTIQair/ixoUibv0Pd/6NkzYLbT0ww+Gce5kzJ0oZVdp1v63K0vLK6lp1vbaxubW9Y+/udZTIJCZtLJiQ3QgpwignbU01I91UEpREjNxHo+vCv38gUlHB7/Q4JUGCBpzGFCNtpNA+8BOkh1Gc+3IoTosrdCehXXcb7hTOIvFKUocSrdD+8vsCZwnhGjOkVM9zUx3kSGqKGZnU/EyRFOERGpCeoRwlRAX5NP3EOTZK34mFNIdrZ6r+3shRotQ4icxkkVXNe4X4n9fLdHwZ5JSnmSYczx6KM+Zo4RRVOH0qCdZsbAjCkpqsDh4iibA2hdVMCd78lxdJ56zhuQ3v9rzevCrrqMIhHMEJeHABTbiBFrQBwyM8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AIenlUE=</latexit><latexit sha1_base64="KC5dWOl2dhb40yOWqm0+7jXgsRQ=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5qIoMuiG5cVbC00IUymk3boZCbMTIQair/ixoUibv0Pd/6NkzYLbT0ww+Gce5kzJ0oZVdp1v63K0vLK6lp1vbaxubW9Y+/udZTIJCZtLJiQ3QgpwignbU01I91UEpREjNxHo+vCv38gUlHB7/Q4JUGCBpzGFCNtpNA+8BOkh1Gc+3IoTosrdCehXXcb7hTOIvFKUocSrdD+8vsCZwnhGjOkVM9zUx3kSGqKGZnU/EyRFOERGpCeoRwlRAX5NP3EOTZK34mFNIdrZ6r+3shRotQ4icxkkVXNe4X4n9fLdHwZ5JSnmSYczx6KM+Zo4RRVOH0qCdZsbAjCkpqsDh4iibA2hdVMCd78lxdJ56zhuQ3v9rzevCrrqMIhHMEJeHABTbiBFrQBwyM8wyu8WU/Wi/VufcxGK1a5sw9/YH3+AIenlUE=</latexit>

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

cubic lattice

hexagonal 
close packing

In[600]:= r := 0.415
d := 1.05
a := d * Sqrt[0.75]density = 0.74 / d^3 / 0.16
Plot3D[Exp[-((x + d / 2)^2 + y^2) / r^2] +
Exp[-((x - d / 2)^2 + y^2) / r^2 ] + Exp[-(x^2 + (y - a)^2) / r^2] +

Exp[-(x^2 + (y + a)^2) / r^2], {x, -1.0, 1.0}, {y, -1.5, 1.5}]

Out[603]= 3.99525

Out[604]=

2     4Gaussiansprime.nb

<latexit sha1_base64="TUjF8a+khmteen6LXfPqTBnv72Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkLizQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLcGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/Hcy5AqZEVNLKFPc3krYmCrKjE2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDFJY83</latexit>

0

<latexit sha1_base64="CrOD1baU/WaVAoc9FYRVqY4ENRM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSbDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDGqo84</latexit>

1

<latexit sha1_base64="Jdk1f0GuguV49mnSBf0lZTKvF6w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkNRmg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68Ttq1qlev1h+uKo3bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHIL485</latexit>

2

<latexit sha1_base64="iZt13fkdbpHGIdI0stMS7q4u5ps=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1sl4Uo1hM++WKX/XnQKskyEkFcjT65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nVUYkFNmM3vnaIzpwxQrLQradFc/T2RYWHMRESuU2A7MsveTPzP66Y2vg4zJpPUUkkWi+KUI6vQ7Hk0YJoSyyeOYKKZuxWREdaYWBdRyYUQLL+8SloX1aBWrd1fVuo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QPj+I/k</latexit>

fm

In[345]:= r := 0.415
d := 1.666
a := d * Sqrt[0.75]
density = 0.74 / d^3 / 0.16
G[x_] := Exp[-x^2 / r^2]
MS := Integrate[x^4 * G[x], {x, 0, 1}]XNorm := Integrate[x^2 * G[x], {x, 0, 1}]RMS := Sqrt[MS / XNorm]
RMS
Plot3D[Exp[-((x + d / 2)^2 + y^2) / r^2] +Exp[-((x - d / 2)^2 + y^2) / r^2 ] + Exp[-(x^2 + (y - a)^2) / r^2] +Exp[-(x^2 + (y + a)^2) / r^2], {x, -1.52, 1.52}, {y, -2.0, 2.0}]Out[348]= 1.0002

Out[353]= 0.500085

Out[354]=

<latexit sha1_base64="TUjF8a+khmteen6LXfPqTBnv72Q=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkLizQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLcGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/Hcy5AqZEVNLKFPc3krYmCrKjE2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDFJY83</latexit>

0

<latexit sha1_base64="CrOD1baU/WaVAoc9FYRVqY4ENRM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSbDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqler1h6uK43bPI4inME5XIIHdWjAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDGqo84</latexit>

1

<latexit sha1_base64="Jdk1f0GuguV49mnSBf0lZTKvF6w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkNRmg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8W5M3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+e9kyBUyI6aWUKa4vZWwMVWUGZtQyYbgrb68Ttq1qlev1h+uKo3bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHIL485</latexit>

2

<latexit sha1_base64="RRfGWGDrpybfCfwlSKYAKfa9XBo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUqseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQnI57ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SloXVa9WrT1cVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPJtI86</latexit>

3

<latexit sha1_base64="iZt13fkdbpHGIdI0stMS7q4u5ps=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1sl4Uo1hM++WKX/XnQKskyEkFcjT65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nVUYkFNmM3vnaIzpwxQrLQradFc/T2RYWHMRESuU2A7MsveTPzP66Y2vg4zJpPUUkkWi+KUI6vQ7Hk0YJoSyyeOYKKZuxWREdaYWBdRyYUQLL+8SloX1aBWrd1fVuo3eRxFOIFTOIcArqAOd9CAJhDg8Ayv8OY9ei/eu/exaC14+cwx/IH3+QPj+I/k</latexit>

fm

(Multi-) pion fields populate space between baryonic sources  

55

Densities and Distance Scales in Baryonic Matter

normal nuclear matter neutron star core matter
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Quark cores of nucleons start overlapping at baryon densities

5555

baryonic core
of the nucleon

<latexit sha1_base64="TherppqG7sKlpDcN+53zRZjV9hE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgQkoiWl1JqRuXFewDmhAmk2k7dDIJMxOhhHyBG3/FjQtF3Lp25984abPQ1gPDHM65l3vv8WNGpbKsb6O0srq2vlHerGxt7+zumfsHXRklApMOjlgk+j6ShFFOOooqRvqxICj0Gen5k5vc7z0QIWnE79U0Jm6IRpwOKUZKS55Zc/yIBXIa6i/lXiu7hr+VC+eUe1bmmVWrbs0Al4ldkCoo0PbMLyeIcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ+dksKaVAA4joR9XcKb+7khRKPP9dGWI1Fguern4nzdI1PDKTSmPE0U4ng8aJgyqCObZwIAKghWbaoKwoHpXiMdIIKx0ghUdgr148jLpntXtRr1xd15ttoo4yuAIHIMTYINL0AS3oA06AINH8AxewZvxZLwY78bHvLRkFD2H4A+Mzx+BCpxl</latexit>

nB > 5n0

<latexit sha1_base64="Q/figVnr6q8VL3r/mcR+OsHYYIw=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJigJIAKixIVVkYi0QfUlMix3Vaq7YTbAepivIZLPwKCwMIsXbjb3AfAxSOZPnonHt17z1BzKjSjvNl5RYWl5ZX8quFtfWNzS17e6ehokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4HvvNRyIVjcSdHsakw1FP0JBipI3k2ydeELGuGnLzpcKvQk9RTh6g8J0rp+SWM+8o9YIQhvw+PT7LMt8uOiVnAviXuDNSBDPUfHvkdSOccCI0ZkiptuvEupMiqSlmJCt4iSIxwgPUI21DBeJEddLJYRk8MEoXhpE0T2g4UX92pIir8e6mkiPdV/PeWPzPayc6vOykVMSJJgJPB4UJgzqC45Rgl0qCNRsagrCkZleI+0girE2WBROCO3/yX9I4NfmVyrfnxUp1Fkce7IF9cAhccAEq4AbUQB1g8ARewBt4t56tV+vD+pyW5qxZzy74BWv0DRvyny0=</latexit>

nB ! n0 = 0.16 fm−3
<latexit sha1_base64="EVGFPWbTXeO5HCDsdDWq4SrONjw=">AAACAnicbVDLSgMxFM34rPU16krcBIvgQsqMSHVZdOOqVLAP6AxDJpNpQ5PMkGSEMhQ3/oobF4q49Svc+Tem7Sy09UDgcM653NwTpowq7Tjf1tLyyuraemmjvLm1vbNr7+23VZJJTFo4YYnshkgRRgVpaaoZ6aaSIB4y0gmHNxO/80Ckoom416OU+Bz1BY0pRtpIgX2Ye2EMoyBvNMZeX5sgh653FvNxYFecqjMFXCRuQSqgQDOwv7wowRknQmOGlOq5Tqr9HElNMSPjspcpkiI8RH3SM1QgTpSfT08YwxOjRDBOpHlCw6n6eyJHXKkRD02SIz1Q895E/M/rZTq+8nMq0kwTgWeL4oxBncBJHzCikmDNRoYgLKn5K8QDJBHWprWyKcGdP3mRtM+rbq1au7uo1K+LOkrgCByDU+CCS1AHt6AJWgCDR/AMXsGb9WS9WO/Wxyy6ZBUzB+APrM8fg3OW4Q==</latexit>

dNN ! 1 fm

  Reminder: Density at random close packing of spheres (radius R) : 
<latexit sha1_base64="avEfN6ZsiHHctMvccfOsoo/Hdjg=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiKgmgwljBwlgQfUhNqBzHba3aTrAdpCrKB7DwKywMIMTKB7DxNzhtBmi5kuWjc87Vvff4EaNK2/a3VVhYXFpeKa6W1tY3NrfK2zstFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3RZaa3H4hUNBS3ehwRj6OBoH2KkTZUr1xx/ZAFaszNl4hegqMUuopycg/tqlM7urk7SY3LrtqTgvPAyUEF5NXolb/cIMQxJ0JjhpTqOnakvQRJTTEjacmNFYkQHqEB6RooECfKSybHpPDAMAHsh9I8oeGE/d2RIK6yfY2TIz1Us1pG/qd1Y90/9xIqolgTgaeD+jGDOoRZMjCgkmDNxgYgLKnZFeIhkghrk1/JhODMnjwPWscmtGrt+rRSv8jjKII9sA8OgQPOQB1cgQZoAgwewTN4BW/Wk/VivVsfU2vBynt2wZ+yPn8Ax7mayQ==</latexit>

ncp ! 0.16/R3

Average distance 
between nucleons <latexit sha1_base64="QWXG9ge7WdIOacJzzpemGsPU75k=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4kJCItC6LblyVCvYBTQiTyaQdOpPEmYlQQsGNv+LGhSJu/Ql3/o3TNgttPXDhcM693HtPkDIqlW1/G0vLK6tr66WN8ubW9s6uubfflkkmMGnhhCWiGyBJGI1JS1HFSDcVBPGAkU4wvJ74nQciJE3iOzVKicdRP6YRxUhpyTcPczeIYOjnjcbYlZSTe+hYNfcs4mPfrNiWPQVcJE5BKqBA0ze/3DDBGSexwgxJ2XPsVHk5EopiRsZlN5MkRXiI+qSnaYw4kV4+/WEMT7QSwigRumIFp+rviRxxKUc80J0cqYGc9ybif14vU9Gll9M4zRSJ8WxRlDGoEjgJBIZUEKzYSBOEBdW3QjxAAmGlYyvrEJz5lxdJ+9xyqlb19qJSvyriKIEjcAxOgQNqoA5uQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8Ak2SW2Q==</latexit>

dNN ! 1.7 fm

<latexit sha1_base64="wbC50IimKagnM9WwUXwx46Vcjgk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJAYUJWgqjBWZWEsEn1ITRQ5jtNadezIdpCqqAMLv8LCAEKsfAQbf4PbZoCWI1k+Oude3XtPmDKqtON8W2vrG5tb26Wd8u7e/sGhfXTcVSKTmHSwYEL2Q6QIo5x0NNWM9FNJUBIy0gvHNzO/90CkooLf60lK/AQNOY0pRtpIgV3xQsEiNUnMl/Og5SmawLp3wQNnGthVp+bMAVeJW5AqKNAO7C8vEjhLCNeYIaUGrpNqP0dSU8zItOxliqQIj9GQDAzlKCHKz+dHTOGZUSIYC2ke13Cu/u7IUaJme5rKBOmRWvZm4n/eINPxtZ9TnmaacLwYFGcMagFnicCISoI1mxiCsKRmV4hHSCKsTW5lE4K7fPIq6V7W3EatcVevNltFHCVQAafgHLjgCjTBLWiDDsDgETyDV/BmPVkv1rv1sShds4qeE/AH1ucPR2iX3A==</latexit>

nB ∼ 4n0



56

Chiral Effec#ve Field *eory,
Nuclear Many-Body Problem 

and
Dense Baryonic Ma!er

6. 
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57

Minimal Conditions to be satisfied by theories of  Dense Baryonic Matter

Vacuum : 
Low-energy theorems of spontaneously broken CHIRAL SYMMETRY

Low-energy pion-pion and pion-nucleon scattering

Low density :
Realistic EoS of symmetric nuclear matter and neutron matter

Nuclear thermodynamics : liquid-gas phase transition

Asymmetric nuclear matter and symmetry energy

High density : 
Neutron star maximum mass

Neutron star radii  (NICER)

(Gell-Mann, Oakes, Renner ;  Goldberger-Treiman ; …)

Realistic nucleon-nucleon interaction

Tidal deformability constraints from neutron star mergers (GW signals)

PHYSIK
DEPARTMENT

<latexit sha1_base64="qTZvptpzR6wt4BjCBRL0CMBqtb8=">AAACDnicbVDLSgMxFM34rPVVdekmWAoupMyIVJdFN24KFWwrdMqQSTM1mEyG5I5YhvkCN/6KGxeKuHXtzr8xfSy09UDgcM653NwTJoIbcN1vZ2FxaXlltbBWXN/Y3Nou7ey2jUo1ZS2qhNI3ITFM8Ji1gINgN4lmRIaCdcK7i5HfuWfacBVfwzBhPUkGMY84JWCloFTJ/DDCjTzIJHnI/QHYqMRj8dg/agS+6ivIg1LZrbpj4HniTUkZTdEMSl9+X9FUshioIMZ0PTeBXkY0cCpYXvRTwxJC78iAdS2NiWSml43PyXHFKn0cKW1fDHis/p7IiDRmKEOblARuzaw3Ev/zuilEZ72Mx0kKLKaTRVEqMCg86gb3uWYUxNASQjW3f8X0lmhCwTZYtCV4syfPk/Zx1atVa1cn5fr5tI4C2kcH6BB56BTV0SVqohai6BE9o1f05jw5L8678zGJLjjTmT30B87nD/yKnBQ=</latexit>

Mmax ! 2M!
<latexit sha1_base64="4c+uN7l/xg/gZXsZSGuB+eqdO88=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRXEiZqFSXRTcuq9gLdIaSSTNtaDIzJBmhDH0DN76KGxeKuHXrzrcx0w6irQcCH/9/Difn92POlHacL6uwsLi0vFJcLa2tb2xu2ds7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35w6vMb91TqVgU3ulRTD2B+yELGMHaSF37MHX9ACLkHg+Fy6lSigl4C38QnWbOuGuXnYozKTgPKIcyyKvetT/dXkQSQUNNOFaqg5xYeymWmhFOxyU3UTTGZIj7tGMwxIIqL53cM4YHRunBIJLmhRpO1N8TKRZKjYRvOgXWAzXrZeJ/XifRwYWXsjBONA3JdFGQcKgjmIUDe0xSovnIACaSmb9CMsASE20iLJkQ0OzJ89A8qaBqpXpzVq5d5nEUwR7YB0cAgXNQA9egDhqAgAfwBF7Aq/VoPVtv1vu0tWDlM7vgT1kf3/Mqm14=</latexit>

11km ! R ! 13km

<latexit sha1_base64="iet9lvOp8n/8hK8pq51TNh79x9g=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WoICERrS5L3bisYB/QhDCZTNqhk0mYmQgl9APc+CtuXCji1g9w5984abPQ1gvDHM45l3vv8RNGpbKsb6O0srq2vlHerGxt7+zuVfcPujJOBSYdHLNY9H0kCaOcdBRVjPQTQVDkM9Lzxze53nsgQtKY36tJQtwIDTkNKUZKU1615vgxC+Qk0l9W517LYURKSSNom5fOGfes06l2WaY1K7gM7ALUQFFtr/rlBDFOI8IVZkjKgW0lys2QUBQzMq04qSQJwmM0JAMNOYqIdLPZMVN4opkAhrHQjys4Y393ZCiS+b7aGSE1kotaTv6nDVIVXrsZ5UmqCMfzQWHKoIphngwMqCBYsYkGCAuqd4V4hATCSudX0SHYiycvg+65aTfMxt1Frdkq4iiDI3AM6sAGV6AJbkEbdAAGj+AZvII348l4Md6Nj7m1ZBQ9h+BPGZ8/cOCalA==</latexit>
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Physics at low densities and temperatures :
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(towards higher densities :                     )

Non-perturbative methods:  
Chiral Nucleon-Meson Field Theory  

and  
Functional Renormalisation Group

Perturbative methods: 
Chiral Effective Field Theory  

and  
Nuclear Many-Body Problem 
(baryon densities                       )

CHIRAL  EFFECTIVE  FIELD  THEORIES  and  MODELS

Pions and Nucleons as active degrees of freedom in a Nuclear Fermi Sea

Underlying symmetries and symmetry breaking pattern  
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Figure 5: Hierarchical organization of nuclear forces in chiral effective field theory.

an explicit degree of freedom. Here arises the arctan loop function. At the same order there are additional relativistic

1/MN -corrections to 2π-exchange. Their explicit form depends on the precise definition of the nucleon-nucleon potential

VNN , which by itself is not an observable. Covariant perturbation theory [? ] and the method of unitary transformations

[? ] thus lead to slightly different expressions for these small 1/MN -corrections. As the state of the art, the chiral

NN-potential has been constructed up to order N3LO and it includes two-loop 2π-exchange, 3π-exchange and contact-

terms quartic in the momenta parameterized by 15 additional low-energy constants D1, . . . , D15. When inserted into the

Lippmann-Schwinger equation (in order to solve for the unitary S-matrix or the T -matrix) the chiral NN-potential is

multiplied by an exponential regulator function with a cutoff scale Λ = 500− 700MeV in order to restrict the potential

to the low-momentum region where chiral perturbation theory is applicable. The resulting NN partial-wave amplitudes

should then be independent of the cutoff Λ within a physically meaningful range of Λ. The development of an alternative

power counting that would extend renormalization group invariance beyond the hard scale Λχ is currently an area of

active investigation [? ? ? ]. Furthermore, methods of spectral function regularization [? ] have been employed in order

to eliminate the high-momentum region in the pion-loop integrals directly. In this case the loop functions L(q) and A(q)

receive an additional dependence on a regulator scale Λ̃.

At order N3LO the chiral NN-potential reaches the quality of a “high-precision” potential in reproducing empirical

NN-phase shifts and deuteron properties. At the same time it provides the appropriate two-body interaction constrained

by chiral symmetry of QCD for nuclear few- and many-body calculations.

3.1.2. Nuclear many-body forces

Within the chiral effective field theory framework employing nucleons and pions as the explicit degrees of freedom,

the leading-order contribution to the nuclear three-body potential arises at order N2LO and consists of three terms. The

two-pion exchange three-nucleon potential contains terms proportional to the low-energy constants c1, c3, and c4 and has
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3− body forces

4− body forces
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have to be used, i.e., interactions with restricted resolution in coordinate space (corresponding to an ul-
traviolet cutoff in momentum space). The various sets of N3LO (i.e., fourth order in the chiral expansion)
two-body and N2LO three-body chiral low-momentum interactions used in Ref. [12] correspond to differ-
ent regularization methods, resolution scales Λ, and low-energy constants. For interactions constructed
at resolution scales Λ ≤ 450MeV appropriate perturbative behavior was found. The SNM equation of
state obtained from the sets of two- and three-body potentials denoted by n3lo414 (Λ = 414MeV) and
n3lo450 (Λ = 450MeV), respectively, (see Refs. [11, 42, 43] for details) agree with empirical constraints
from the zero-temperature saturation energy, density and incompressibility [44–47], and with estimates
for the critical point of the nuclear liquid-gas phase transition obtained through the analysis of data
from multifragmentation, fission and compound nuclear decay experiments [48–51]. The values of these
quantities obtained from n3lo414 and n3lo450 in Ref. [12] are displayed in Table I. 1
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Figure 1: (Color online) Results for the free energy per nucleon F̄ (T, ρ, δ = 0), the pressure P (ρ, T, δ = 0), the
entropy per nucleon S̄(T, ρ, δ = 0) and the internal energy per nucleon Ē(ρ, T, δ = 0) in isospin-symmetric nuclear
matter. The uncertainty bands correspond to calculations using two different sets of chiral low-momentum two-
and three-body interactions, n3lo414 (solid lines) and n3lo450 (dash-dot lines). The unstable spinodal region is
marked out explicitly. The critical point is shown as a circle (full circle for n3lo414, open circle for n3lo450). The
zero-temperature endpoint of the low-density part of the spinodal is located at ρ ! 2 · 10−4 fm−3.

From the free energy per nucleon the pressure and the entropy per nucleon follow via standard ther-
modynamic relations:

P (T, ρ, δ = 0) = ρ2
∂F̄ (T, ρ, δ = 0)

∂ρ
, S̄(T, ρ, δ = 0) = −∂F̄ (T, ρ, δ = 0)

∂T
. (5)

The internal energy per nucleon is given by Ē = F̄ + T S̄. The results for these quantities are shown in
Fig. 1 for temperatures in the range T = 0− 25MeV. The spinodal region2 where the homogeneous (i.e.,

1 Note that the value of the so-called critical compressibility factor is Zc = Pc/(Tc ρc) ! 0.29 for both n3lo414 and n3lo450;
this is very similar to the values of Zc of various atomic or molecular fluids [52], but differs from the value Zc = 0.375
corresponding to equations of state of the van der Waals–Berthelot type [53].

2 In SNM the unstable spinodal region corresponds to (∂P/∂ρ)T ≤ 0, with (∂P/∂ρ)T = 0 on the spinodal, cf. Sec. VB.
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FIG. 1: (Color online) Neutron matter uncertainty band from
many-body perturbation theory with chiral nuclear forces to-
gether with the symmetric nuclear matter equation of state
obtained by imposing empirical constraints from the analysis
of Ref. [44].

TABLE I: Statistical values obtained from the analysis of 205
Skyrme force models in Ref. [44]

Nuc. Prop. 〈x〉 σx unit

n0 0.160 2.789× 10−3 fm−3

B 15.939 0.149 MeV

K 232.65 7.00 MeV

Q −373.26 13.91 MeV

baryon (E/A) up to n = 2n0. For symmetric nuclear
matter, we start with empirical constraints from Ref. [44]:

0.155fm−3 ≤n0 ≤ 0.165fm−3,

15.7MeV ≤B ≤ 16.3MeV,

220MeV ≤K ≤ 245MeV,

−440MeV ≤Q ≤ −320MeV ,

(7)

where

B = −E

A
, K = 9n2 ∂

2E/A

∂n2
, Q = 27n3 ∂

3E/A

∂n3
(8)

evaluated at n = n0. We then obtain from the analy-
sis of 205 Skyrme force models the Gaussian probability
distribution functions

P (x) =
1√
2πσ

Exp

[
− (x− 〈x〉)2

2σ2

]
(9)

for the four nuclear matter properties in Eq. (7). In Table
I we show the resulting mean values and standard devia-
tions for the quantities n0, B,K, and Q. In constructing
the symmetric nuclear matter equation of state, we sam-
ple uniformly {∆n0 = 0.001 fm−3,∆B = 0.1MeV,∆K =
5MeV,∆Q = 50MeV} from the bounds in Eq. (7), but

FIG. 2: (Color online) Neutron star mass vs. radius dis-
tribution from the 72,849 equations of state considered in
the present work. The central zone with dashed line rep-
resents the allowed area of mass and radius of neutron stars
in Ref [45].

in the final analysis of neutron star masses and radii we
assign them Gaussian weights according to Table I. From
the values of n0, B,K, and Q we can fix the remaining
unknown coefficients in Eq. (6). Fig. 1 shows the result-
ing uncertainty bands on the nuclear and neutron matter
equations of state up to n = 1.0 fm−3.

Once the energy density functional in Eq. (5) is fixed,
we construct the full neutron star equation of state from
outer crust to inner core. Certain combinations of the
neutron matter and nuclear matter equations of state
lead to unphysical behavior at very high densities. We
remove from the complete set those equations of state
for which pure neutron matter has a lower energy per
particle than symmetric nuclear matter at some den-
sity present in the neutron star. We also ensure that
the speed of sound remains subluminal for all densities
present in the neutron star. This reduces the initially
large number of equations of state down to 72,849 which
we use for subsequent statistical analysis. Compared
with previous calculations for the tidal deformability Λ,
we construct a crust equation of state using the liquid
drop model technique for each nuclear force model. This
is a unified approach that allows the inclusion of nuclear
pasta phases and is necessary for the consistent treat-
ment of the neutron star equation of state. Additional
details can be found in Ref. [15].

III. RESULTS

In Fig. 2 we show the mass vs. radius distribution that
results from a statistical analysis of the nearly 73,000
equations of state with Gaussian weight obtained from
the construction described in Section II. We have shown
for comparison in the enclosed “dashed” region the mass
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with previous calculations for the tidal deformability Λ,
we construct a crust equation of state using the liquid
drop model technique for each nuclear force model. This
is a unified approach that allows the inclusion of nuclear
pasta phases and is necessary for the consistent treat-
ment of the neutron star equation of state. Additional
details can be found in Ref. [15].

III. RESULTS

In Fig. 2 we show the mass vs. radius distribution that
results from a statistical analysis of the nearly 73,000
equations of state with Gaussian weight obtained from
the construction described in Section II. We have shown
for comparison in the enclosed “dashed” region the mass
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<latexit sha1_base64="qivomcbr/4PwDCi3b7UTlY/CNgY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRwS4rIrisYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8xbWehrQcCh3PO5d6cKOVMG8/7dkobm1vbO+Xdyt7+weGRe3zS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2onGd3O/M6FKMymezDSlYYKHgsWMYGOlvuvmQRSj/D6QNoVuZ7O+W/Vq3gJonfgFqUKBZt/9CgaSZAkVhnCsdc/3UhPmWBlGOJ1VgkzTFJMxHtKepQInVIf54vIZurDKAMVS2ScMWqi/J3KcaD1NIptMsBnpVW8u/uf1MhPXw5yJNDNUkOWiOOPISDSvAQ2YosTwqSWYKGZvRWSEFSbGllWxJfirX14n7aua79X8x+tqo17UUYYzOIdL8OEGGvAATWgBgQk8wyu8Obnz4rw7H8toySlmTuEPnM8f/y2TMw==</latexit><latexit sha1_base64="qivomcbr/4PwDCi3b7UTlY/CNgY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRwS4rIrisYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8xbWehrQcCh3PO5d6cKOVMG8/7dkobm1vbO+Xdyt7+weGRe3zS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2onGd3O/M6FKMymezDSlYYKHgsWMYGOlvuvmQRSj/D6QNoVuZ7O+W/Vq3gJonfgFqUKBZt/9CgaSZAkVhnCsdc/3UhPmWBlGOJ1VgkzTFJMxHtKepQInVIf54vIZurDKAMVS2ScMWqi/J3KcaD1NIptMsBnpVW8u/uf1MhPXw5yJNDNUkOWiOOPISDSvAQ2YosTwqSWYKGZvRWSEFSbGllWxJfirX14n7aua79X8x+tqo17UUYYzOIdL8OEGGvAATWgBgQk8wyu8Obnz4rw7H8toySlmTuEPnM8f/y2TMw==</latexit><latexit sha1_base64="qivomcbr/4PwDCi3b7UTlY/CNgY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRwS4rIrisYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8xbWehrQcCh3PO5d6cKOVMG8/7dkobm1vbO+Xdyt7+weGRe3zS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2onGd3O/M6FKMymezDSlYYKHgsWMYGOlvuvmQRSj/D6QNoVuZ7O+W/Vq3gJonfgFqUKBZt/9CgaSZAkVhnCsdc/3UhPmWBlGOJ1VgkzTFJMxHtKepQInVIf54vIZurDKAMVS2ScMWqi/J3KcaD1NIptMsBnpVW8u/uf1MhPXw5yJNDNUkOWiOOPISDSvAQ2YosTwqSWYKGZvRWSEFSbGllWxJfirX14n7aua79X8x+tqo17UUYYzOIdL8OEGGvAATWgBgQk8wyu8Obnz4rw7H8toySlmTuEPnM8f/y2TMw==</latexit><latexit sha1_base64="qivomcbr/4PwDCi3b7UTlY/CNgY=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRwS4rIrisYB/QGUomzbShmWRIMoUy9E/cuFDErX/izr8xbWehrQcCh3PO5d6cKOVMG8/7dkobm1vbO+Xdyt7+weGRe3zS1jJThLaI5FJ1I6wpZ4K2DDOcdlNFcRJx2onGd3O/M6FKMymezDSlYYKHgsWMYGOlvuvmQRSj/D6QNoVuZ7O+W/Vq3gJonfgFqUKBZt/9CgaSZAkVhnCsdc/3UhPmWBlGOJ1VgkzTFJMxHtKepQInVIf54vIZurDKAMVS2ScMWqi/J3KcaD1NIptMsBnpVW8u/uf1MhPXw5yJNDNUkOWiOOPISDSvAQ2YosTwqSWYKGZvRWSEFSbGllWxJfirX14n7aua79X8x+tqo17UUYYzOIdL8OEGGvAATWgBgQk8wyu8Obnz4rw7H8toySlmTuEPnM8f/y2TMw==</latexit>

[MeV]
<latexit sha1_base64="vVYZbp8bT48FKZan6XrJNvURkJk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsMeCFy9CBfsBaSib7aRdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0sbm1vVPereztHxweVY9POibJNIc2T2SieyEzIIWCNgqU0Es1sDiU0A0nt3O/+wTaiEQ94jSFIGYjJSLBGVrJz/thRP176ASzQbXm1t0F6DrxClIjBVqD6ld/mPAsBoVcMmN8z00xyJlGwSXMKv3MQMr4hI3At1SxGEyQL06e0QurDGmUaFsK6UL9PZGz2JhpHNrOmOHYrHpz8T/PzzBqBLlQaYag+HJRlEmKCZ3/T4dCA0c5tYRxLeytlI+ZZhxtShUbgrf68jrpXNU9t+49XNeajSKOMjkj5+SSeOSGNMkdaZE24SQhz+SVvDnovDjvzseyteQUM6fkD5zPH7zJkNo=</latexit><latexit sha1_base64="vVYZbp8bT48FKZan6XrJNvURkJk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsMeCFy9CBfsBaSib7aRdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0sbm1vVPereztHxweVY9POibJNIc2T2SieyEzIIWCNgqU0Es1sDiU0A0nt3O/+wTaiEQ94jSFIGYjJSLBGVrJz/thRP176ASzQbXm1t0F6DrxClIjBVqD6ld/mPAsBoVcMmN8z00xyJlGwSXMKv3MQMr4hI3At1SxGEyQL06e0QurDGmUaFsK6UL9PZGz2JhpHNrOmOHYrHpz8T/PzzBqBLlQaYag+HJRlEmKCZ3/T4dCA0c5tYRxLeytlI+ZZhxtShUbgrf68jrpXNU9t+49XNeajSKOMjkj5+SSeOSGNMkdaZE24SQhz+SVvDnovDjvzseyteQUM6fkD5zPH7zJkNo=</latexit><latexit sha1_base64="vVYZbp8bT48FKZan6XrJNvURkJk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsMeCFy9CBfsBaSib7aRdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0sbm1vVPereztHxweVY9POibJNIc2T2SieyEzIIWCNgqU0Es1sDiU0A0nt3O/+wTaiEQ94jSFIGYjJSLBGVrJz/thRP176ASzQbXm1t0F6DrxClIjBVqD6ld/mPAsBoVcMmN8z00xyJlGwSXMKv3MQMr4hI3At1SxGEyQL06e0QurDGmUaFsK6UL9PZGz2JhpHNrOmOHYrHpz8T/PzzBqBLlQaYag+HJRlEmKCZ3/T4dCA0c5tYRxLeytlI+ZZhxtShUbgrf68jrpXNU9t+49XNeajSKOMjkj5+SSeOSGNMkdaZE24SQhz+SVvDnovDjvzseyteQUM6fkD5zPH7zJkNo=</latexit><latexit sha1_base64="vVYZbp8bT48FKZan6XrJNvURkJk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsMeCFy9CBfsBaSib7aRdutmE3YlQQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0sbm1vVPereztHxweVY9POibJNIc2T2SieyEzIIWCNgqU0Es1sDiU0A0nt3O/+wTaiEQ94jSFIGYjJSLBGVrJz/thRP176ASzQbXm1t0F6DrxClIjBVqD6ld/mPAsBoVcMmN8z00xyJlGwSXMKv3MQMr4hI3At1SxGEyQL06e0QurDGmUaFsK6UL9PZGz2JhpHNrOmOHYrHpz8T/PzzBqBLlQaYag+HJRlEmKCZ3/T4dCA0c5tYRxLeytlI+ZZhxtShUbgrf68jrpXNU9t+49XNeajSKOMjkj5+SSeOSGNMkdaZE24SQhz+SVvDnovDjvzseyteQUM6fkD5zPH7zJkNo=</latexit>

n
<latexit sha1_base64="Cp1ic4yyqDF7ro9zQCzVcGIVtlw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPaeS+KiZr2K1W/5s9BVklQkCoUaPQrX72BZlnCFTJJre0GfophTg0KJvm03MssTykb0yHvOqpowm2Yz8+dknOnDEisjSuFZK7+nshpYu0kiVxnQnFkl72Z+J/XzTC+CXOh0gy5YotFcSYJajL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvXuq9eO/ex6J1zStmTuAPvM8fH9iPag==</latexit><latexit sha1_base64="Cp1ic4yyqDF7ro9zQCzVcGIVtlw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPaeS+KiZr2K1W/5s9BVklQkCoUaPQrX72BZlnCFTJJre0GfophTg0KJvm03MssTykb0yHvOqpowm2Yz8+dknOnDEisjSuFZK7+nshpYu0kiVxnQnFkl72Z+J/XzTC+CXOh0gy5YotFcSYJajL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvXuq9eO/ex6J1zStmTuAPvM8fH9iPag==</latexit><latexit sha1_base64="Cp1ic4yyqDF7ro9zQCzVcGIVtlw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPaeS+KiZr2K1W/5s9BVklQkCoUaPQrX72BZlnCFTJJre0GfophTg0KJvm03MssTykb0yHvOqpowm2Yz8+dknOnDEisjSuFZK7+nshpYu0kiVxnQnFkl72Z+J/XzTC+CXOh0gy5YotFcSYJajL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvXuq9eO/ex6J1zStmTuAPvM8fH9iPag==</latexit><latexit sha1_base64="Cp1ic4yyqDF7ro9zQCzVcGIVtlw=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJbDJkdmaZ6RXCko/w4kERr36PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdop7+7tHxxWjo5bVmeG8SbTUptORC2XQvEmCpS8kxpOk0jydjS+m/ntJ26s0OoRJykPEzpUIhaMopPaeS+KiZr2K1W/5s9BVklQkCoUaPQrX72BZlnCFTJJre0GfophTg0KJvm03MssTykb0yHvOqpowm2Yz8+dknOnDEisjSuFZK7+nshpYu0kiVxnQnFkl72Z+J/XzTC+CXOh0gy5YotFcSYJajL7nQyE4QzlxBHKjHC3EjaihjJ0CZVdCMHyy6ukdVkL/FrwcFWt3xZxlOAUzuACAriGOtxDA5rAYAzP8ApvXuq9eO/ex6J1zStmTuAPvM8fH9iPag==</latexit>
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nuclear matter
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nuclear matter

neutron  
matter

N3LO
<latexit sha1_base64="TicA5Vh7nM9i1lieV1GyyWpJ/zk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiFw+iFewHbNeSTbNtaDZZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v53C0vLK6lpxvbSxubW9U97daxqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh8Grit56YNlzJBxglLIhJX/KIUwJW8rNOGOHbx9Obu3G3XHGr7hR4kXg5qaAc9W75q9NTNI2ZBCqIMb7nJhBkRAOngo1LndSwhNAh6TPfUkliZoJsevIYH1mlhyOlbUnAU/X3REZiY0ZxaDtjAgMz703E/zw/hegiyLhMUmCSzhZFqcCg8OR/3OOaURAjSwjV3N6K6YBoQsGmVLIhePMvL5LmSdVzq979WaV2mcdRRAfoEB0jD52jGrpGddRAFCn0jF7RmwPOi/PufMxaC04+s4/+wPn8AVT+kJ4=</latexit><latexit sha1_base64="TicA5Vh7nM9i1lieV1GyyWpJ/zk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiFw+iFewHbNeSTbNtaDZZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v53C0vLK6lpxvbSxubW9U97daxqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh8Grit56YNlzJBxglLIhJX/KIUwJW8rNOGOHbx9Obu3G3XHGr7hR4kXg5qaAc9W75q9NTNI2ZBCqIMb7nJhBkRAOngo1LndSwhNAh6TPfUkliZoJsevIYH1mlhyOlbUnAU/X3REZiY0ZxaDtjAgMz703E/zw/hegiyLhMUmCSzhZFqcCg8OR/3OOaURAjSwjV3N6K6YBoQsGmVLIhePMvL5LmSdVzq979WaV2mcdRRAfoEB0jD52jGrpGddRAFCn0jF7RmwPOi/PufMxaC04+s4/+wPn8AVT+kJ4=</latexit><latexit sha1_base64="TicA5Vh7nM9i1lieV1GyyWpJ/zk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiFw+iFewHbNeSTbNtaDZZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v53C0vLK6lpxvbSxubW9U97daxqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh8Grit56YNlzJBxglLIhJX/KIUwJW8rNOGOHbx9Obu3G3XHGr7hR4kXg5qaAc9W75q9NTNI2ZBCqIMb7nJhBkRAOngo1LndSwhNAh6TPfUkliZoJsevIYH1mlhyOlbUnAU/X3REZiY0ZxaDtjAgMz703E/zw/hegiyLhMUmCSzhZFqcCg8OR/3OOaURAjSwjV3N6K6YBoQsGmVLIhePMvL5LmSdVzq979WaV2mcdRRAfoEB0jD52jGrpGddRAFCn0jF7RmwPOi/PufMxaC04+s4/+wPn8AVT+kJ4=</latexit><latexit sha1_base64="TicA5Vh7nM9i1lieV1GyyWpJ/zk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyqoMeiFw+iFewHbNeSTbNtaDZZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v53C0vLK6lpxvbSxubW9U97daxqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh8Grit56YNlzJBxglLIhJX/KIUwJW8rNOGOHbx9Obu3G3XHGr7hR4kXg5qaAc9W75q9NTNI2ZBCqIMb7nJhBkRAOngo1LndSwhNAh6TPfUkliZoJsevIYH1mlhyOlbUnAU/X3REZiY0ZxaDtjAgMz703E/zw/hegiyLhMUmCSzhZFqcCg8OR/3OOaURAjSwjV3N6K6YBoQsGmVLIhePMvL5LmSdVzq979WaV2mcdRRAfoEB0jD52jGrpGddRAFCn0jF7RmwPOi/PufMxaC04+s4/+wPn8AVT+kJ4=</latexit>

N2LO 3bf
<latexit sha1_base64="io/8pfLRW8AZ/UOTIm/vrBLLnuA=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoMeiFw+iFewHtLFstpt26WYTdjeFEtpf4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd29+z9g7qKEklojUQ8kk0fK8qZoDXNNKfNWFIc+pw2/MH11G8MqVQsEo96FFMvxD3BAkawNlLHttO2H6C7p/Lt/WRy5gfjjl10Ss4MaJm4GSlChmrH/mp3I5KEVGjCsVIt14m1l2KpGeF0XGgnisaYDHCPtgwVOKTKS2eXj9GJUbooiKQpodFM/T2R4lCpUeibzhDrvlr0puJ/XivRwaWXMhEnmgoyXxQkHOkITWNAXSYp0XxkCCaSmVsR6WOJiTZhFUwI7uLLy6ReLrlOyX04L1ausjjycATHcAouXEAFbqAKNSAwhGd4hTcrtV6sd+tj3pqzsplD+APr8weVGJL3</latexit><latexit sha1_base64="io/8pfLRW8AZ/UOTIm/vrBLLnuA=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoMeiFw+iFewHtLFstpt26WYTdjeFEtpf4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd29+z9g7qKEklojUQ8kk0fK8qZoDXNNKfNWFIc+pw2/MH11G8MqVQsEo96FFMvxD3BAkawNlLHttO2H6C7p/Lt/WRy5gfjjl10Ss4MaJm4GSlChmrH/mp3I5KEVGjCsVIt14m1l2KpGeF0XGgnisaYDHCPtgwVOKTKS2eXj9GJUbooiKQpodFM/T2R4lCpUeibzhDrvlr0puJ/XivRwaWXMhEnmgoyXxQkHOkITWNAXSYp0XxkCCaSmVsR6WOJiTZhFUwI7uLLy6ReLrlOyX04L1ausjjycATHcAouXEAFbqAKNSAwhGd4hTcrtV6sd+tj3pqzsplD+APr8weVGJL3</latexit><latexit sha1_base64="io/8pfLRW8AZ/UOTIm/vrBLLnuA=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoMeiFw+iFewHtLFstpt26WYTdjeFEtpf4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd29+z9g7qKEklojUQ8kk0fK8qZoDXNNKfNWFIc+pw2/MH11G8MqVQsEo96FFMvxD3BAkawNlLHttO2H6C7p/Lt/WRy5gfjjl10Ss4MaJm4GSlChmrH/mp3I5KEVGjCsVIt14m1l2KpGeF0XGgnisaYDHCPtgwVOKTKS2eXj9GJUbooiKQpodFM/T2R4lCpUeibzhDrvlr0puJ/XivRwaWXMhEnmgoyXxQkHOkITWNAXSYp0XxkCCaSmVsR6WOJiTZhFUwI7uLLy6ReLrlOyX04L1ausjjycATHcAouXEAFbqAKNSAwhGd4hTcrtV6sd+tj3pqzsplD+APr8weVGJL3</latexit><latexit sha1_base64="io/8pfLRW8AZ/UOTIm/vrBLLnuA=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoMeiFw+iFewHtLFstpt26WYTdjeFEtpf4sWDIl79J978N27bHLT1wcDjvRlm5vkxZ0o7zreVW1ldW9/Ibxa2tnd29+z9g7qKEklojUQ8kk0fK8qZoDXNNKfNWFIc+pw2/MH11G8MqVQsEo96FFMvxD3BAkawNlLHttO2H6C7p/Lt/WRy5gfjjl10Ss4MaJm4GSlChmrH/mp3I5KEVGjCsVIt14m1l2KpGeF0XGgnisaYDHCPtgwVOKTKS2eXj9GJUbooiKQpodFM/T2R4lCpUeibzhDrvlr0puJ/XivRwaWXMhEnmgoyXxQkHOkITWNAXSYp0XxkCCaSmVsR6WOJiTZhFUwI7uLLy6ReLrlOyX04L1ausjjycATHcAouXEAFbqAKNSAwhGd4hTcrtV6sd+tj3pqzsplD+APr8weVGJL3</latexit>

+
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<latexit sha1_base64="QUrNQb83qukbefK+Sy7Dpt6rLUE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJZz3zWO2Vym7FnYOsEi8nZcjR6JW+uv2EZTFXyCQ1puO5KQYTqlEwyafFbmZ4StmIDnjHUkVjboLJ/NgpObdKn0SJtqWQzNXfExMaGzOOQ9sZUxyaZW8m/ud1Moyug4lQaYZcscWiKJMEEzL7nPSF5gzl2BLKtLC3EjakmjK0+RRtCN7yy6ukWa14l5Xafa1cv8njKMApnMEFeHAFdbiDBvjAQMAzvMKbo5wX5935WLSuOfnMCfyB8/kDeZGOeg==</latexit>

c2s

<latexit sha1_base64="lWu/I3N6IBrI0c3Fh6LTUmZB4S0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SjGacYxHQgecQZNVby5YXsub1yxa26c5BV4uWkAjkavfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmx07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TvpcITNibAllittbCRtSRZmx+ZRsCN7yy6ukeVn1rqq1h1qlfpvHUYQTOIVz8OAa6nAPDfCBAYdneIU3RzovzrvzsWgtOPnMMfyB8/kDN/iOTw==</latexit>
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<latexit sha1_base64="ekbWeYP4ZlQFJaN6n1zDZX7yiCE=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZNa1I1QdOOygn1AG8NkMm2HziPMTIQSWjf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1hTInSrvttLSwuLa+s5tby6xubW9v2zm5diUQiXEOCCtkMocKUcFzTRFPcjCWGLKS4Efavx37jAUtFBL/Tgxj7DHY56RAEtZECex8J3hGSQToKRcKjEQrUfenSOzkN7IJbdCdw5omXkQLIUA3sr3YkUMIw14hCpVqeG2s/hVITRPEw304UjiHqwy5uGcohw8pPJy8MnSOjRI65xBTXzkT9PZFCptSAhaaTQd1Ts95Y/M9rJbpz4aeEx4nGHE0XdRLqaOGM83AiIjHSdGAIRJKYWx3UgxIibVLLmxC82ZfnSb1U9M6K5dtyoXKVxZEDB+AQHAMPnIMKuAFVUAMIPIJn8ArerCfrxXq3PqatC1Y2swf+wPr8AeW2lxg=</latexit>

conformal bound c2s = 1/3

<latexit sha1_base64="L+6OxJTEEMlrxNnw2Rf3qA+N5KE=">AAACAXicbVC7TsMwFHV4lvIKsCCxWFRITCVBFTBWsDAWiT6kJoocx2mtOnZkO0hVVBZ+hYUBhFj5Czb+BqfNAC1Hsn10zr3yvSdMGVXacb6tpeWV1bX1ykZ1c2t7Z9fe2+8okUlM2lgwIXshUoRRTtqaakZ6qSQoCRnphqObwu8+EKmo4Pd6nBI/QQNOY4qRNlJgH3qhYJEaJ+bJPTkUZ8UVOJPArjl1Zwq4SNyS1ECJVmB/eZHAWUK4xgwp1XedVPs5kppiRiZVL1MkRXiEBqRvKEcJUX4+3WACT4wSwVhIc7iGU/V3R44SVQxpKhOkh2reK8T/vH6m4ys/pzzNNOF49lGcMagFLOKAEZUEazY2BGFJzawQD5FEWJvQqiYEd37lRdI5r7sX9cZdo9a8LuOogCNwDE6BCy5BE9yCFmgDDB7BM3gFb9aT9WK9Wx+z0iWr7DkAf2B9/gDzF5c3</latexit>

ρ/ρ0

<latexit sha1_base64="PeSwEpAyEdlidWf9QZSfy4+6TaI=">AAACD3icbVBNS8NAEN34WetX1aOXYFE81JKIqMeiF48KVgtNDZvNpF3cbMLuRCyh/gIv/hUvHhTx6tWb/8btx0FbHww83pthZl6QCq7Rcb6tqemZ2bn5wkJxcWl5ZbW0tn6lk0wxqLNEJKoRUA2CS6gjRwGNVAGNAwHXwe1p37++A6V5Ii+xm0Irpm3JI84oGskv7XgI95if0C5or7LnVbiMQCkIew9Dh/V8fbPvl8pO1RnAniTuiJTJCOd+6csLE5bFIJEJqnXTdVJs5VQhZwJ6RS/TkFJ2S9vQNFTSGHQrH/zTs7eNEtpRokxJtAfq74mcxlp348B0xhQ7etzri/95zQyj41bOZZohSDZcFGXCxsTuh2OHXAFD0TWEMsXNrTbrUEUZmgiLJgR3/OVJcrVfdQ+rBxcH5drJKI4C2SRbZJe45IjUyBk5J3XCyCN5Jq/kzXqyXqx362PYOmWNZjbIH1ifP8cbnSU=</latexit>

Bayes - inferred c2s

<latexit sha1_base64="tfg693QI5o3ip2muQH9SVZXZdpM=">AAACAnicbZDLSsNAFIYn9VbrLepK3ASL4KokWtRlsSguRCv0Bm0sk+mkHTq5MHMilhDd+CpuXCji1qdw59s4bbPQ6g8DH/85hzPnd0LOJJjml5aZmZ2bX8gu5paWV1bX9PWNugwiQWiNBDwQTQdLyplPa8CA02YoKPYcThvOoDyqN26pkCzwqzAMqe3hns9cRjAoq6NvtYHeQXyZ3BxM6OLqvtw/PasmHT1vFsyxjL9gpZBHqSod/bPdDUjkUR8Ix1K2LDMEO8YCGOE0ybUjSUNMBrhHWwp97FFpx+MTEmNXOV3DDYR6Phhj9+dEjD0ph56jOj0MfTldG5n/1VoRuMd2zPwwAuqTySI34gYExigPo8sEJcCHCjARTP3VIH0sMAGVWk6FYE2f/Bfq+wXrsFC8LuZLJ2kcWbSNdtAestARKqFzVEE1RNADekIv6FV71J61N+190prR0plN9EvaxzdR1pdi</latexit>

N3LO ChEFT

<latexit sha1_base64="cFC4HU+efFqC1JsaCJEt+l2RgCE=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrsi1WOpF48V7Ae0y5JNs21oNlmTbKEs/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2O7mZ+e0yVZlI8mklC/RgPBIsYwcZKftYLIySC+qUI3GlQKrsVdw60SryclCFHIyh99fqSpDEVhnCsdddzE+NnWBlGOJ0We6mmCSYjPKBdSwWOqfaz+dFTdG6VPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpia69TMmktRQQRaLopQjI9EsAdRnihLDJ5Zgopi9FZEhVpgYm1PRhuAtv7xKWlcVr1qpPlyXa/U8jgKcwhlcgAc3UIN7aEATCDzBM7zCmzN2Xpx352PRuubkMyfwB87nD8+PkX4=</latexit>

nB/n0

<latexit sha1_base64="An98y6NbtpaOLCi+htDGTV8BdYY=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCGxUCWACmNVFsYi0YfUhspxndaqY0e2g1RF6crCr7AwgBArX8DG3+C0HaDlSJaPzrlX997jR4wq7TjfVm5peWV1Lb9e2Njc2t6xd/caSsQSkzoWTMiWjxRhlJO6ppqRViQJCn1Gmv7wOvObD0QqKvidHkXEC1Gf04BipI3UtQ87vmA9NQrNl/BuNR2Pk44fwHYQ3ien56mXdu2iU3ImgIvEnZEimKHWtb86PYHjkHCNGVKq7TqR9hIkNcWMpIVOrEiE8BD1SdtQjkKivGRySgqPjdKDgZDmcQ0n6u+OBIUq29ZUhkgP1LyXif957VgHV15CeRRrwvF0UBAzqAXMcoE9KgnWbGQIwpKaXSEeIImwNukVTAju/MmLpHFWcsul8u1FsVKdxZEHB+AInAAXXIIKuAE1UAcYPIJn8ArerCfrxXq3PqalOWvWsw/+wPr8AfeqmxM=</latexit>

nB [fm−3]

n-star matter   
<latexit sha1_base64="2pkWQhNnWvxKx0D1LetGw66F4us=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4qjNFqxuh6MZlBfuATi2ZTKYNzSRDkimUYb7Ejb/ixoUigiv9GzNtF7X1QMjhnHu59x4vYlRp2/6xciura+sb+c3C1vbO7l5x/6CpRCwxaWDBhGx7SBFGOWloqhlpR5Kg0GOk5Q1vM781IlJRwR/0OCLdEPU5DShG2ki94oXrCearcWi+BPfUYyW9TlwvgH79zE/nTXeEJIkUZYKnvWLJLtsTwGXizEgJzFDvFb9cX+A4JFxjhpTqOHakuwmSmmJG0oIbKxIhPER90jGUo5CobjI5L4UnRvFhIKR5XMOJOt+RoFBlS5rKEOmBWvQy8T+vE+vgqptQHsWacDwdFMQMagGzrKBPJcGajQ1BWFKzK8QDJBHWJtGCCcFZPHmZNCtlp1qu3p+XajezOPLgCByDU+CAS1ADd6AOGgCDJ/AC3sC79Wy9Wh/W57Q0Z816DsEfWN+/hcakAg==</latexit>

c2s = dP/dε
<latexit sha1_base64="eiIAzxQCmImj3BfrrL2lU2ZbjXs=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BItQLyURqR6LXjxWsB/QhrLZTtqlu0ncnRRL6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPz/FhwjY7zbeXW1jc2t/LbhZ3dvf2D4uFRU0eJYtBgkYhU26caBA+hgRwFtGMFVPoCWv7odua3xqA0j8IHnMTgSToIecAZRSN5XYQnTMsg48r5tFcsORVnDnuVuBkpkQz1XvGr249YIiFEJqjWHdeJ0UupQs4ETAvdRENM2YgOoGNoSCVoL50fPbXPjNK3g0iZCtGeq78nUiq1nkjfdEqKQ73szcT/vE6CwbWX8jBOEEK2WBQkwsbIniVg97kChmJiCGWKm1ttNqSKMjQ5FUwI7vLLq6R5UXGrler9Zal2k8WRJyfklJSJS65IjdyROmkQRh7JM3klb9bYerHerY9Fa87KZo7JH1ifP2jzkeE=</latexit>

(emp.)

C. Drischler et al. (2022)

L. Brandes et al. (2023)   

<latexit sha1_base64="d9uPlHVK8YNGzEIrEIreGdv9M74=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQGFCUICmNVFsYi0YfURJHjOK1Vx4lsB6mKOrPwKywMIMTKF7DxNzhtBmg5kuWjc+7VvfcEKaNS2fa3sbS8srq2Xtmobm5t7+yae/sdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qajm8LvPhAhacLv1TglXowGnEYUI6Ul3zxyg4SFchzrL+d+02VESklj6FiX7hn37Ylv1mzLngIuEqckNVCi5ZtfbpjgLCZcYYak7Dt2qrwcCUUxI5Oqm0mSIjxCA9LXlKOYSC+fnjKBJ1oJYZQI/biCU/V3R45iWWyrK2OkhnLeK8T/vH6momsvpzzNFOF4NijKGFQJLHKBIRUEKzbWBGFB9a4QD5FAWOn0qjoEZ/7kRdI5t5y6Vb+7qDWaZRwVcAiOwSlwwBVogFvQAm2AwSN4Bq/gzXgyXox342NWumSUPQfgD4zPH5csmi8=</latexit>

nB ! 1.5n0
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Q <latexit sha1_base64="4nz5MHZG2Y2GTVDwEiMJ6O9caUg=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cW7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByP/c7T6g0T+SjmaYYxHQkecQZNVbq5P0wIs3ZwK16NW8Bsk78glShQGPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxEt0HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpH1V872a37yu1u+KOMpwBudwCT7cQB0eoAEtYDCBZ3iFNyd1Xpx352PZWnKKmVP4A+fzB/O4j00=</latexit><latexit sha1_base64="4nz5MHZG2Y2GTVDwEiMJ6O9caUg=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cW7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByP/c7T6g0T+SjmaYYxHQkecQZNVbq5P0wIs3ZwK16NW8Bsk78glShQGPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxEt0HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpH1V872a37yu1u+KOMpwBudwCT7cQB0eoAEtYDCBZ3iFNyd1Xpx352PZWnKKmVP4A+fzB/O4j00=</latexit><latexit sha1_base64="4nz5MHZG2Y2GTVDwEiMJ6O9caUg=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cW7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByP/c7T6g0T+SjmaYYxHQkecQZNVbq5P0wIs3ZwK16NW8Bsk78glShQGPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxEt0HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpH1V872a37yu1u+KOMpwBudwCT7cQB0eoAEtYDCBZ3iFNyd1Xpx352PZWnKKmVP4A+fzB/O4j00=</latexit><latexit sha1_base64="4nz5MHZG2Y2GTVDwEiMJ6O9caUg=">AAAB7nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cW7Ae0oWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujed9O6WNza3tnfJuZW//4PDIPT5p6yRTDFssEYnqhlSj4BJbhhuB3VQhjUOBnXByP/c7T6g0T+SjmaYYxHQkecQZNVbq5P0wIs3ZwK16NW8Bsk78glShQGPgfvWHCctilIYJqnXP91IT5FQZzgTOKv1MY0rZhI6wZ6mkMeogX5w7IxdWGZIoUbakIQv190ROY62ncWg7Y2rGetWbi/95vcxEt0HOZZoZlGy5KMoEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAj+6svrpH1V872a37yu1u+KOMpwBudwCT7cQB0eoAEtYDCBZ3iFNyd1Xpx352PZWnKKmVP4A+fzB/O4j00=</latexit>

Γk=Λ [Φ] = S

Γk [Φ]

Γk=0 [Φ] = Γ[Φ]

Figure 6: The flow of the effective action Γk in the infinite-dimensional space spanned by all oper-

ators allowed by the symmetries of the theory. The dynamics as a function of the renormalization

scale k is governed by the flow equation.

the k-dependent effective action parallels the discussion leading to Eq. (50). The

partition function is

Z
k [J ] = eWk [J ]

=
∫
Dξ e−Sk [ξ,J ]

.

(77)

The classical field,

Φ = δW
k [J ]

δJ = 〈ξ〉J ,

(78)

is computed from the k-dependent Schwinger functional W
k [J ]. The k-dependent

effective action is defined as a slight modification of the Legendre transform 12. If

Γ̃k [Φ] denotes the Legendre transform of W
k [J ], then

Γk [Φ] = Γ̃k [Φ]−∆Sk [Φ] = −W
k [J ] + Φ"

J − 1
2 Φ"

R
kΦ.

(79)

The action Γk is designed in such a way that it interpolates between the microscopic

action (at the UV scale k = Λ) and the full quantum effective action (in the limit

k → 0), as illustrated in Fig.6.

Derivatives of the effective action with respect to the fields (with the short-hand

notation δΦp ≡ δ
δΦp ) are defined as follows:

Γ (n,m)k (p1 , . . . , pn , q1 , . . . , qm) ≡ →
δΦ!

p1
· · · →

δΦ!
pn Γk

←
δΦq1 · · · ←

δΦqm .
(80)

For the flow equation the second derivative of the effective action is needed. This

12 This modification establishes the correct connection between Γk and the microscopic action S

in the limit k → Λ.
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<latexit sha1_base64="I4BuLz2bpRl607stj3XAhsStXuc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KoqMuiG5ct2Ac0oUymk3boJBNmbpQair/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5AIrsFxvq3C0vLK6lpxvbSxubW9Y+/uNbVMFWUNKoVU7YBoJnjMGsBBsHaiGIkCwVrB8Gbit+6Z0lzGdzBKmB+RfsxDTgkYqWsfZF4Q4rqneH8ARCn5gJ1x1y47FWcKvEjcnJRRjlrX/vJ6kqYRi4EKonXHdRLwM6KAU8HGJS/VLCF0SPqsY2hMIqb9bHr9GB8bpYdDqUzFgKfq74mMRFqPosB0RgQGet6biP95nRTCKz/jcZICi+lsUZgKDBJPosA9rhgFMTKEUMXNrZgOiCIUTGAlE4I7//IiaZ5W3IvKWf28XL3O4yiiQ3SETpCLLlEV3aIaaiCKHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/ABMslP0=</latexit>
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Renormalisation Group

full effective action

“resolution scale” 
<latexit sha1_base64="8ExvhkczbhyLs1QUfOvbHVy+kzY=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjAuYBmyXMTmaTIbOzy0yvEJZ8hhcPinj1a7z5N04eB40WNBRV3XR3hakUBl33yymsrK6tbxQ3S1vbO7t75f2DlkkyzXiTJTLRnZAaLoXiTRQoeSfVnMah5O1wdDf1249cG5GoBxynPIjpQIlIMIpW8vNuGJERuSGNSa9ccavuDOQv8RakAgvUe+XPbj9hWcwVMkmN8T03xSCnGgWTfFLqZoanlI3ogPuWKhpzE+SzkyfkxCp9EiXalkIyU39O5DQ2ZhyHtjOmODTL3lT8z/MzjK6DXKg0Q67YfFGUSYIJmf5P+kJzhnJsCWVa2FsJG1JNGdqUSjYEb/nlv6R1VvUuq+eNi0rtdhFHEY7gGE7BgyuowT3UoQkMEniCF3h10Hl23pz3eWvBWcwcwi84H9/0aJBl</latexit>

k = Q

<latexit sha1_base64="d9uPlHVK8YNGzEIrEIreGdv9M74=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiQGFCUICmNVFsYi0YfURJHjOK1Vx4lsB6mKOrPwKywMIMTKF7DxNzhtBmg5kuWjc+7VvfcEKaNS2fa3sbS8srq2Xtmobm5t7+yae/sdmWQCkzZOWCJ6AZKEUU7aiipGeqkgKA4Y6Qajm8LvPhAhacLv1TglXowGnEYUI6Ul3zxyg4SFchzrL+d+02VESklj6FiX7hn37Ylv1mzLngIuEqckNVCi5ZtfbpjgLCZcYYak7Dt2qrwcCUUxI5Oqm0mSIjxCA9LXlKOYSC+fnjKBJ1oJYZQI/biCU/V3R45iWWyrK2OkhnLeK8T/vH6momsvpzzNFOF4NijKGFQJLHKBIRUEKzbWBGFB9a4QD5FAWOn0qjoEZ/7kRdI5t5y6Vb+7qDWaZRwVcAiOwSlwwBVogFvQAm2AwSN4Bq/gzXgyXox342NWumSUPQfgD4zPH5csmi8=</latexit>

nB ! 1.5n0

<latexit sha1_base64="/G+9NCjvNsuNOfPv63X/SKMebOE=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiQFWCoDBWZWEsEn1ITRQ5rtNadezIdpCqqCsLv8LCAEKs/AEbf4PTZoCWI1k+Oude3XtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oKJFKTNpYMCF7IVKEUU7ammpGeokkKA4Z6Ybjm9zvPhCpqOD3epIQP0ZDTiOKkTZSYEMvFGygJrH5Mh40oceIUorG8NI744EzDeyqU3NmgMvELUgVFGgF9pc3EDiNCdeYIaX6rpNoP0NSU8zItOKliiQIj9GQ9A3lKCbKz2aXTOGJUQYwEtI8ruFM/d2RoVjly5rKGOmRWvRy8T+vn+ro2s8oT1JNOJ4PilIGtYB5LHBAJcGaTQxBWFKzK8QjJBHWJryKCcFdPHmZdM5rbr1Wv7uoNppFHGVwBI7BKXDBFWiAW9ACbYDBI3gGr+DNerJerHfrY15asoqeQ/AH1ucPBJCZ5g==</latexit>

nB ! 5n0
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between effective actions at given values of temperature and
chemical potential, Γk(T, µ), and exactly at the phase transi-
tion, Γk(0, µc). It is given by the flow equation

k ∂kΓ̄k(T, µ) =

(
+

)∣∣∣∣∣
T,µ

−
(

+

)∣∣∣∣∣
T=0,µ=µc

.

(18)

The full circles represent the effects of the nucleons, while the
dashed circles are the mesonic loops. The dots indicate full
propagators, while the cross-circles stand for the regulator Rk.
When mesonic loops are ignored, only the nucleons contribute
to the flow, and the integration gives their quasiparticle Fermi-
gas pressure, as in the mean-field approximation, Eq. (8). In
leading order of the derivative expansion the effective action
takes the form

Γk =

∫
d4x

(
1

2
∂µφ

† ∂µφ+ Uk

)
, (19)

where Uk is the scale-dependent effective potential. The flow
equation simplifies now to an equation for the difference

Ūk(T, µ) = Uk(T, µ)− Uk(0, µc) . (20)

For vanishing temperature, the integral extends over all four
dimensions with measure

∫ dp0

2π

∫ d3p
(2π)3 , while for finite tem-

peratures the momentum trace splits into a sum over Matsu-
bara frequencies and a three-dimensional integral over spa-
tial momenta, T

∑
n

∫ d3p
(2π)3 . The integrals and the Matsubara

sums can be evaluated explicitly for the spatial Litim regulator
(16). The flow equation for the effective potential Ūk becomes

∂kŪk(T, µ) = f(T, µ)− f(0, µc) (21)

with

f(T, µ) =
k4

12π2

{
3
[
1 + 2nB(Eπ)

]

Eπ
+

1 + 2nB(Eσ)

Eσ

−
8
[
1− nF(EN , µeff)− nF(EN ,−µeff)

]

EN

}
.

(22)

Here,

E2
π = k2 +m2

π , E2
σ = k2 +m2

σ , E2
N = k2 + g2sσ

2 ,

m2
π = U ′

k(ρ) , m2
σ = U ′

k(ρ) + 2ρU ′′
k (ρ) ,

µeff = µ− gv ω0,k ,

nB(E) =
1

eβE −1
, and nF(E, µ) =

1

eβ(E−µ) +1
.

(23)

In the limit T → 0 the finite-temperature flow equation re-
duces correctly to the expression obtained at T = 0 with the

3d-cutoff function [44, 45]. The prefactors account for the
number of degrees of freedom (for nucleons, the number of
flavors, Nf = 2, times a factor of 4 from the Dirac trace).

In addition to the flow equation for the effective action,
the ω0 field must be computed self-consistently. Therefore,
at each momentum scale k we solve the mean-field equation
for ω0,k,

∂Uk

∂ω0,k
= 0 . (24)

The only dependence on ω0,k appears in the mass term and
the fermionic loop. Hence, ω0,k is given by the solution of the
flow equation

∂k ω0,k = − 2gv k4

3π2m2
v

∂

∂µ

(
nF(EN , µeff) + nF(EN ,−µeff)

EN

)
.

(25)

In this equation, the effective baryon chemical potential,
µeff = µ− gvω0,k, depends also on the field ω0,k, and both
ω0,k and E2

N = k2 + g2sσ
2 depend on the scale k. The initial

condition for the flow equation is

ω0,Λ(ρ) ≡ 0 . (26)

The ultraviolet scale, Λ, is a parameter of the model which
must be sufficiently large in order to allow for the relevant
fluctuation effects and small enough to render the description
in terms of the model degrees of freedom realistic; we choose
Λ = 1.4 GeV. The flow equation is then solved for a given
temperature and chemical potential. The model should be re-
liably applicable for temperatures up to at least 100 MeV and
densities up to about twice the saturation density n0 of nuclear
matter. At much higher densities, the field dependence of the
Yukawa couplings gs and gv can no longer be ignored.

Once fluctuations are taken into account, a readjustment of
the potential parameters is required. If the parametrization
(14) is chosen for the potential UMF, the nuclear equilibrium
density comes out too low by about ten percent after fluctua-
tions are taken into account. The reason is that the µ depen-
dence of the thermodynamical potential U is more involved
due to the influence of the mesonic fluctuations. It is neces-
sary to readjust the parameters in such a way that the nuclear
physics constraints are reproduced in the presence of fluctu-
ations. The parameters of the potential used in the following
are:

gs = 10 ,
gv
mv

= 1.02 · 10−2 MeV−1 ,

a2 = 65.9 , a3 = 5.55 · 10−3 MeV−2 ,

and a4 = 8.38 · 10−5 MeV−4 .

(27)

The resulting nuclear matter quantities are listed in Table I.
The mass of the σ boson (not to be confused with the position
of the complex pole at

√
s ∼ (500 − i 300) MeV in the I =

0 s-wave ππ T matrix [46, 47]) becomes mσ & 770 MeV
with inclusion of mesonic fluctuations. Not surprisingly, it is
significantly larger than the sigma mass used previously at the
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Wetterich’s FRG flow equations 

Γk=Λ[Φ] = S

Γk[Φ]

Γk=0[Φ] = Γ[Φ]

Figure 6: The flow of the effective action Γk in the infinite-dimensional space spanned by all oper-
ators allowed by the symmetries of the theory. The dynamics as a function of the renormalization
scale k is governed by the flow equation.

the k-dependent effective action parallels the discussion leading to Eq. (50). The
partition function is

Zk[J ] = eWk[J ] =

∫
Dξ e−Sk[ξ,J ] . (77)

The classical field,

Φ =
δWk[J ]

δJ
= 〈ξ〉J , (78)

is computed from the k-dependent Schwinger functional Wk[J ]. The k-dependent
effective action is defined as a slight modification of the Legendre transform12. If
Γ̃k[Φ] denotes the Legendre transform of Wk[J ], then

Γk[Φ] = Γ̃k[Φ]−∆Sk[Φ] = −Wk[J ] + Φ"J − 1

2
Φ"RkΦ. (79)

The action Γk is designed in such a way that it interpolates between the microscopic
action (at the UV scale k = Λ) and the full quantum effective action (in the limit
k → 0), as illustrated in Fig.6.

Derivatives of the effective action with respect to the fields (with the short-hand
notation δΦp ≡ δ

δΦp
) are defined as follows:

Γ(n,m)
k (p1, . . . , pn, q1, . . . , qm) ≡

→
δ Φ!

p1
· · ·

→
δ Φ!

pn
Γk

←
δ Φq1

· · ·
←
δ Φqm

. (80)

For the flow equation the second derivative of the effective action is needed. This

12 This modification establishes the correct connection between Γk and the microscopic action S
in the limit k → Λ.
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is the following matrix:

Γ(1,1)
k (p, p′) =

→
δ Φ!

p
Γk

←
δ Φp′=

=





→
δ φ−p Γk

←
δ φp′

→
δ φ−p Γk

←
δ Ψp′

→
δ φ−p Γk

←
δ Ψ̄!

−p′→
δ Ψ!

−p
Γk

←
δ φp′

→
δ Ψ!

−p
Γk

←
δ Ψp′

→
δ Ψ!

−p
Γk

←
δ Ψ̄!

−p′→
δ Ψ̄p

Γk
←
δ φp′

→
δ Ψ̄p

Γk
←
δ Ψp′

→
δ Ψ̄p

Γk
←
δ Ψ̄!

−p′




, (81)

where φ and Ψ are the bosonic and fermionic components of the classical field
Φ in analogy to Eq. (43). With these definitions we can now write down the flow
equation for the effective action Γk as it was first derived by Wetterich [81]:

k
∂Γk[Φ]

∂k
= =

1

2
Tr

[
k
∂Rk

∂k
·
(
Γ(1,1)
k [Φ] +Rk

)−1
]

. (82)

Wetterich’s flow equation relates the change of the k-dependent effective action
to a one-loop diagram. In general, the flow equation is a functional differential
equation because Φ depends on space-time coordinates. The trace goes over inter-
nal and space-time indices. Moreover, it extends over the bosonic and fermionic
subspaces as indicated in the structure of the matrix (81). It is understood that the
fermionic subspace comes with an additional minus sign. In the pictorial version of
the flow equation, the loop stands for the propagator of any of the active (bosonic
and fermionic) degrees of freedom; the dot indicates that this is the full propaga-
tor. The cross symbolizes the insertion of the regulator function and its derivative,
k ∂Rk

∂k .
The k-dependent effective action interpolates by construction between the mi-

croscopic and quantum effective action, which can be seen as follows:

1. By expanding the action around the classical (background) field Φ, it is easy
to derive from Eq. (79) that

e−Γk[Φ] =

∫
Dξ e−S[Φ+ξ]+

δΓk
δΦ ξ− 1

2 ξ
!Rkξ. (83)

For k ! Λ, the regulator function Rk is required to be large. Consequently,
−1

2ξ
%Rkξ leads to a delta-functional δ[ξ]. Only the classical field configu-

ration contributes to the path integral and therefore Γk[Φ]
k→Λ−−−→ S[Φ]. The

regulator equips all particles with large effective masses. Consequently, all
fluctuations around the classical field configuration are highly suppressed
and only the classical configuration contributes.
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k
∂Γk[Φ]

∂k
=

1

2
Tr

[
k
∂Rk

∂k
·
(
Γ(2)
k [Φ] +Rk

)−1
]



L = Ψ̄ iγµ∂
µΨ+

1

2

(
∂µσ∂

µσ + ∂µπ · ∂µπ
)
+
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+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit> N

<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N̄
<latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

− U(π,σ)
<latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit> …

2

L = Ψ̄ iγµ∂
µΨ+

1

2

(
∂µσ∂

µσ + ∂µπ · ∂µπ
)
+

<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit> N

<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N̄
<latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

− U(π,σ)
<latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit> …

<latexit sha1_base64="8YOWolqYGlfkKc8nbOuZ664nIxg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRiyepYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrtbJuEJL7Sa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZuRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqESjYEb/HlZdI8q3qX1fOHi0rtJo+jCEdwDKfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0FJ585hD9wPn8A8cWPUg==</latexit>

N

<latexit sha1_base64="8YOWolqYGlfkKc8nbOuZ664nIxg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRiyepYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrtbJuEJL7Sa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZuRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqESjYEb/HlZdI8q3qX1fOHi0rtJo+jCEdwDKfgwRXU4A7q0AAGI3iGV3hzEufFeXc+5q0FJ585hD9wPn8A8cWPUg==</latexit>

N

Mesons, Nucleons, Nuclear Matter and Functional Renormalization Group

Chiral Nucleon - Meson Lagrangian  

Potential              :   Polynomial in                    

Pionic fluctuations ,  nucleonic particle-hole  excitations  and 
many-body correlations treated non-perturbatively using  FRG 
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PHYSIK
DEPARTMENT

U(σ,π)

Review:   M. Drews,  W. W.   :   Prog. Part. Nucl. Phys. 91 (2017) 347

Nambu-Goldstone bosons     and “heavy” 
χ = π2 + σ2

<latexit sha1_base64="wHDFjc1WKtZTCf6lNmkv1hYf8Y4=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUGaKoBuh6MZlBfuAzrRkMpk2NJkMSUYoQ3/Ajb/ixoUibt2782/MtLPQ1gMhh3Pu5d57goRRpR3n21paXlldWy9tlDe3tnd27b39lhKpxKSJBROyEyBFGI1JU1PNSCeRBPGAkXYwusn99gORior4Xo8T4nM0iGlEMdJG6tvHHh5SeAW9QLBQjbn5Mi+hk14NnkFP0QFHvVrfrjhVZwq4SNyCVECBRt/+8kKBU05ijRlSqus6ifYzJDXFjEzKXqpIgvAIDUjX0Bhxovxses0EnhglhJGQ5sUaTtXfHRniKt/UVHKkh2rey8X/vG6qo0s/o3GSahLj2aAoZVALmEcDQyoJ1mxsCMKSml0hHiKJsDYBlk0I7vzJi6RVq7pO1b07r9SvizhK4BAcgVPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1sesdMkqeg7AH1ifP/hImtg=</latexit><latexit sha1_base64="wHDFjc1WKtZTCf6lNmkv1hYf8Y4=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUGaKoBuh6MZlBfuAzrRkMpk2NJkMSUYoQ3/Ajb/ixoUibt2782/MtLPQ1gMhh3Pu5d57goRRpR3n21paXlldWy9tlDe3tnd27b39lhKpxKSJBROyEyBFGI1JU1PNSCeRBPGAkXYwusn99gORior4Xo8T4nM0iGlEMdJG6tvHHh5SeAW9QLBQjbn5Mi+hk14NnkFP0QFHvVrfrjhVZwq4SNyCVECBRt/+8kKBU05ijRlSqus6ifYzJDXFjEzKXqpIgvAIDUjX0Bhxovxses0EnhglhJGQ5sUaTtXfHRniKt/UVHKkh2rey8X/vG6qo0s/o3GSahLj2aAoZVALmEcDQyoJ1mxsCMKSml0hHiKJsDYBlk0I7vzJi6RVq7pO1b07r9SvizhK4BAcgVPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1sesdMkqeg7AH1ifP/hImtg=</latexit><latexit sha1_base64="wHDFjc1WKtZTCf6lNmkv1hYf8Y4=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUGaKoBuh6MZlBfuAzrRkMpk2NJkMSUYoQ3/Ajb/ixoUibt2782/MtLPQ1gMhh3Pu5d57goRRpR3n21paXlldWy9tlDe3tnd27b39lhKpxKSJBROyEyBFGI1JU1PNSCeRBPGAkXYwusn99gORior4Xo8T4nM0iGlEMdJG6tvHHh5SeAW9QLBQjbn5Mi+hk14NnkFP0QFHvVrfrjhVZwq4SNyCVECBRt/+8kKBU05ijRlSqus6ifYzJDXFjEzKXqpIgvAIDUjX0Bhxovxses0EnhglhJGQ5sUaTtXfHRniKt/UVHKkh2rey8X/vG6qo0s/o3GSahLj2aAoZVALmEcDQyoJ1mxsCMKSml0hHiKJsDYBlk0I7vzJi6RVq7pO1b07r9SvizhK4BAcgVPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1sesdMkqeg7AH1ifP/hImtg=</latexit><latexit sha1_base64="wHDFjc1WKtZTCf6lNmkv1hYf8Y4=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUGaKoBuh6MZlBfuAzrRkMpk2NJkMSUYoQ3/Ajb/ixoUibt2782/MtLPQ1gMhh3Pu5d57goRRpR3n21paXlldWy9tlDe3tnd27b39lhKpxKSJBROyEyBFGI1JU1PNSCeRBPGAkXYwusn99gORior4Xo8T4nM0iGlEMdJG6tvHHh5SeAW9QLBQjbn5Mi+hk14NnkFP0QFHvVrfrjhVZwq4SNyCVECBRt/+8kKBU05ijRlSqus6ifYzJDXFjEzKXqpIgvAIDUjX0Bhxovxses0EnhglhJGQ5sUaTtXfHRniKt/UVHKkh2rey8X/vG6qo0s/o3GSahLj2aAoZVALmEcDQyoJ1mxsCMKSml0hHiKJsDYBlk0I7vzJi6RVq7pO1b07r9SvizhK4BAcgVPgggtQB7egAZoAg0fwDF7Bm/VkvVjv1sesdMkqeg7AH1ifP/hImtg=</latexit>

 isoscalar & 
isovector

current-current 
interactions

L = Ψ̄ iγµ∂
µΨ+

1

2

(
∂µσ∂

µσ + ∂µπ · ∂µπ
)
+

<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit> N

<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N̄
<latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

− U(π,σ)
<latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit> …

<latexit sha1_base64="xkzVYNAkJN7fHdD61sYe7VVWLeY=">AAAB/HicbVBLSwMxGMz6rPW12qOXYBE8lV0V9Vj04rGCfUB3Kdlstg3NY0myQlnqX/HiQRGv/hBv/huz7R60dSBkmPk+MpkoZVQbz/t2VlbX1jc2K1vV7Z3dvX334LCjZaYwaWPJpOpFSBNGBWkbahjppYogHjHSjca3hd99JEpTKR7MJCUhR0NBE4qRsdLArQWRZLGecHvlgaZDjqYDt+41vBngMvFLUgclWgP3K4glzjgRBjOkdd/3UhPmSBmKGZlWg0yTFOExGpK+pQJxosN8Fn4KT6wSw0Qqe4SBM/X3Ro64LvLZSY7MSC96hfif189Mch3mVKSZIQLPH0oyBo2ERRMwpopgwyaWIKyozQrxCCmEje2rakvwF7+8TDpnDf+ycX5/UW/elHVUwBE4BqfAB1egCe5AC7QBBhPwDF7Bm/PkvDjvzsd8dMUpd2rgD5zPH5/8lWk=</latexit>σ<latexit sha1_base64="5iArLRR8SHIYcp/NUK80yiKn94c=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJqUoAAWMFC2OR6ENqospxnNaqE0e2U6mK+icsDCDEyp+w8Tc4bQZoOZLlo3PulY9PkHKmtON8W5W19Y3Nrep2bWd3b//APjzqKJFJQttEcCF7AVaUs4S2NdOc9lJJcRxw2g3G94XfnVCpmEie9DSlfoyHCYsYwdpIA9v2AsFDNY3NlXspmw3sutNw5kCrxC1JHUq0BvaXFwqSxTTRhGOl+q6Taj/HUjPC6azmZYqmmIzxkPYNTXBMlZ/Pk8/QmVFCFAlpTqLRXP29keNYFeHMZIz1SC17hfif1890dOvnLEkzTROyeCjKONICFTWgkElKNJ8agolkJisiIywx0aasminBXf7yKulcNNzrxuXjVb15V9ZRhRM4hXNw4Qaa8AAtaAOBCTzDK7xZufVivVsfi9GKVe4cwx9Ynz9CTZQT</latexit>π

constructed to reproduce vacuum physics and equilibrium nuclear matter
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Categories of mesonic and baryonic fluctuations
treated non-perturbatively in the FRG approach

Pion propagator 

+ + +…

+ + +…

π
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Pion propagation in 
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multi-nucleon 
correlations
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+
π

N N

N

+ +

π
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…+ …+

π

π

π
…

Dπ(x1,x2) =

[
δ2Γ

δπ(x1) δπ(x2)

]−1

DN(x1,x2) =

[
δ2Γ

δN(x1) δN†(x2)

]−1
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Fixing  the  input

Potential  

an isospin doublet nucleon field ψ = (ψp,ψn)T . The
nucleons are coupled to boson fields: a chiral four-
component field (σ,π) transforming under the chiral
group SO(4) ∼= SU(2)L × SU(2)R, an isoscalar-vector
field ωµ and an isovector-vector field ρµ. Note that
these ω and ρ fields are not to be identified with the
known omega and rho mesons. They are introduced
here to act as background mean fields representing
the effects of short-distance interactions between nu-
cleons, averaged over the baryonic medium. The ρ
field appears as an additional degree of freedom in
isospin-asymmetric matter, as compared to symmetric
nuclear matter where its expectation value vanishes due
to isospin symmetry. The Lagrangian of the extended
nucleon-meson model reads

L = ψ̄iγµ∂
µψ +

1

2
∂µσ ∂µσ +

1

2
∂µπ · ∂µπ

− ψ̄
[
g(σ + iγ5 τ · π) + γµ(gω ωµ + gρτ · ρµ)

]
ψ

− 1

4
F (ω)
µν F (ω)µν − 1

4
F (ρ)

µν · F (ρ)µν

+
1

2
m2

ω ωµ ω
µ +

1

2
m2

ρ ρµ · ρµ − U(σ,π),
(1)

Here τ are the isospin Pauli-matrices, and F (ω)
µν =

∂µων−∂νωµ, F (ρ)
µν = ∂µρν−∂νρµ−gρ ρµ×ρν (only

the three-component in isospin space of the time com-
ponent of ρµ will be involved in the further discussions,
so the non-abelian part of F (ρ)

µν is actually not relevant).
The potential U(σ,π) has a piece, U0(χ), that depends
only on the chirally invariant square χ = 1

2 (σ
2 + π2),

as well as an explicit symmetry breaking term:

U(σ,π) = U0(χ)−m2
πfπ(σ − fπ) , (2)

with the pion mass mπ = 135 MeV and the pion decay
constant fπ = 93 MeV.

As demonstrated in [11], fluctuations beyond the
mean-field approximation can be included using the
functional renormalization group approach. A proper
treatment of fluctuations turned out to be crucial in or-
der to make contact with results from in-medium chi-
ral perturbation theory calculations of symmetric nu-
clear matter [5], emphasizing in particular the role of
two-pion exchange dynamics and three-body forces in
the nuclear medium. One therefore expects that a full
treatment of fluctuations with FRG methods is also im-
portant for asymmetric nuclear matter, given the pro-
nounced isospin dependence induced by the fluctuating
pion field through multiple pion exchange processes.

The effective action Γk based on the Lagrangian (1)
depends on a renormalization scale k and interpolates

between a microscopic action, Γk=Λ, defined at an ul-
traviolet renormalization scale Λ, and the full quantum
effective action, Γeff = Γk=0. As the scale k is lowered,
the renormalization group flow of Γk is determined by
Wetterich’s equation [13],

k
∂Γk

∂k
= =

1

2
Tr

k ∂Rk
∂k

Γ(2)
k +Rk

, (3)

where Rk = (k2 − p2) θ(k2 − p2) is a regulator func-
tion and Γ(2)

k = δ2Γk
δφ2 is the full inverse propaga-

tor. In leading order of the derivative expansion,
Γk =

∫
d4x

(
1
2∂µφ

† ∂µφ+ Uk

)
, where φ symbolizes

all appearing fields and Uk is the scale-dependent ef-
fective potential. The flow equation reduces now to an
equation for Uk. In the spirit of Ref. [14] the flow of the
difference

Ūk(T, µn, µp) = Uk(T, µn, µp)− Uk(0, µc, µc) (4)

is computed, with the effective potential Uk(T, µn, µp)
taken at given values of temperature T and of neu-
tron/proton chemical potentials, µn and µp, subtracting
Uk(0, µc, µc) at the liquid-gas transition for symmetric
matter at zero temperature. The critical chemical poten-
tial µc = 923 MeV at vanishing temperature is the dif-
ference between nucleon mass and binding energy. The
subtraction at µ = µc is motivated by the fact that at
this point, nuclear physics information can be optimally
used to constrain the effective potential. The regime
0 ≤ µ < µc corresponds to a single physical state, the
vacuum, with constants mπ and fπ unchanged by the
FRG evolution [11]. A more detailed discussion will be
presented in a forthcoming publication [15].

The k-dependence of Ūk is given by the simplified
flow equation

V

T

k ∂Ūk

∂k
(T, µn, µp)

=

∣∣∣∣∣
T,µn,µp

−

∣∣∣∣∣T=0
µn=µp=µc

.

(5)

The loops symbolize the full propagators of both
fermions (nucleons) and bosons (pions and sigma) with
inclusion of the regulator. The heavy vector bosons ωµ

and ρµ are treated as non-fluctuating mean fields. Their
Compton wavelengths are supposed to be small com-
pared to the distance scales characteristic of the Fermi
momenta under consideration. Rotational invariance
implies that the spatial components of the vector mean

2
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so the non-abelian part of F (ρ)
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The potential U(σ,π) has a piece, U0(χ), that depends
only on the chirally invariant square χ = 1

2 (σ
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as well as an explicit symmetry breaking term:

U(σ,π) = U0(χ)−m2
πfπ(σ − fπ) , (2)

with the pion mass mπ = 135 MeV and the pion decay
constant fπ = 93 MeV.

As demonstrated in [11], fluctuations beyond the
mean-field approximation can be included using the
functional renormalization group approach. A proper
treatment of fluctuations turned out to be crucial in or-
der to make contact with results from in-medium chi-
ral perturbation theory calculations of symmetric nu-
clear matter [5], emphasizing in particular the role of
two-pion exchange dynamics and three-body forces in
the nuclear medium. One therefore expects that a full
treatment of fluctuations with FRG methods is also im-
portant for asymmetric nuclear matter, given the pro-
nounced isospin dependence induced by the fluctuating
pion field through multiple pion exchange processes.

The effective action Γk based on the Lagrangian (1)
depends on a renormalization scale k and interpolates

between a microscopic action, Γk=Λ, defined at an ul-
traviolet renormalization scale Λ, and the full quantum
effective action, Γeff = Γk=0. As the scale k is lowered,
the renormalization group flow of Γk is determined by
Wetterich’s equation [13],
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k ∂Rk
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Γ(2)
k +Rk

, (3)

where Rk = (k2 − p2) θ(k2 − p2) is a regulator func-
tion and Γ(2)

k = δ2Γk
δφ2 is the full inverse propaga-

tor. In leading order of the derivative expansion,
Γk =

∫
d4x

(
1
2∂µφ

† ∂µφ+ Uk

)
, where φ symbolizes

all appearing fields and Uk is the scale-dependent ef-
fective potential. The flow equation reduces now to an
equation for Uk. In the spirit of Ref. [14] the flow of the
difference

Ūk(T, µn, µp) = Uk(T, µn, µp)− Uk(0, µc, µc) (4)

is computed, with the effective potential Uk(T, µn, µp)
taken at given values of temperature T and of neu-
tron/proton chemical potentials, µn and µp, subtracting
Uk(0, µc, µc) at the liquid-gas transition for symmetric
matter at zero temperature. The critical chemical poten-
tial µc = 923 MeV at vanishing temperature is the dif-
ference between nucleon mass and binding energy. The
subtraction at µ = µc is motivated by the fact that at
this point, nuclear physics information can be optimally
used to constrain the effective potential. The regime
0 ≤ µ < µc corresponds to a single physical state, the
vacuum, with constants mπ and fπ unchanged by the
FRG evolution [11]. A more detailed discussion will be
presented in a forthcoming publication [15].

The k-dependence of Ūk is given by the simplified
flow equation

V

T

k ∂Ūk

∂k
(T, µn, µp)

=

∣∣∣∣∣
T,µn,µp

−

∣∣∣∣∣T=0
µn=µp=µc

.

(5)

The loops symbolize the full propagators of both
fermions (nucleons) and bosons (pions and sigma) with
inclusion of the regulator. The heavy vector bosons ωµ

and ρµ are treated as non-fluctuating mean fields. Their
Compton wavelengths are supposed to be small com-
pared to the distance scales characteristic of the Fermi
momenta under consideration. Rotational invariance
implies that the spatial components of the vector mean

2

explicit chiral symmetry breaking

Scalar (“sigma”) field : 
mean field (chiral order parameter) plus fluctuating pieces. 

σ

Nucleon mass : . . .  in vacuum: 

“σ(500)”

(Goldberger - Treiman)

U0(χ) =
∑

n

an(χ− χ0)
n

nmax = 4

 adjustable parameters
a3, a4

mass:  NOT to be identified with                   :  mσ ! 0.9 GeV
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χ0 = f2
π/2

Chiral invariant part : 
a1, a2
determined by vacuum 
constants (fπ, mπ, mσ)

(vacuum)

<latexit sha1_base64="nUcM0IRGdMoY/KWMGBSK+yRmlhk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV1I1QdONGqWAf0IQwmU7boZOHMzdCCPVX3LhQxK0f4s6/cdpmoa0HLhzOuZd77/FjwRVY1rdRWFpeWV0rrpc2Nre2d8zdvZaKEklZk0Yikh2fKCZ4yJrAQbBOLBkJfMHa/uhq4rcfmVQ8Cu8hjZkbkEHI+5wS0JJnlm+8W3yBB456kJDVHDrkY8+sWFVrCrxI7JxUUI6GZ345vYgmAQuBCqJU17ZicDMigVPBxiUnUSwmdEQGrKtpSAKm3Gx6/BgfaqWH+5HUFQKeqr8nMhIolQa+7gwIDNW8NxH/87oJ9M/djIdxAiyks0X9RGCI8CQJ3OOSURCpJoRKrm/FdEgkoaDzKukQ7PmXF0mrVrVPq8d3J5X6ZR5HEe2jA3SEbHSG6ugaNVATUZSiZ/SK3own48V4Nz5mrQUjnymjPzA+fwC0M5Qv</latexit>

MN = g
√

2χ
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MN = g fπ

L = Ψ̄ iγµ∂
µΨ+

1

2

(
∂µσ∂

µσ + ∂µπ · ∂µπ
)
+
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<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit> N

<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

N̄
<latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit><latexit sha1_base64="e3JeALqKx4vUmjlnaNgwC4ZDMBM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYD+gCWV3u2mXbjZxd1MoIb/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMI4ng2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nirIWjUWsugRrJrhkLcONYN1EMRwRwTpkfDvzOxOmNI/lo5kmLIjwUPKQU2ysFGQ+CZFPsMru87xfrbl1dw60SryC1KBAs1/98gcxTSMmDRVY657nJibIsDKcCpZX/FSzBNMxHrKepRJHTAfZ/OgcnVllgMJY2ZIGzdXfExmOtJ5GxHZG2Iz0sjcT//N6qQmvg4zLJDVM0sWiMBXIxGiWABpwxagRU0swVdzeiugIK0yNzaliQ/CWX14l7Yu659a9h8ta46aIowwncArn4MEVNOAOmtACCk/wDK/w5kycF+fd+Vi0lpxi5hj+wPn8AboJkg8=</latexit>

N
<latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit><latexit sha1_base64="on28GHKP34XjzNLIDAHD7AlPQsg=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeCF09SwX5Iu5Rsmm1Dk+ySZIWy7K/w4kERr/4cb/4b03YP2vpg4PHeDDPzwkRwYz3vG5XW1jc2t8rblZ3dvf2D6uFR28SppqxFYxHrbkgME1yxluVWsG6iGZGhYJ1wcjPzO09MGx6rBztNWCDJSPGIU2Kd9Jj1wwhnd3k+qNa8ujcHXiV+QWpQoDmofvWHMU0lU5YKYkzP9xIbZERbTgXLK/3UsITQCRmxnqOKSGaCbH5wjs+cMsRRrF0pi+fq74mMSGOmMnSdktixWfZm4n9eL7XRdZBxlaSWKbpYFKUC2xjPvsdDrhm1YuoIoZq7WzEdE02odRlVXAj+8surpH1R9726f39Za1wWcZThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrCRUzx/AH6PMHso2QSA==</latexit>

− U(π,σ)
<latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit><latexit sha1_base64="rR2Cw6gXKABzieQ4NZDFw6NJwFM=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCQi6LLoxmUF0xaaUCaTSTt0JgkzE6GE+Blu/BU3LhRxqSv/xkmbRW09MMzhnHu59x4/YVQqy/oxlpZXVtfWKxvVza3tnV1zb78t41Rg4uCYxaLrI0kYjYijqGKkmwiCuM9Ixx/dFH7ngQhJ4+hejRPicTSIaEgxUlrqm9bZY+b6MQvkmOsvczFi0Mnz+qzqJjQ/dSUdcHTSN2tWw5oALhK7JDVQotU3v9wgxiknkcIMSdmzrUR5GRKKYkbyqptKkiA8QgPS0zRCnEgvm1yWw2OtBDCMhX6RghN1tiNDXBY76kqO1FDOe4X4n9dLVXjlZTRKUkUiPB0UpgyqGBYxwYAKghUba4KwoHpXiIdIIKx0mFUdgj1/8iJpnzdsq2HfXdSa12UcFXAIjkAd2OASNMEtaAEHYPAEXsAbeDeejVfjw/icli4ZZc8B+APj+xfN6aFk</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

π,σ
<latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit><latexit sha1_base64="PRhRBJ1E/JpLLufvRmYY6o3zDJk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1ISEXRZdOOygq2FJpTJZNIOnUeYmQglFDf+ihsXirj1K9z5N07aLLT1wDCHc+7l3nuilFFtPO/bqSwtr6yuVddrG5tb2zvu7l5Hy0xh0saSSdWNkCaMCtI21DDSTRVBPGLkPhpdF/79A1GaSnFnxikJORoImlCMjJX67kGeB5FksR5z+wUpnZwGmg44mvTdutfwpoCLxC9JHZRo9d2vIJY440QYzJDWPd9LTZgjZShmZFILMk1ShEdoQHqWCsSJDvPpCRN4bJUYJlLZJwycqr87csR1saOt5MgM9bxXiP95vcwkl2FORZoZIvBsUJIxaCQs8oAxVQQbNrYEYUXtrhAPkULY2NRqNgR//uRF0jlr+F7Dvz2vN6/KOKrgEByBE+CDC9AEN6AF2gCDR/AMXsGb8+S8OO/Ox6y04pQ9++APnM8fQjyX9g==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit>

+
<latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit><latexit sha1_base64="aWOcHJrcbrsxJSLO3n80z068CGE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh6LXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlxkW/XHGr7hxklXg5qUCOer/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxPe+BmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S1mXVc6te46pSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPcYWMrw==</latexit> …
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FRG Flow equations in practice   &   Fixing the input (contd.)

“full”
 effective action.

.
Γk=Λ Γk

Γk=0
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Λ ! Λχ = 4π fπ IR 

PHYSIK
DEPARTMENT

action

Simplifying 
assumptions and approximations :  

- derivative expansion  
- no “k-running” of Yukawa coupling  

UV 

k-dependent 
effective 
action : 

k-dependent 
potentialΓk =

∫
d4x

[
Ψ̄iγµ∂

µΨ+
1

2
∂µσ∂

µσ +
1

2
∂µπ∂

µπ

Vector fields      (isoscalar)  and       (isovector) encode short-distance NN dynamics:

(not to be identified with physical     and    mesons)  ω ρ

Self-consistently determined background mean fields (non-fluctuating)

Effective chemical potentials of neutrons and protons :

Relevant 
quantities:   

<latexit sha1_base64="eOjPzQKgZy3Mcvuinds1buhrIB4=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7APasWQyaRuaSYYkUylD/8ONC0Xc+i/u/Bsz7Sy09UDI4Zx7yckJYs60cd1vp7Cyura+UdwsbW3v7O6V9w+aWiaK0AaRXKp2gDXlTNCGYYbTdqwojgJOW8HoNvNbY6o0k+LBTGLqR3ggWJ8RbKz02A0kD/Ukslc6nvbKFbfqzoCWiZeTCuSo98pf3VCSJKLCEI617nhubPwUK8MIp9NSN9E0xmSEB7RjqcAR1X46Sz1FJ1YJUV8qe4RBM/X3RoojnUWzkxE2Q73oZeJ/Xicx/Ws/ZSJODBVk/lA/4chIlFWAQqYoMXxiCSaK2ayIDLHCxNiiSrYEb/HLy6R5VvUuq+f3F5XaTV5HEY7gGE7BgyuowR3UoQEEFDzDK7w5T86L8+58zEcLTr5zCH/gfP4AUt6TDw==</latexit>v <latexit sha1_base64="QzeO2pbmyxYwWFcUL9mi5FoSuvc=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyoqMuiG5cV7APasWQymTY0kwxJxlKG/ocbF4q49V/c+Tem7Sy09UDI4Zx7yckJEs60cd1vp7Cyura+UdwsbW3v7O6V9w+aWqaK0AaRXKp2gDXlTNCGYYbTdqIojgNOW8Hwduq3nqjSTIoHM06oH+O+YBEj2FjpsRtIHupxbK9sNOmVK27VnQEtEy8nFchR75W/uqEkaUyFIRxr3fHcxPgZVoYRTielbqppgskQ92nHUoFjqv1slnqCTqwSokgqe4RBM/X3RoZjPY1mJ2NsBnrRm4r/eZ3URNd+xkSSGirI/KEo5chINK0AhUxRYvjYEkwUs1kRGWCFibFFlWwJ3uKXl0nzrOpdVs/vLyq1m7yOIhzBMZyCB1dQgzuoQwMIKHiGV3hzRs6L8+58zEcLTr5zCH/gfP4AVGOTEA==</latexit>w

<latexit sha1_base64="6ETHmqI3PFDDnMCj/jTQNhX2yhU="></latexit>

−Ψ̄ [g(σ + iγ5 τ · π) + γ0(gv v + gw w τ3)]Ψ− Uk(π,σ; v, w)

<latexit sha1_base64="UUcGKCNHEVDSd83+TfGmLiQvRuw="></latexit>

µeff
n,p = µn,p − gv v ± gw w

contact terms in ChEFT  

<latexit sha1_base64="MRPEZN29tD+mDY7P6Hk2y9PMpoM=">AAACHnicbVDLSgMxFM34rPU16tJNsAgupMzU50YouqjLCvYB7XTIpJk2NPMgybSUofMjbvwVNy4UEVzp35i2s7CtBwKHc87l5h4nZFRIw/jRlpZXVtfWMxvZza3tnV19b78qgohjUsEBC3jdQYIw6pOKpJKResgJ8hxGak7vbuzX+oQLGviPchgSy0Mdn7oUI6kkW78o2X14A+OO3W8VmoGKQs+utgqjJDlNkpI9mJqDWdPWc0bemAAuEjMlOZCibOtfzXaAI4/4EjMkRMM0QmnFiEuKGRllm5EgIcI91CENRX3kEWHFk/NG8FgpbegGXD1fwon6dyJGnhBDz1FJD8mumPfG4n9eI5LutRVTP4wk8fF0kRsxKAM47gq2KSdYsqEiCHOq/gpxF3GEpWo0q0ow509eJNVC3rzMnz2c54q3aR0ZcAiOwAkwwRUogntQBhWAwRN4AW/gXXvWXrUP7XMaXdLSmQMwA+37F3NSoXk=</latexit>

Gv =
g2v
m2

V

, Gw =
g2w
m2

V

<latexit sha1_base64="nKnmKnbAG8E8i1bbrB++vgZ7X1Q=">AAACD3icbVC7TgMxEPTxJrwClDQWEYgChTuIgBJBASVIJCDlwsnn7IGFfXfYe4HolD+g4VdoKECIlpaOv8F5FLxGWmk8syvvTphKYdB1P52h4ZHRsfGJycLU9MzsXHF+oWaSTHOo8kQm+jxkBqSIoYoCJZynGpgKJZyF1wdd/6wF2ogkPsV2Cg3FLmMRCc7QSkFx9TC4pb4RCm7oYdDaqPQe1PPXfYQ71CqPVOdiMyiW3LLbA/1LvAEpkQGOg+KH30x4piBGLpkxdc9NsZEzjYJL6BT8zEDK+DW7hLqlMVNgGnnvng5dsUqTRom2FSPtqd8ncqaMaavQdiqGV+a31xX/8+oZRruNXMRphhDz/kdRJikmtBsObQoNHGXbEsa1sLtSfsU042gjLNgQvN8n/yW1zbK3Xd46qZT29gdxTJAlskzWiEd2yB45IsekSji5J4/kmbw4D86T8+q89VuHnMHMIvkB5/0LJDObfw==</latexit>

Gw ! Gv/4 ∼ 1 fm2
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. . . plus vector field equations,  then full system of coupled differential equations solved on a grid.

PHYSIK
DEPARTMENT

Flow  of  k-dependent effective potential

E2
π = k2 + U ′

k(χ) , E2
σ = k2 + U ′

k(χ) + 2χU ′′
k(χ) ,

U ′
k(χ) =

∂Uk(χ)

∂χ
,E2

N = k2 + 2g2χ ,

χ =
1

2
(σ2 + π2)

FRG Flow equations  in practice   (contd.)

<latexit sha1_base64="UUcGKCNHEVDSd83+TfGmLiQvRuw="></latexit>

µeff
n,p = µn,p − gv v ± gw w

Thermodynamics :  Grand canonical potential

<latexit sha1_base64="AzUW2MiSbsSMYmBzuvHbLa0wwVE="></latexit>

k
∂Uk

∂k
(T, µp, µn;χ, v, w) =

k5

12π2



1 + 2nB(Eσ)

Eσ
+

3[1 + 2nB(Eπ)]

Eπ
− 4

∑

i=p,n

1− nF (EN − µeff
i )

EN





<latexit sha1_base64="XBrCpjt4kO6MAsYhyOF/UZxBghA="></latexit>

nF,B(E) =
[
eE/T ± 1

]−1

<latexit sha1_base64="yFNd/2HMFO+MImgwVuZPHe0REas="></latexit>

Ω = −T

V
lnZ = ΩF + Uk=0

pressure  entropy density  

energy density  baryon densities  

<latexit sha1_base64="MyPaKwLQKzQxJgIntPwba6jKMrY=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBC8GHZV1IsQ9OLNCOYhyRJmJ73JkJndZWZWCEu+wosHRbz6Od78GyePgyYWNBRV3XR3BYng2rjut7OwuLS8sppby69vbG5tF3Z2azpOFcMqi0WsGgHVKHiEVcONwEaikMpAYD3o34z8+hMqzePowQwS9CXtRjzkjBorPVaujlt3Eru0XSi6JXcMMk+8KSnCFJV24avViVkqMTJMUK2bnpsYP6PKcCZwmG+lGhPK+rSLTUsjKlH72fjgITm0SoeEsbIVGTJWf09kVGo9kIHtlNT09Kw3Ev/zmqkJL/2MR0lqMGKTRWEqiInJ6HvS4QqZEQNLKFPc3kpYjyrKjM0ob0PwZl+eJ7WTkndeOr0/K5avp3HkYB8O4Ag8uIAy3EIFqsBAwjO8wpujnBfn3fmYtC4405k9+APn8wfvzY/b</latexit>

P = −Ω

<latexit sha1_base64="qMMN7X9MHuYVUsBXUePXcMCcnOo=">AAACDXicbVBLSwMxGMz6rPW16tFLsApeLLsq6kUoevFmhb6gu5Rsmm1Ds8mSZIWy9A948a948aCIV+/e/Ddm2xW0dSAwzHyT5JsgZlRpx/my5uYXFpeWCyvF1bX1jU17a7uhRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyuM795T6Sigtf0MCZ+hHqchhQjbaSOva/gJTxKvRhJTRHzbiPSQ54wkR8J1kYdu+SUnTHgLHFzUgI5qh370+sKnESEa8yQUm3XibWfZhdiRkZFL1EkRniAeqRtKEcRUX463mYED4zShaGQ5nANx+rvRIoipYZRYCYjpPtq2svE/7x2osMLP6U8TjThePJQmDCoBcyqgV0qCdZsaAjCkpq/QtxHEmFtCiyaEtzplWdJ47jsnpVP7k5Llau8jgLYBXvgELjgHFTADaiCOsDgATyBF/BqPVrP1pv1Phmds/LMDvgD6+MbCoqbkw==</latexit>

s = −∂Ω

∂T
<latexit sha1_base64="wGGnTFxV0m1waQxG1zgUDi8hPyI=">AAACEHicbVDLSgMxFM3UV62vqks3wSIK1TKjom4KRRFcVugLOsOQSdM2NMkMSUYoQz/Bjb/ixoUibl26829M21lo64ELh3Pu5d57gohRpW3728osLC4tr2RXc2vrG5tb+e2dhgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB4GbsNx+IVDQUNT2MiMdRT9AuxUgbyc8fJi5GDN6OYBmeVGHRVTH3E1qOjsXI5bFPofBpsab8fMEu2RPAeeKkpABSVP38l9sJccyJ0JghpdqOHWkvQVJTzMgo58aKRAgPUI+0DRWIE+Ulk4dG8MAoHdgNpSmh4UT9PZEgrtSQB6aTI91Xs95Y/M9rx7p75SVURLEmAk8XdWMGdQjH6cAOlQRrNjQEYUnNrRD3kURYmwxzJgRn9uV50jgtORels/vzQuU6jSML9sA+OAIOuAQVcAeqoA4weATP4BW8WU/Wi/VufUxbM1Y6swv+wPr8ASQPm20=</latexit>

E = −P +
∑

i=p,n

µini + Ts

<latexit sha1_base64="UpQjClfltKqDvAYoSae4b4f00AQ=">AAACEnicbVBLSwMxGMzWV62vVY9egkXQg2VXpHoRil68WcE+oFuWbJptQ5PskmSFsvQ3ePGvePGgiFdP3vw3ZttFtHUgMMx8k+SbIGZUacf5sgoLi0vLK8XV0tr6xuaWvb3TVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsYXmV+655IRSNxp0cx6XLUFzSkGGkj+faR8Cm8gMepFyOpKWLeDSd95EUm9CPxxKdj3y47FWcCOE/cnJRBjrpvf3q9CCecCI0ZUqrjOrHuptmdmJFxyUsUiREeoj7pGCoQJ6qbTlYawwOj9GAYSXOEhhP1dyJFXKkRD8wkR3qgZr1M/M/rJDo876ZUxIkmAk8fChMGdQSzfmCPSoI1GxmCsKTmrxAPkERYmxZLpgR3duV50jypuNVK9fa0XLvM6yiCPbAPDoELzkANXIM6aAAMHsATeAGv1qP1bL1Z79PRgpVndsEfWB/fmEWeHQ==</latexit>

ni = − ∂Ω

∂µi

<latexit sha1_base64="a7BHbX3AqZxsIFy8PSzjZIjdHQc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2LJlMpg3NJEOSUcrQ/3DjQhG3/os7/8ZMOwttPRByOOdecnKChDNtXPfbWVldW9/YLG2Vt3d29/YrB4dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8k/udR6o0k+LeTBLqx3goWMQINlZ66AeSh3oS2yuLpoNK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/NUk/RqVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVtiV4i19eJu3zmlev1e8uqo3roo4SHMMJnIEHl9CAW2hCCwgoeIZXeHOenBfn3fmYj644xc4R/IHz+QM7hJMC</latexit>

f
<latexit sha1_base64="a7BHbX3AqZxsIFy8PSzjZIjdHQc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2LJlMpg3NJEOSUcrQ/3DjQhG3/os7/8ZMOwttPRByOOdecnKChDNtXPfbWVldW9/YLG2Vt3d29/YrB4dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8k/udR6o0k+LeTBLqx3goWMQINlZ66AeSh3oS2yuLpoNK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/NUk/RqVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVtiV4i19eJu3zmlev1e8uqo3roo4SHMMJnIEHl9CAW2hCCwgoeIZXeHOenBfn3fmYj644xc4R/IHz+QM7hJMC</latexit>

f
<latexit sha1_base64="a7BHbX3AqZxsIFy8PSzjZIjdHQc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2LJlMpg3NJEOSUcrQ/3DjQhG3/os7/8ZMOwttPRByOOdecnKChDNtXPfbWVldW9/YLG2Vt3d29/YrB4dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8k/udR6o0k+LeTBLqx3goWMQINlZ66AeSh3oS2yuLpoNK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/NUk/RqVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVtiV4i19eJu3zmlev1e8uqo3roo4SHMMJnIEHl9CAW2hCCwgoeIZXeHOenBfn3fmYj644xc4R/IHz+QM7hJMC</latexit>

f

<latexit sha1_base64="a7BHbX3AqZxsIFy8PSzjZIjdHQc=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+4B2LJlMpg3NJEOSUcrQ/3DjQhG3/os7/8ZMOwttPRByOOdecnKChDNtXPfbWVldW9/YLG2Vt3d29/YrB4dtLVNFaItILlU3wJpyJmjLMMNpN1EUxwGnnWB8k/udR6o0k+LeTBLqx3goWMQINlZ66AeSh3oS2yuLpoNK1a25M6Bl4hWkCgWag8pXP5QkjakwhGOte56bGD/DyjDC6bTcTzVNMBnjIe1ZKnBMtZ/NUk/RqVVCFElljzBopv7eyHCs82h2MsZmpBe9XPzP66UmuvIzJpLUUEHmD0UpR0aivAIUMkWJ4RNLMFHMZkVkhBUmxhZVtiV4i19eJu3zmlev1e8uqo3roo4SHMMJnIEHl9CAW2hCCwgoeIZXeHOenBfn3fmYj644xc4R/IHz+QM7hJMC</latexit>

f
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FIG. 2. The equation of state for different proton fractions x at van-
ishing temperature. The dashed curve denotes the absolute minimum
of the energy per particle. The dotted line results from a Maxwell
construction.
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FIG. 3. The liquid-gas coexistence regions for different proton frac-
tions x.

at non-vanishing density, which can be obtained in a Maxwell
construction from the energy per particle, as depicted by the
dotted line in Fig. 2 for x = 0.1. Finally, for x smaller than
a critical value of x = 0.045 the energy per particle is rais-
ing monotonously as a function of density. There is no longer
a second minimum and the coexistence region vanishes alto-
gether as is seen in Fig. 3.

If the temperature is increased, the phase coexistence re-
gion melts until it disappears at a certain x-dependent crit-
ical temperature, which is characterized by a second-order
critical endpoint. From the behavior of the coexistence re-
gions one can read off the critical endpoint for symmetric
matter, which is located at a temperature T = 18.3 MeV and
a critical density n = 0.053 fm−3. These values are in ex-
cellent agreement with analyses of compound nuclear reac-
tions and multifragmentation experiments, which give criti-
cal temperatures of T = 17.9± 0.4 MeV and critical densi-
ties ρ = 0.06± 0.01 fm−3 [40, 41]. The fate of the critical
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FIG. 4. The equation of state for pure neutron matter with
Esym = 32 MeV. The gray band shows QMC results [11] with
32.0 MeV ≤ Esym ≤ 33.7 MeV
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FIG. 5. The equation of state for pure neutron matter. The gray
band are our results with 29 MeV ≤ Esym ≤ 33 MeV. For reference
predictions from ChEFT (full line, [5]), QMC based on realistic po-
tentials (dashed, [39]), QMC based on chiral potentials (dotted, [13])
as well as the Akmal-Pandharipande-Ravenhall EoS (dashed-dotted,
[28]) are shown.

endpoint as the proton fraction x is varied, is indicated by the
dotted curve. We note that our idealized model ignores surface
effects as well as Coulomb repulsion. In realistic scenarios at
low densities the effects of light clusters are not taken into ac-
count. A study in the framework of relativistic mean field and
microscopic quantum statistical models showed a moderate
influence on the position of the critical endpoint [42].

We want to study in more detail the equation of state for
pure neutron matter in comparison with the literature. First
the coupling Gρ is fixed to reproduce Esym = 32 MeV. The
L parameter corresponding to the slope of the symmetry en-
ergy as defined in Eq. (15) is then L = 66.3 MeV, close to the
empirical value 40 MeV ≤ L ≤ 62 MeV [33].

In Fig. 4 the energy per particle is shown as a function of
density (black line). In comparison, results obtained in a quan-

From symmetric to asymmetric nuclear matter 
in the Chiral FRG approach

FRG results (non-perturbative) consistent 
with (perturbative)  Chiral EFT calculations

Liquid-gas phase transition :
Evolution of coexistence regions from 
symmetric to asymmetric nuclear matter 

M. Drews,  W. W. :  Phys. Rev. C91 (2015) 035802
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FIG. 2. The equation of state for different proton fractions x at van-
ishing temperature. The dashed curve denotes the absolute minimum
of the energy per particle. The dotted line results from a Maxwell
construction.
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FIG. 3. The liquid-gas coexistence regions for different proton frac-
tions x.

at non-vanishing density, which can be obtained in a Maxwell
construction from the energy per particle, as depicted by the
dotted line in Fig. 2 for x = 0.1. Finally, for x smaller than
a critical value of x = 0.045 the energy per particle is rais-
ing monotonously as a function of density. There is no longer
a second minimum and the coexistence region vanishes alto-
gether as is seen in Fig. 3.

If the temperature is increased, the phase coexistence re-
gion melts until it disappears at a certain x-dependent crit-
ical temperature, which is characterized by a second-order
critical endpoint. From the behavior of the coexistence re-
gions one can read off the critical endpoint for symmetric
matter, which is located at a temperature T = 18.3 MeV and
a critical density n = 0.053 fm−3. These values are in ex-
cellent agreement with analyses of compound nuclear reac-
tions and multifragmentation experiments, which give criti-
cal temperatures of T = 17.9± 0.4 MeV and critical densi-
ties ρ = 0.06± 0.01 fm−3 [40, 41]. The fate of the critical
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FIG. 4. The equation of state for pure neutron matter with
Esym = 32 MeV. The gray band shows QMC results [11] with
32.0 MeV ≤ Esym ≤ 33.7 MeV
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FIG. 5. The equation of state for pure neutron matter. The gray
band are our results with 29 MeV ≤ Esym ≤ 33 MeV. For reference
predictions from ChEFT (full line, [5]), QMC based on realistic po-
tentials (dashed, [39]), QMC based on chiral potentials (dotted, [13])
as well as the Akmal-Pandharipande-Ravenhall EoS (dashed-dotted,
[28]) are shown.

endpoint as the proton fraction x is varied, is indicated by the
dotted curve. We note that our idealized model ignores surface
effects as well as Coulomb repulsion. In realistic scenarios at
low densities the effects of light clusters are not taken into ac-
count. A study in the framework of relativistic mean field and
microscopic quantum statistical models showed a moderate
influence on the position of the critical endpoint [42].

We want to study in more detail the equation of state for
pure neutron matter in comparison with the literature. First
the coupling Gρ is fixed to reproduce Esym = 32 MeV. The
L parameter corresponding to the slope of the symmetry en-
ergy as defined in Eq. (15) is then L = 66.3 MeV, close to the
empirical value 40 MeV ≤ L ≤ 62 MeV [33].
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density (black line). In comparison, results obtained in a quan-
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FLUCTUATIONS and PHASES in BARYONIC MATTER

L. Brandes, N.. Kaiser,  W.W. :  Eur. Phys. J.  A57 (2021) 243

-  a closer look  -

Vacuum Fluctuations (nucleonic zero-point energy  / one-loop fermionic effective potential)
… treated as logarithmic correction to mean-field approximation :
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Vacuum part of fermionic grand potential :
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Fig. 5 Chiral order parameters in symmetric nuclear matter using
the ChNM model as described in the text. Shown is in particular the
behaviour at high baryon densities (in units of n0 = 0.16 fm−3) for the
EMF and FRG scenarios. Dotted lines at densities n ≤ n0 describe the
first-order liquid-gas phase transition

Fig. 6 Energy per particle of pure neutron matter as a function of neu-
tron density. Curves show results of calculations based on the ChNM
model: EMF as described in the text and FRG with reference to [28].
The light-shaded band shows for comparison the E/A (including uncer-
tainties) obtained with a chiral N 3 L O nucleon-nucleon interaction plus
three- and four-body interaction terms [82]

3.2 Neutron matter

As a prerequisite before entering the discussion of chiral
phases in neutron matter, Fig. 6 shows the energy per particle
at low density calculated using the EMF and FRG schemes,
in comparison with results of calculations based on a chiral
N 3L O nucleon-nucleon interaction with inclusion of three-
and four-body contributions [82] (see also [83]). The ChNM
model combined with FRG closely resembles state-of-the-art
results of N 3L O chiral effective field theory at low densi-
ties within uncertainties, so that one can proceed to higher
density with some confidence.

Apart from the liquid-gas transition, the chiral order
parameter in neutron matter shows a qualitatively similar

Fig. 7 Chiral order parameters for pure neutron matter at temperature
T = 0 as a function of neutron density. Legends of the curves are the
same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
at high neutron density (in units of n0 = 0.16 fm−3) for the EMF and
FRG scenarios as indicated

behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
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behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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realistic initialization of the ChNM model and further extrap-
olations. This first-order phase transition leaves its signature
as well in the chiral order parameter for symmetric nuclear
matter, as shown in Fig. 3 as a function of baryon density.
A first instructive step is the comparison between the MF
case (mean-field approximation without vacuum fluctuation
terms), using !

(0)
M F of Eq. (19), and its EMF extension (with

inclusion of vacuum terms), using !E M F of Eq. (15). The
MF approximation would suggest a first-order chiral phase
transition starting already at a density as low as n ! 1.5 n0,
with a coexistence region extending up to n ! 3 n0 at which
chiral symmetry is fully restored. This is clearly an unphysi-
cal situation. Such a qualitative phase change would already
have been noticeable in the empirical nuclear phenomenol-
ogy and in heavy-ion collisions. With inclusion of vacuum
terms as a minimally added condition, this chiral first-order
transition at low density disappears indeed and shifts to high
densities far beyond 3 n0.

Figure 4 shows the corresponding picture as a function
of baryon chemical potential. A sudden jump from the vac-
uum expectation value 〈σ 〉 = fπ takes place at µ0 = 923
MeV due to the liquid-gas phase transition. In the MF case
a chiral first-order phase transition would appear not much
further up, at µc = 945 MeV, above which the nucleon mass,
M = g〈σ 〉, would vanish. In the extended EMF scheme with
inclusion of the vacuum term (zero point energy density), this
is evidently not the case any more. The chiral order parame-
ter as well as the nucleon mass stays non-zero over a much
wider range of chemical potentials.

The breakdown of predictive power already at densi-
ties below 2 n0 is a characteristic feature of the chiral
nucleon-meson models when treated in the simplest mean-
field approximation [29], and a similar behaviour is found
for the chiral quark-meson model [56]. This emphasizes the
importance of loop effects beyond mean-field. The necessary
first step beyond MF is the inclusion of fermionic vacuum
fluctuations in the EMF extension of the model.

The stabilisation of the chiral order parameter by fluctua-
tions is further enhanced in the full FRG scenario [28,29] as
indicated by the corresponding curves in Figs. 3 and 4. With
the input parameters (42) reproducing nuclear matter ground
state properties, the pattern of the liquid-gas phase transi-
tion in the FRG approach turns out to be close to the one in
the EMF scheme. Marginal differences occur in the critical
temperature (Tcrit = 18.3 MeV (FRG) vs. Tcrit = 17.5 MeV
(EMF)). The exact values depend on the selected parametri-
sation which includes a certain amount of freedom.

As already pointed out the FRG framework is richer in
dynamical content than EMF. Beyond nucleonic zero-point
energies it includes loop effects from pions, sigma bosons
and nucleons on the chiral potential U (0)

k=0. These mechanisms
shift the chiral transition to even higher densities.

Fig. 3 Chiral order parameters in symmetric nuclear matter at temper-
ature T = 0 as a function of baryon density n in units of nuclear ground
state equilibrium density, n0 = 0.16 fm−3. Dotted lines: liquid-gas
phase transition; dashed line: first-order chiral phase transition. Plotted
are the results from basic mean-field (MF) and extended mean-field
approximations (EMF, with inclusion of vacuum fluctuations). Also
shown is the curve resulting from a functional renormalisation group
(FRG) computation based on the same ChNM model [28]

Fig. 4 Chiral order parameters in symmetric nuclear matter at T = 0
as a function of baryon chemical potential µ. Legends are the same as
in Fig. 3

The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2

π . Hence, if 〈σ 〉 becomes too small the
model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
instead of a first-order chiral phase transition, is expected to
persist.
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The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2
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model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
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Fig. 5 Chiral order parameters in symmetric nuclear matter using
the ChNM model as described in the text. Shown is in particular the
behaviour at high baryon densities (in units of n0 = 0.16 fm−3) for the
EMF and FRG scenarios. Dotted lines at densities n ≤ n0 describe the
first-order liquid-gas phase transition

Fig. 6 Energy per particle of pure neutron matter as a function of neu-
tron density. Curves show results of calculations based on the ChNM
model: EMF as described in the text and FRG with reference to [28].
The light-shaded band shows for comparison the E/A (including uncer-
tainties) obtained with a chiral N 3 L O nucleon-nucleon interaction plus
three- and four-body interaction terms [82]

3.2 Neutron matter

As a prerequisite before entering the discussion of chiral
phases in neutron matter, Fig. 6 shows the energy per particle
at low density calculated using the EMF and FRG schemes,
in comparison with results of calculations based on a chiral
N 3L O nucleon-nucleon interaction with inclusion of three-
and four-body contributions [82] (see also [83]). The ChNM
model combined with FRG closely resembles state-of-the-art
results of N 3L O chiral effective field theory at low densi-
ties within uncertainties, so that one can proceed to higher
density with some confidence.

Apart from the liquid-gas transition, the chiral order
parameter in neutron matter shows a qualitatively similar

Fig. 7 Chiral order parameters for pure neutron matter at temperature
T = 0 as a function of neutron density. Legends of the curves are the
same as in Fig. 3

Fig. 8 Chiral order parameters in neutron matter using the ChNM
model as described in the text. Shown in particular is the behaviour
at high neutron density (in units of n0 = 0.16 fm−3) for the EMF and
FRG scenarios as indicated

behaviour as in symmetric nuclear matter. In the MF limit
there would be a first-order chiral phase transition starting
from a density slightly below 3 n0. As a function of neu-
tron chemical potential this first-order transition occurs at
µn # 1.2 GeV. In neutron matter this breakdown of the
theory in MF approximation takes place at a slightly higher
density than in symmetric nuclear matter, indicating the dif-
ferences between nuclear matter as a self-bound system and
neutron matter which is unbound at all densities. Adding
vacuum fluctuations in the EMF scheme stabilizes the sys-
tem and induces a smooth behaviour of 〈σ 〉. The full FRG
calculation with its repulsive loop corrections provides fur-
ther stabilization and moves the transition to chiral symmetry
restoration in the form of a crossover to densities way beyond
6 n0, as illustrated in Figs. 7 and 8.

It is instructive to underline the importance of vacuum
fluctuations by comparing the MF and EMF results for the
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dynamical content than EMF. Beyond nucleonic zero-point
energies it includes loop effects from pions, sigma bosons
and nucleons on the chiral potential U (0)

k=0. These mechanisms
shift the chiral transition to even higher densities.

Fig. 3 Chiral order parameters in symmetric nuclear matter at temper-
ature T = 0 as a function of baryon density n in units of nuclear ground
state equilibrium density, n0 = 0.16 fm−3. Dotted lines: liquid-gas
phase transition; dashed line: first-order chiral phase transition. Plotted
are the results from basic mean-field (MF) and extended mean-field
approximations (EMF, with inclusion of vacuum fluctuations). Also
shown is the curve resulting from a functional renormalisation group
(FRG) computation based on the same ChNM model [28]

Fig. 4 Chiral order parameters in symmetric nuclear matter at T = 0
as a function of baryon chemical potential µ. Legends are the same as
in Fig. 3

The high-density behaviour of 〈σ 〉, shown for the EMF and
FRG scenarios in Fig. 5, suggests a smooth chiral crossover
around n ∼ 6 n0 for EMF and at even much higher densities
for FRG. Of course, at such high densities nucleons sup-
posedly overlap and release their quark contents. Also, the
ChNM model was adjusted to reproduce properties of the
liquid-gas phase transition and the potential was expanded
around χ0 = 1/2 f 2

π . Hence, if 〈σ 〉 becomes too small the
model reaches its limit of applicability. However, the qual-
itative feature of a chiral crossover induced by fluctuations,
instead of a first-order chiral phase transition, is expected to
persist.

123

<latexit sha1_base64="+ntUDI0sTm7Ej90nz6qifDQxkm8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY8FUfQgVLAf0i4lm2bb0CS7JFmhLP0VXjwo4tWf481/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKS8srq2vF9dLG5tb2Tnl3r6mjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLrM/NYTVZpF8sGMY+oLPJAsZAQbKz12gzC9uruelHrlilt1p0CLxMtJBXLUe+Wvbj8iiaDSEI617nhubPwUK8MIp5NSN9E0xmSEB7RjqcSCaj+dHjxBR1bpozBStqRBU/X3RIqF1mMR2E6BzVDPe5n4n9dJTHjhp0zGiaGSzBaFCUcmQtn3qM8UJYaPLcFEMXsrIkOsMDE2oywEb/7lRdI8qXpn1dP700rtNo+jCAdwCMfgwTnU4Abq0AACAp7hFd4c5bw4787HrLXg5DP78AfO5w/zWo/i</latexit>

EMF

<latexit sha1_base64="GRT2ERsS4CTNbg85RLhDyi3hvRc=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeA4OMWxTwkWcLsZDYZMjO7zMwKYclXePGgiFc/x5t/42yyB00saCiquunuCmLOtHHdb6ewtLyyulZcL21sbm3vlHf3mjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo8vMbz1RpVkkH8w4pr7AA8lCRrCx0mM3CNOr++tJqVeuuFV3CrRIvJxUIEe9V/7q9iOSCCoN4VjrjufGxk+xMoxwOil1E01jTEZ4QDuWSiyo9tPpwRN0ZJU+CiNlSxo0VX9PpFhoPRaB7RTYDPW8l4n/eZ3EhBd+ymScGCrJbFGYcGQilH2P+kxRYvjYEkwUs7ciMsQKE2MzykLw5l9eJM2TqndWPb07rdRu8ziKcACHcAwenEMNbqAODSAg4Ble4c1Rzovz7nzMWgtOPrMPf+B8/gD+C4/p</latexit>

FRG<latexit sha1_base64="nTGkp7+3Hyu3NRfanA4yE6KN100=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQmqgLESC2xFog+piSLHdVKrjh3ZDlIV9QdY+BUWBhBiZWfjb3DTDNByJUvH59xz7XvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxxfz/TeA5GKCn6vJynxExRzGlGMtKEC+yTPPYZ4zIinaJwgTxaXqSeMK48CL6XTaWDXnYZTFFwGbgnqoKx2YH95Q4GzhHCNGVJq4Dqp9nMkNcVmeM3LFEkRHqOYDAzkKCHKz4ttpvDUMEMYCWkO17BgfztylCg1SULTmSA9UovajPxPG2Q6uvJzytNME47nD0UZg1rAWTRwSCXBmk0MQFhS81eIR0girE2ANROCu7jyMuieN9yLRvOuWW/dlnFUwRE4BmfABZegBW5AG3QABo/gGbyCN+vJerHerY95a8UqPYfgT1mfP5L8nS4=</latexit>

〈σ〉
fπ

.

.

..<latexit sha1_base64="bGi+rKM5mM/A0Ma6XuS0ejrKX0E=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHYlqMeABxU8RDAPSEKYnfQmQ2Zn15lZISz5CS8eFPHq73jzb5wke9DEgoaiqpvuLj8WXBvX/XaWlldW19ZzG/nNre2d3cLefl1HiWJYY5GIVNOnGgWXWDPcCGzGCmnoC2z4w6uJ33hCpXkkH8woxk5I+5IHnFFjpWbbD9K70+txt1B0S+4UZJF4GSlChmq38NXuRSwJURomqNYtz41NJ6XKcCZwnG8nGmPKhrSPLUslDVF30um9Y3JslR4JImVLGjJVf0+kNNR6FPq2M6RmoOe9ifif10pMcNlJuYwTg5LNFgWJICYik+dJjytkRowsoUxxeythA6ooMzaivA3Bm395kdTPSt55qXxfLlZuszhycAhHcAIeXEAFbqAKNWAg4Ble4c15dF6cd+dj1rrkZDMH8AfO5w+Xwo+2</latexit>

L−G

<latexit sha1_base64="/7lxR/iP2vzPETFtpV2YlEcSepM=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LguhBqGA/oF1KNs22odlkTbJCWfonvHhQxKt/x5v/xmy7B219MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF9lfvuJKs2keDCTmPoRHgoWMoKNlTq9IEzvrqelfrniVt0Z0DLxclKBHI1++as3kCSJqDCEY627nhsbP8XKMMLptNRLNI0xGeMh7VoqcES1n87unaITqwxQKJUtYdBM/T2R4kjrSRTYzgibkV70MvE/r5uY8NJPmYgTQwWZLwoTjoxE2fNowBQlhk8swUQxeysiI6wwMTaiLARv8eVl0jqreufV2n2tUr/N4yjCERzDKXhwAXW4gQY0gQCHZ3iFN+fReXHenY95a8HJZw7hD5zPH2Mhj5M=</latexit>

MF
<latexit sha1_base64="nTGkp7+3Hyu3NRfanA4yE6KN100=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQmqgLESC2xFog+piSLHdVKrjh3ZDlIV9QdY+BUWBhBiZWfjb3DTDNByJUvH59xz7XvClFGlHefbqqysrq1vVDdrW9s7u3v2/kFXiUxi0sGCCdkPkSKMctLRVDPSTyVBSchILxxfz/TeA5GKCn6vJynxExRzGlGMtKEC+yTPPYZ4zIinaJwgTxaXqSeMK48CL6XTaWDXnYZTFFwGbgnqoKx2YH95Q4GzhHCNGVJq4Dqp9nMkNcVmeM3LFEkRHqOYDAzkKCHKz4ttpvDUMEMYCWkO17BgfztylCg1SULTmSA9UovajPxPG2Q6uvJzytNME47nD0UZg1rAWTRwSCXBmk0MQFhS81eIR0girE2ANROCu7jyMuieN9yLRvOuWW/dlnFUwRE4BmfABZegBW5AG3QABo/gGbyCN+vJerHerY95a8UqPYfgT1mfP5L8nS4=</latexit>

〈σ〉
fπ

<latexit sha1_base64="thiwOWxSMB/YqPK+DCGwg65uB0Y=">AAACDnicbVC7SgNBFJ31GeMrammzGAIWIexKUMuAjXYRzAOyS5id3CRDZmeXmbtiWPIFNv6KjYUittZ2/o2TZAtNPDBwOPcx554gFlyj43xbK6tr6xubua389s7u3n7h4LCpo0QxaLBIRKodUA2CS2ggRwHtWAENAwGtYHQ1rbfuQWkeyTscx+CHdCB5nzOKRuoWSh7CA6Z6HIaAijOv7JVlwgRQNaUhRQQ16RaKTsWZwV4mbkaKJEO9W/jyehFLQpDIBNW64zox+ilVyM3uSd5LNMSUjegAOoZKGoL209k5E7tklJ7dj5R5Eu2Z+nsipaE2hgPTafwN9WJtKv5X6yTYv/RTLuMEQbL5R/1E2BjZ02zsHlfAUIwNoUxx49VmQ6ooMxnovAnBXTx5mTTPKu55pXpbLdZusjhy5JickFPikgtSI9ekThqEkUfyTF7Jm/VkvVjv1se8dcXKZo7IH1ifP//anLo=</latexit>

symmetric nuclear matter

<latexit sha1_base64="wKi0hjeI+GbDAss6554Vpnpk1IQ=">AAACAXicbVBNS8NAEN34WetX1YvgJVgED6UkUtRjwYveKtgPaELZbCft0s0m7E7EEurFv+LFgyJe/Rfe/DduPw7a+mDg8d4MM/OCRHCNjvNtLS2vrK6t5zbym1vbO7uFvf2GjlPFoM5iEatWQDUILqGOHAW0EgU0CgQ0g8HV2G/eg9I8lnc4TMCPaE/ykDOKRuoUDj2EB8wkpKhi6ZW8UkQRQY06haJTdiawF4k7I0UyQ61T+PK6MUsjkMgE1brtOgn6GVXImYBR3ks1JJQNaA/ahkoagfazyQcj+8QoXTuMlSmJ9kT9PZHRSOthFJhOc19fz3tj8T+vnWJ46WdcJimCZNNFYSpsjO1xHHaXK2AohoZQpri51WZ9qigzGei8CcGdf3mRNM7K7nm5clspVm9mceTIETkmp8QlF6RKrkmN1Akjj+SZvJI368l6sd6tj2nrkjWbOSB/YH3+ADwIl2w=</latexit>

neutron matter

72

CHIRAL PHASE TRANSITION in DENSE BARYONIC MATTER  ?

M. Drews,  W.W. :  Prog. Part. Nucl. Phys. 93 (2017) 69  —  L. Brandes,  N. Kaiser,  W.W. :  Eur. Phys. J.  A57 (2021) 243

Vacuum fluctuations (EMF) : 
shift chiral transition to high density          
       smooth crossover

Functional Renormalisation Group (FRG) :
non-perturbative loop corrections 
involving pions & nucleon-hole excitations 
       further reinforcement of stabilising effects
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Chiral crossover transition at 
far beyond core densities in neutron stars 

Mean-field approximation (MF) : 
chiral first-order phase transition   
at baryon densities

Studies in chiral nucleon-meson field theory
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our analysis showed that the results are very much dependent on small changes in this
parameter because the chirally invariant part of the bosonic potential UB,χ(χ) depends
strongly on gs. It is not clear whether the surface tension needs to reproduce the empirical
value anymore in this case. Therefore look at the two cases where either mσ or Σ is kept
as before.
Using the empirical value of the surface tension, the mass of the σ-field increases to
mσ = 954.2 MeV. If this mass is kept at its value given in Tab. 3.1, the surface tension
decreases to Σ = 0.67 MeVfm−2.
In general, for mπ → 0 the chiral crossover becomes a second-order phase transition, after
which the order parameter σ (and therefore also the nucleon mass) gets to zero, see Fig.
3.16. If the surface tension is kept at its empirical value, the second-order transition is
moved to very large densities that certainly can no longer be described in a physically
meaningful way with this model. The same behavior can be obtained for symmetric- as
well as pure neutron matter, see Fig. 3.17.
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Figure 3.16.: Density dependent order parameter of symmetric nuclear matter in the chiral
limit at T = 0 MeV. Left: Keep the value of the surface tension. Right: Keep
the value of the sigma mass. Note that the vacuum expectation value of the
σ-field has decreased to fπ = 86 MeV.

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20

σ
[f

π
]

n [n0]

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8

σ
[f

π
]

n [n0]

Figure 3.17.: Density dependent order parameter of pure neutron matter in the chiral limit
at T = 0 MeV. Left: Keep the value of the surface tension. Right: Keep
the value of the sigma mass. Note that the vacuum expectation value of the
σ-field has decreased to fπ = 86 MeV.
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<latexit sha1_base64="WB7kR5mwKJlZ0jyoYT5gMJBHEXk=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQkqgrGChbFI9CE1UeS4TmvVj8h2kKqoMwu/wsIAQqx8ARt/g9tmgJYzHZ9zj67viVNGtfG8b6e0srq2vlHerGxt7+zuufsHbS0zhUkLSyZVN0aaMCpIy1DDSDdVBPGYkU48upn6nQeiNJXi3oxTEnI0EDShGBkrRe5xHjAkBowEmg44CtT8IW0GJlGQ0knkVr2aNwNcJn5BqqBAM3K/gr7EGSfCYIa07vleasIcKUMxI5NKkGmSIjxCA9KzVCBOdJjPTpnAU6v0YSLtdikMnKm/EzniWo95bCc5MkO96E3F/7xeZpKrMKcizQwReL4oyRg0Ek57gX2qCDZsbAnCitq/QjxECmFj26vYEvzFk5dJ+7zm12sXd/Vq47qoowyOwAk4Az64BA1wC5qgBTB4BM/gFbw5T86L8+58zEdLTpE5BH/gfP4AMeGbOA==</latexit>

n/n0

<latexit sha1_base64="ZDa3OnhCwxMawtT+diYCYJQJQDs=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02koseiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildqYuVN+d9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa3LqlerXj3UKvXbPI4inMApnIMH11CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AH9549a</latexit>

<latexit sha1_base64="gO4Tx5lJaailid15b8hZbpb0o08=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjMq6rLoxmUF+4DpUDJppg3NJENyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDC4Zx7ufeeMBHcgOt+O6WV1bX1jfJmZWt7Z3evun/QNirVlLWoEkp3Q2KY4JK1gINg3UQzEoeCdcLxXe53npg2XMlHmCQsiMlQ8ohTAlbye3qkzvKv7/arNbfuzoCXiVeQGirQ7Fe/egNF05hJoIIY43tuAkFGNHAq2LTSSw1LCB2TIfMtlSRmJshmK0/xiVUGOFLaPgl4pv7uyEhszCQObWVMYGQWvVz8z/NTiG6CjMskBSbpfFCUCgwK5/fjAdeMgphYQqjmdldMR0QTCjalig3BWzx5mbTP695V/eLhsta4LeIooyN0jE6Rh65RA92jJmohihR6Rq/ozQHnxXl3PualJafoOUR/4Hz+ANXGkPg=</latexit>

ρ/ρ0

CHIRAL LIMIT 
           2nd order chiral phase transition in nuclear and neutron matter

<latexit sha1_base64="Rf7eIWvocM4xB5d+XhL0NAfPWt0=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEhlKQkgYKxgYSwSfUhNFDmu01p14sh2QFWUz2DhV1gYQIi1G3+Dk2aAlitZPjrnXN17jx8zKpVlfRtLyyura+uVjerm1vbOrrm335E8EZi0MWdc9HwkCaMRaSuqGOnFgqDQZ6Trj29zvftIhKQ8elCTmLghGkY0oBgpTXnmaer4AayHmacBZwM5CfWXOjHNMkfQ4UghIfgTLGzWSeaZNathFQUXgV2CGiir5ZlTZ8BxEpJIYYak7NtWrNwUCUUxI1nVSSSJER6jIelrGKGQSDctDsvgsWYGMOBCv0jBgv3dkaJQ5htrZ4jUSM5rOfmf1k9UcO2mNIoTRSI8GxQkDCoO85TggAqCFZtogLCgeleIR0ggrHSWVR2CPX/yIuicNezLxvn9Ra15U8ZRAYfgCNSBDa5AE9yBFmgDDJ7BK3gHH8aL8WZ8Gl8z65JR9hyAP2VMfwCyAKDL</latexit>

(mπ → 0)

<latexit sha1_base64="WJYdwy9g9Nr+RfidouwZlqE8too=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjhLxgs4TZyWwyZHZnmekVwpLP8OJBEa9+jTf/xsnjoNGChqKqm+6uMJXCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMirTjDeZkkp3Qmq4FAlvokDJO6nmNA4lb4eju6nffuTaCJU0cJzyIKaDRESCUbSSn3fDiDTIDXEnvXLFrbozkL/EW5AKLFDvlT+7fcWymCfIJDXG99wUg5xqFEzySambGZ5SNqID7lua0JibIJ+dPCEnVumTSGlbCZKZ+nMip7Ex4zi0nTHFoVn2puJ/np9hdB3kIkkz5AmbL4oySVCR6f+kLzRnKMeWUKaFvZWwIdWUoU2pZEPwll/+S1pnVe+yev5wUandLuIowhEcwyl4cAU1uIc6NIGBgid4gVcHnWfnzXmftxacxcwh/ILz8Q2e9JAt</latexit>

T = 0

Chiral Nucleon-Meson  
Field Theory 

EMF calculations :  
                 Extended Mean-Field including

                   logarithmic vacuum fluctuations 

L. Brandes, N.. Kaiser,  W.W. :  Eur. Phys. J.  A57 (2021) 243

Critical densities (chiral limit)    

EMF 

PHYSIK
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<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="dJ5ngQXxOjLjR+P+MqY9uxschrw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFcSElEqyspdeOygn1AE8NkMm2HTiZhZiKUkJUbf8WNC0Xc+g3u/BsnbRbaemCYwzn3cu89fsyoVJb1bSwsLi2vrJbWyusbm1vb5s5uW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr+6Dr3Ow9ESBrxOzWOiRuiAad9ipHSkmceOH7EAjkO9Zdyr3GfYpFdwXPnhHtW5pkVq2pNAOeJXZAKKND0zC8niHASEq4wQ1L2bCtWboqEopiRrOwkksQIj9CA9DTlKCTSTSdnZPBIKwHsR0I/ruBE/d2RolDmm+rKEKmhnPVy8T+vl6j+pZtSHieKcDwd1E8YVBHMM4EBFQQrNtYEYUH1rhAPkUBY6eTKOgR79uR50j6t2rVq7fasUm8UcZTAPjgEx8AGF6AObkATtAAGj+AZvII348l4Md6Nj2npglH07IE/MD5/ANLEmLU=</latexit>

ncr
B > 5n0

Alternative approach: 
Parity-doublet model

Critical densities
<latexit sha1_base64="+TSKXDc7IcexzNmo4fO7fyJ9OvI=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQkoiUl1JqRuXFewDmhgmk0k7dDIJMxOhhOzc+CtuXCji1l9w5984abvQ1gPDHM65l3vv8RNGpbKsb6O0tLyyulZer2xsbm3vmLt7HRmnApM2jlksej6ShFFO2ooqRnqJICjyGen6o+vC7z4QIWnM79Q4IW6EBpyGFCOlJc88dPyYBXIc6S/jXvM+wyK/grblnHLPyj2zatWsCeAisWekCmZoeeaXE8Q4jQhXmCEp+7aVKDdDQlHMSF5xUkkShEdoQPqachQR6WaTO3J4rJUAhrHQjys4UX93ZCiSxaq6MkJqKOe9QvzP66cqvHQzypNUEY6ng8KUQRXDIhQYUEGwYmNNEBZU7wrxEAmElY6uokOw509eJJ2zml2v1W/Pq43mLI4yOABH4ATY4AI0wA1ogTbA4BE8g1fwZjwZL8a78TEtLRmznn3wB8bnD0SdmOs=</latexit>

ncr
B > 10n0

J. Eser, J.-P. Blaizot : Phys. Rev. C109 (2024) 045201
arXiv:2408.01302

<latexit sha1_base64="AtWKvKxBywAoZDejRnNyvT7DIBE=">AAACD3icbVDLTgIxFO3gC/E16tJNI9GABpwhBl0S3bgimMgjYYB0OgUaOtNJ2zEhE/7Ajb/ixoXGuHXrzr+xDCwUPUnT03PuTe89bsioVJb1ZaSWlldW19LrmY3Nre0dc3evIXkkMKljzrhouUgSRgNSV1Qx0goFQb7LSNMdXU/95j0RkvLgTo1D0vHRIKB9ipHSUs88dlzOPDn29RU7cTVnn5W6p3lYgNXuSfIo5J3JpGdmraKVAP4l9pxkwRy1nvnpeBxHPgkUZkjKtm2FqhMjoShmZJJxIklChEdoQNqaBsgnshMn+0zgkVY82OdCn0DBRP3ZESNfTkfWlT5SQ7noTcX/vHak+pedmAZhpEiAZx/1IwYVh9NwoEcFwYqNNUFYUD0rxEMkEFY6wowOwV5c+S9plIp2uVi+Pc9WruZxpMEBOAQ5YIMLUAE3oAbqAIMH8ARewKvxaDwbb8b7rDRlzHv2wS8YH9+fSpnY</latexit>

{N(1/2+) − N∗(1/2−)}
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Neu%on Star Ma!er
as a 

Rela#vis#c Fermi Liquid

7.
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Basics of (Relativistic) Fermi-Liquid Theory
G. Baym, S.A. Chin :  Nucl. Phys.  A262 (1976) 527 T. Matsui :  Nucl. Phys.  A370 (1981) 365

Variation of the energy (T = 0)

δE = V δE =
∑

p

εp δnp +
1

2V

∑

pp′

Fpp′δnpδnp′ + . . .

<latexit sha1_base64="D1xvjO4WuBBXvFjHqTSU0d3wH/Q="></latexit><latexit sha1_base64="P+INwVGK/F0eVyJPfZBIuBRX2Vk="></latexit><latexit sha1_base64="P+INwVGK/F0eVyJPfZBIuBRX2Vk="></latexit><latexit sha1_base64="isa8KkVEV23r2ZFTiuim48WMHTw="></latexit>

quasiparticle 
energy

quasiparticle interaction
εp =

δE

δnp
<latexit sha1_base64="LqZpisW3bjhokI/XMGckdLQUqwU=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiQi6EYoiuCygn1AE8pkctMOnWTCzKRQQv/Bjb/ixoUibt2482+ctllo64WBc8+5hzv3BClnSjvOt7W0vLK6tl7aKG9ube/s2nv7TSUySaFBBReyHRAFnCXQ0ExzaKcSSBxwaAWDm4neGoJUTCQPepSCH5NewiJGiTZU1z71hkRCqhg3XYqvcO6FwDXBt54wPlx0Rht37YpTdaaFF4FbgAoqqt61v7xQ0CyGRFNOlOq4Tqr9nEjNKIdx2csUpIQOSA86BiYkBuXn05vG+NgwIY6ENC/ReMr+duQkVmoUB2YyJrqv5rUJ+Z/WyXR06ecsSTMNCZ0tijKOtcCTgHDIJFDNRwYQKpn5K6Z9IgnVJsayCcGdP3kRNM+qrsH355XadRFHCR2iI3SCXHSBaugO1VEDUfSIntErerOerBfr3fqYjS5ZhecA/Snr8wec1J34</latexit><latexit sha1_base64="LqZpisW3bjhokI/XMGckdLQUqwU=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiQi6EYoiuCygn1AE8pkctMOnWTCzKRQQv/Bjb/ixoUibt2482+ctllo64WBc8+5hzv3BClnSjvOt7W0vLK6tl7aKG9ube/s2nv7TSUySaFBBReyHRAFnCXQ0ExzaKcSSBxwaAWDm4neGoJUTCQPepSCH5NewiJGiTZU1z71hkRCqhg3XYqvcO6FwDXBt54wPlx0Rht37YpTdaaFF4FbgAoqqt61v7xQ0CyGRFNOlOq4Tqr9nEjNKIdx2csUpIQOSA86BiYkBuXn05vG+NgwIY6ENC/ReMr+duQkVmoUB2YyJrqv5rUJ+Z/WyXR06ecsSTMNCZ0tijKOtcCTgHDIJFDNRwYQKpn5K6Z9IgnVJsayCcGdP3kRNM+qrsH355XadRFHCR2iI3SCXHSBaugO1VEDUfSIntErerOerBfr3fqYjS5ZhecA/Snr8wec1J34</latexit><latexit sha1_base64="LqZpisW3bjhokI/XMGckdLQUqwU=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiQi6EYoiuCygn1AE8pkctMOnWTCzKRQQv/Bjb/ixoUibt2482+ctllo64WBc8+5hzv3BClnSjvOt7W0vLK6tl7aKG9ube/s2nv7TSUySaFBBReyHRAFnCXQ0ExzaKcSSBxwaAWDm4neGoJUTCQPepSCH5NewiJGiTZU1z71hkRCqhg3XYqvcO6FwDXBt54wPlx0Rht37YpTdaaFF4FbgAoqqt61v7xQ0CyGRFNOlOq4Tqr9nEjNKIdx2csUpIQOSA86BiYkBuXn05vG+NgwIY6ENC/ReMr+duQkVmoUB2YyJrqv5rUJ+Z/WyXR06ecsSTMNCZ0tijKOtcCTgHDIJFDNRwYQKpn5K6Z9IgnVJsayCcGdP3kRNM+qrsH355XadRFHCR2iI3SCXHSBaugO1VEDUfSIntErerOerBfr3fqYjS5ZhecA/Snr8wec1J34</latexit><latexit sha1_base64="LqZpisW3bjhokI/XMGckdLQUqwU=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiQi6EYoiuCygn1AE8pkctMOnWTCzKRQQv/Bjb/ixoUibt2482+ctllo64WBc8+5hzv3BClnSjvOt7W0vLK6tl7aKG9ube/s2nv7TSUySaFBBReyHRAFnCXQ0ExzaKcSSBxwaAWDm4neGoJUTCQPepSCH5NewiJGiTZU1z71hkRCqhg3XYqvcO6FwDXBt54wPlx0Rht37YpTdaaFF4FbgAoqqt61v7xQ0CyGRFNOlOq4Tqr9nEjNKIdx2csUpIQOSA86BiYkBuXn05vG+NgwIY6ENC/ReMr+duQkVmoUB2YyJrqv5rUJ+Z/WyXR06ecsSTMNCZ0tijKOtcCTgHDIJFDNRwYQKpn5K6Z9IgnVJsayCcGdP3kRNM+qrsH355XadRFHCR2iI3SCXHSBaugO1VEDUfSIntErerOerBfr3fqYjS5ZhecA/Snr8wec1J34</latexit>

Fpp′ = V
δ2E

δnpδnp′
= fpp′ + gpp′ σ · σ′

<latexit sha1_base64="7KM2b2pN1YV2CQo7eX2pOc2J5ME="></latexit><latexit sha1_base64="7KM2b2pN1YV2CQo7eX2pOc2J5ME="></latexit><latexit sha1_base64="7KM2b2pN1YV2CQo7eX2pOc2J5ME="></latexit><latexit sha1_base64="7KM2b2pN1YV2CQo7eX2pOc2J5ME="></latexit>

Landau effective mass

np = Θ(µ− εp)
<latexit sha1_base64="vqb/BKKddv9hcKSv4zAEm0GY2eM=">AAACCHicbZDLSgMxFIYz9VbrrerShcEi1IVlRgTdCEU3Liv0Bp2hZNLTNjSTCUmmUEqXbnwVNy4UcesjuPNtTNtZaOuBwMf/n8PJ+UPJmTau++1kVlbX1jeym7mt7Z3dvfz+QV3HiaJQozGPVTMkGjgTUDPMcGhKBSQKOTTCwd3UbwxBaRaLqhlJCCLSE6zLKDFWauePRVviG+xX+2BI0Y+Sc39IFEjNuLXlWTtfcEvurPAyeCkUUFqVdv7L78Q0iUAYyonWLc+VJhgTZRjlMMn5iQZJ6ID0oGVRkAh0MJ4dMsGnVungbqzsEwbP1N8TYxJpPYpC2xkR09eL3lT8z2slpnsdjJmQiQFB54u6CccmxtNUcIcpoIaPLBCqmP0rpn2iCDU2u5wNwVs8eRnqFyXP8sNloXybxpFFR+gEFZGHrlAZ3aMKqiGKHtEzekVvzpPz4rw7H/PWjJPOHKI/5Xz+AKBZmRc=</latexit><latexit sha1_base64="vqb/BKKddv9hcKSv4zAEm0GY2eM=">AAACCHicbZDLSgMxFIYz9VbrrerShcEi1IVlRgTdCEU3Liv0Bp2hZNLTNjSTCUmmUEqXbnwVNy4UcesjuPNtTNtZaOuBwMf/n8PJ+UPJmTau++1kVlbX1jeym7mt7Z3dvfz+QV3HiaJQozGPVTMkGjgTUDPMcGhKBSQKOTTCwd3UbwxBaRaLqhlJCCLSE6zLKDFWauePRVviG+xX+2BI0Y+Sc39IFEjNuLXlWTtfcEvurPAyeCkUUFqVdv7L78Q0iUAYyonWLc+VJhgTZRjlMMn5iQZJ6ID0oGVRkAh0MJ4dMsGnVungbqzsEwbP1N8TYxJpPYpC2xkR09eL3lT8z2slpnsdjJmQiQFB54u6CccmxtNUcIcpoIaPLBCqmP0rpn2iCDU2u5wNwVs8eRnqFyXP8sNloXybxpFFR+gEFZGHrlAZ3aMKqiGKHtEzekVvzpPz4rw7H/PWjJPOHKI/5Xz+AKBZmRc=</latexit><latexit sha1_base64="vqb/BKKddv9hcKSv4zAEm0GY2eM=">AAACCHicbZDLSgMxFIYz9VbrrerShcEi1IVlRgTdCEU3Liv0Bp2hZNLTNjSTCUmmUEqXbnwVNy4UcesjuPNtTNtZaOuBwMf/n8PJ+UPJmTau++1kVlbX1jeym7mt7Z3dvfz+QV3HiaJQozGPVTMkGjgTUDPMcGhKBSQKOTTCwd3UbwxBaRaLqhlJCCLSE6zLKDFWauePRVviG+xX+2BI0Y+Sc39IFEjNuLXlWTtfcEvurPAyeCkUUFqVdv7L78Q0iUAYyonWLc+VJhgTZRjlMMn5iQZJ6ID0oGVRkAh0MJ4dMsGnVungbqzsEwbP1N8TYxJpPYpC2xkR09eL3lT8z2slpnsdjJmQiQFB54u6CccmxtNUcIcpoIaPLBCqmP0rpn2iCDU2u5wNwVs8eRnqFyXP8sNloXybxpFFR+gEFZGHrlAZ3aMKqiGKHtEzekVvzpPz4rw7H/PWjJPOHKI/5Xz+AKBZmRc=</latexit><latexit sha1_base64="vqb/BKKddv9hcKSv4zAEm0GY2eM=">AAACCHicbZDLSgMxFIYz9VbrrerShcEi1IVlRgTdCEU3Liv0Bp2hZNLTNjSTCUmmUEqXbnwVNy4UcesjuPNtTNtZaOuBwMf/n8PJ+UPJmTau++1kVlbX1jeym7mt7Z3dvfz+QV3HiaJQozGPVTMkGjgTUDPMcGhKBSQKOTTCwd3UbwxBaRaLqhlJCCLSE6zLKDFWauePRVviG+xX+2BI0Y+Sc39IFEjNuLXlWTtfcEvurPAyeCkUUFqVdv7L78Q0iUAYyonWLc+VJhgTZRjlMMn5iQZJ6ID0oGVRkAh0MJ4dMsGnVungbqzsEwbP1N8TYxJpPYpC2xkR09eL3lT8z2slpnsdjJmQiQFB54u6CccmxtNUcIcpoIaPLBCqmP0rpn2iCDU2u5wNwVs8eRnqFyXP8sNloXybxpFFR+gEFZGHrlAZ3aMKqiGKHtEzekVvzpPz4rw7H/PWjJPOHKI/5Xz+AKBZmRc=</latexit>

F! = N(0) f!
<latexit sha1_base64="o1NmWViczoyq2VfsdFUKQmycCI8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQgUpiQi6EYqCuJIK9gJNCJPppB06uTAzEUoo+CpuXCji1udw59s4TbPQ6g8D3/znHObM7yecSWVZX0ZpYXFpeaW8Wllb39jcMrd32jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57Tjj66m9c4DFZLF0b0aJ9QN8SBiASNYacsz9649h3KOLtBtzTpyjoP86plVq27lQn/BLqAKhZqe+en0Y5KGNFKEYyl7tpUoN8NCMcLppOKkkiaYjPCA9jRGOKTSzfL1J+hQO30UxEKfSKHc/TmR4VDKcejrzhCroZyvTc3/ar1UBeduxqIkVTQis4eClCMVo2kWqM8EJYqPNWAimN4VkSEWmCidWEWHYM9/+S+0T+q25rvTauOyiKMM+3AANbDhDBpwA01oAYEMnuAFXo1H49l4M95nrSWjmNmFXzI+vgGM6pPt</latexit><latexit sha1_base64="o1NmWViczoyq2VfsdFUKQmycCI8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQgUpiQi6EYqCuJIK9gJNCJPppB06uTAzEUoo+CpuXCji1udw59s4TbPQ6g8D3/znHObM7yecSWVZX0ZpYXFpeaW8Wllb39jcMrd32jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57Tjj66m9c4DFZLF0b0aJ9QN8SBiASNYacsz9649h3KOLtBtzTpyjoP86plVq27lQn/BLqAKhZqe+en0Y5KGNFKEYyl7tpUoN8NCMcLppOKkkiaYjPCA9jRGOKTSzfL1J+hQO30UxEKfSKHc/TmR4VDKcejrzhCroZyvTc3/ar1UBeduxqIkVTQis4eClCMVo2kWqM8EJYqPNWAimN4VkSEWmCidWEWHYM9/+S+0T+q25rvTauOyiKMM+3AANbDhDBpwA01oAYEMnuAFXo1H49l4M95nrSWjmNmFXzI+vgGM6pPt</latexit><latexit sha1_base64="o1NmWViczoyq2VfsdFUKQmycCI8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQgUpiQi6EYqCuJIK9gJNCJPppB06uTAzEUoo+CpuXCji1udw59s4TbPQ6g8D3/znHObM7yecSWVZX0ZpYXFpeaW8Wllb39jcMrd32jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57Tjj66m9c4DFZLF0b0aJ9QN8SBiASNYacsz9649h3KOLtBtzTpyjoP86plVq27lQn/BLqAKhZqe+en0Y5KGNFKEYyl7tpUoN8NCMcLppOKkkiaYjPCA9jRGOKTSzfL1J+hQO30UxEKfSKHc/TmR4VDKcejrzhCroZyvTc3/ar1UBeduxqIkVTQis4eClCMVo2kWqM8EJYqPNWAimN4VkSEWmCidWEWHYM9/+S+0T+q25rvTauOyiKMM+3AANbDhDBpwA01oAYEMnuAFXo1H49l4M95nrSWjmNmFXzI+vgGM6pPt</latexit><latexit sha1_base64="o1NmWViczoyq2VfsdFUKQmycCI8=">AAAB/nicbZDLSsNAFIZP6q3WW1RcuRksQgUpiQi6EYqCuJIK9gJNCJPppB06uTAzEUoo+CpuXCji1udw59s4TbPQ6g8D3/znHObM7yecSWVZX0ZpYXFpeaW8Wllb39jcMrd32jJOBaEtEvNYdH0sKWcRbSmmOO0mguLQ57Tjj66m9c4DFZLF0b0aJ9QN8SBiASNYacsz9649h3KOLtBtzTpyjoP86plVq27lQn/BLqAKhZqe+en0Y5KGNFKEYyl7tpUoN8NCMcLppOKkkiaYjPCA9jRGOKTSzfL1J+hQO30UxEKfSKHc/TmR4VDKcejrzhCroZyvTc3/ar1UBeduxqIkVTQis4eClCMVo2kWqM8EJYqPNWAimN4VkSEWmCidWEWHYM9/+S+0T+q25rvTauOyiKMM+3AANbDhDBpwA01oAYEMnuAFXo1H49l4M95nrSWjmNmFXzI+vgGM6pPt</latexit>

Density of states 
at the Fermi surfacem∗ =

√
p2F +M2(ρ)
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N(0) =
m∗ pF
π2
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Landau parameters

fpp′ =
∞∑

!=0

f! P!(cos θpp′)
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm−3

.

ε[GeVfm−3
]c

2
sP[MeVfm−3

]n/n0µ[GeV]

0.10.020.80.660.96

0.20.075.41.310.98

0.30.2017.41.931.03

0.40.4449.02.501.12

0.50.59101.33.031.24

0.60.64163.03.521.35

0.70.64226.83.971.46

0.80.62289.84.391.55

0.90.60350.94.781.64

1.00.59410.65.151.71

1.10.60470.45.501.78

1.20.61531.15.841.85

TABLEV.Tabulatedvaluesofthemedianforthesquared
soundvelocity,c

2
s,asafunctionofenergydensityεasshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantstiffeningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
ε=0.5−0.9GeVfm−3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min≤0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min≤0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.
Thereisextremeevidencethattheminimumsquared

soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM≤1.9M#.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM≤2.0M#.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM≤2.1M#.

B
c2
s,min>0.1

c2
s,min≤0.1

M/M#PreviousPrevious+BW

1.9201.02500.86

2.046.26229.80

2.14.5515.00

2.21.883.63

2.31.452.16

TABLEVI.BayesfactorsB
c2
s,min>0.1

c2
s,min≤0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min≤0.1.TheBayesfactors

arecalculatedforagivenmaximumneutronstarmassM,i.e.
theminimumspeedofsounduptothecorrespondingmaxi-
mummassisused.inthecomputation.
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ρ/ρ0
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FIG. 12. Posterior 95% and 68% credible bands and medians
for the baryon chemical potential µ as a function of baryon
density n in units of the nuclear saturation density, n0 =
0.16 fm−3.

ε [GeV fm−3] c2s P [MeV fm−3] n/n0 µ [GeV]

0.1 0.02 0.8 0.66 0.96

0.2 0.07 5.4 1.31 0.98

0.3 0.20 17.4 1.93 1.03

0.4 0.44 49.0 2.50 1.12

0.5 0.59 101.3 3.03 1.24

0.6 0.64 163.0 3.52 1.35

0.7 0.64 226.8 3.97 1.46

0.8 0.62 289.8 4.39 1.55

0.9 0.60 350.9 4.78 1.64

1.0 0.59 410.6 5.15 1.71

1.1 0.60 470.4 5.50 1.78

1.2 0.61 531.1 5.84 1.85

TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density ε as shown
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A comparison of this table with the corresponding
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derlines the significant stiffening of the EoS that emerges

when the new PSR J0952-0607 data are incorporated
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and pQCD constraints. For example, in the range
ε = 0.5 − 0.9GeV fm−3 the pressure has increased by
typically about one third as compared to the previous
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Neutron Star Matter :  Fermi liquid  / dominantly neutrons + ca. 5 % protons

Baryonic Quasiparticles :  
baryons “dressed” by their strong interactions and imbedded in mesonic (multi-pion) field

quasiparticle 
potential

Landau effective mass

Baryon chemical potential

take median of   
               from Bayesian-inferred  

             neutron star EoS

baryon chemical potential  
of  neutron star matter

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="hjkwRvvJMuiu6LUJRe0/L/fsf/A="></latexit>

m∗
L(nB) =

√
p2
F + M2

N(nB)
<latexit sha1_base64="csqYsvX101K1pOqvThw5MnpC5oI=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQi0+OYF48T3AespaRpuoWlSUlScZT9K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXpowq7TjfVmVjc2t7p7pb29s/ODyyj+t9JTKJSQ8LJuQwRIowyklPU83IMJUEJSEjg3B6W/iDRyIVFfxBz1LiJ2jMaUwx0kYK7LoXChapWWKu3EuyoDMP7IbTdBaA68QtSQOU6Ab2lxcJnCWEa8yQUiPXSbWfI6kpZmRe8zJFUoSnaExGhnKUEOXni+xzeG6UCMZCmsM1XKi/N3KUqCKemUyQnqhVrxD/80aZjm/8nPI004Tj5UNxxqAWsCgCRlQSrNnMEIQlNVkhniCJsDZ11UwJ7uqX10n/sum2mq37q0a7U9ZRBafgDFwAF1yDNrgDXdADGDyBZ/AK3qy59WK9Wx/L0YpV7pyAP7A+fwCc3JTU</latexit>µB

<latexit sha1_base64="MHiFNsjjkdvX1FC7TFybMLci/TY=">AAACFnicbVDLSgMxFM3UV62vqks3wSJUxTIjUt0IpW5cuKhgH9AZh0wmbUOTzJBkhDL0K9z4K25cKOJW3Pk3po+Fth4IOTnnXnLvCWJGlbbtbyuzsLi0vJJdza2tb2xu5bd3GipKJCZ1HLFItgKkCKOC1DXVjLRiSRAPGGkG/auR33wgUtFI3OlBTDyOuoJ2KEbaSH7+xA0iFqoBN1fq8sSvwkvI/Zv7o6Lwq4fHqYsRg/Xh+DX08wW7ZI8B54kzJQUwRc3Pf7lhhBNOhMYMKdV27Fh7KZKaYkaGOTdRJEa4j7qkbahAnCgvHa81hAdGCWEnkuYIDcfq744UcTWa3FRypHtq1huJ/3ntRHcuvJSKONFE4MlHnYRBHcFRRjCkkmDNBoYgLKmZFeIekghrk2TOhODMrjxPGqclp1wq354VKtVpHFmwB/ZBETjgHFTANaiBOsDgETyDV/BmPVkv1rv1MSnNWNOeXfAH1ucP09Gd4w==</latexit>

µB = m∗
L(nB) + U(nB)

<latexit sha1_base64="PZ7fDyLWTtfduil2s5qclH7klnk=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZkeqy1I3LCvYBnWHIZNI2NJMMSUYoQ934K25cKOLWv3Dn35hpZ6GtB0IO59zLvfeECaNKO863tbK6tr6xWdoqb+/s7u3bB4cdJVKJSRsLJmQvRIowyklbU81IL5EExSEj3XB8k/vdByIVFfxeTxLix2jI6YBipI0U2MdeKFikJrH5Mi9Og2aVB83zKQzsilNzZoDLxC1IBRRoBfaXFwmcxoRrzJBSfddJtJ8hqSlmZFr2UkUShMdoSPqGchQT5WezC6bwzCgRHAhpHtdwpv7uyFCs8iVNZYz0SC16ufif10/14NrPKE9STTieDxqkDGoB8zhgRCXBmk0MQVhSsyvEIyQR1ia0sgnBXTx5mXQuam69Vr+7rDSaRRwlcAJOQRW44Ao0wC1ogTbA4BE8g1fwZj1ZL9a79TEvXbGKniPwB9bnD/G6lpA=</latexit>

µB(nB)



<latexit sha1_base64="JAW+ESmOKnKkQVy77er5oBGaD+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lErMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqt5V9fL+slK/y+Mowgmcwjl4UIM63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdktY0/</latexit>

700

<latexit sha1_base64="1QSl8rVGnSLUp4TUdCgQJPjOabw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKNB4DXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh+ql2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2Xvqly5r5Rqd1kceTiBUzgHD6pQg1uoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AbE6NRA==</latexit>

750

<latexit sha1_base64="XrGBhPR9Zv1LrTFMi/AY0yw+F1k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+qenl/Wanf5XEU4QRO4Rw8uIY63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdmO41A</latexit>

800

<latexit sha1_base64="Eih9D9VGMWWyKjtrt1/eWSHh6t4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK1BwDXvQW0TwgWcLspDcZMju7zMwKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh+ql2yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJqz6Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7J3Va7cV0q1uyyOPJzAKZyDB9dQg1uoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AbdSNRQ==</latexit>

850

<latexit sha1_base64="hB/JrH6tI4YLJ3fmKKC3a+J7q4w=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyK+LgFvOgtonlAsoTZyWwyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDtur1yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyM6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWXl0nzrOpdVM/vzyu1uzyOIhzBMZyCB5dQg1uoQwMYDOAZXuHNkc6L8+58zFsLTj5zCH/gfP4AZ8GNQQ==</latexit>

900

<latexit sha1_base64="orAY9Ic1LX9N4RJ048Bjko90XKk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfN0CXvQW0TwgWcLsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUI45j7od0oERfMIpWerg+d7vFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zsreRblyXylV77I48nAEx3AKHlxCFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kDb1qNRg==</latexit>

950

<latexit sha1_base64="vUySpNJ8EnP1qukdXubtcj5uqVw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL3qraGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMr2f+4xMqzWP5YCYJ+hEdSh5yRo2V7muu2y9X3Ko7B1klXk4qkKPZL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhFd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6Rdq3oX1fpdvdK4zeMowgmcwjl4cAkNuIEmtIDBEJ7hFd4c4bw4787HorXg5DPH8AfO5w9dF406</latexit>

200

<latexit sha1_base64="V2bmLqg6wxVoY162hVpf6rpdplc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuqt5ltXZfq9Tv8jiKcAKncA4eXEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNgI408</latexit>

400

<latexit sha1_base64="QomOglkiBaDqw3NSmzKhJeN2/D8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuql6tenl/Wanf5XEU4QRO4Rw8uII63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdjL40+</latexit>

600

<latexit sha1_base64="XrGBhPR9Zv1LrTFMi/AY0yw+F1k=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF71VtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHmqu2y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+qenl/Wanf5XEU4QRO4Rw8uIY63EIDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdmO41A</latexit>

800

<latexit sha1_base64="1GgvCErC+Yq5/jyvomOPATJ9dWQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU8mKqMeCF71VsB/QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLa+sbmVnm7srO7t39QPTxqmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNObnO/88S04bF6tNOEBZKMFI84JTaXfIzxoFrDdTwHWiV+QWpQoDmofvWHMU0lU5YKYkzPx4kNMqItp4LNKv3UsITQCRmxnqOKSGaCbH7rDJ05ZYiiWLtSFs3V3xMZkcZMZeg6JbFjs+zl4n9eL7XRTZBxlaSWKbpYFKUC2Rjlj6Mh14xaMXWEUM3drYiOiSbUungqLgR/+eVV0r6o+1f1y4fLWuO+iKMMJ3AK5+DDNTTgDprQAgpjeIZXePOk9+K9ex+L1pJXzBzDH3ifP8nKjXM=</latexit>

1000

<latexit sha1_base64="8paT6eMGxtYIyQJHFWp/6FlH1II=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vml6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/f6aMxQ==</latexit>

1
<latexit sha1_base64="tT78AOvQDOkK1rFZZZ1XxDa7nxw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXvSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb+d++wmV5rF8MJME/YgOJQ85o8ZKjUq/WHLL7gJknXgZKUGGer/41RvELI1QGiao1l3PTYw/pcpwJnBW6KUaE8rGdIhdSyWNUPvTxaEzcmGVAQljZUsaslB/T0xppPUkCmxnRM1Ir3pz8T+vm5rwxp9ymaQGJVsuClNBTEzmX5MBV8iMmFhCmeL2VsJGVFFmbDYFG4K3+vI6aVXK3lW52qiWavdZHHk4g3O4BA+uoQZ3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AYEqjMY=</latexit>

2
<latexit sha1_base64="0vg5JCqHRNLGjdY+O9myacsj0eY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BL3pLwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+mWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvatypV4pVe+zOPJwAqdwDh5cQxXuoAYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A4KujMc=</latexit>

3
<latexit sha1_base64="3TlNjMEOF0se7EhpQsBj8YfYWmM=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgRW8V7Ae0oWy2k3btZhN2N0IJ/QVePChe/U3e/Ddu2xy09cHA470ZZuaFqeDaeN63U9rY3NreKe+6e/sHh0cV97itk0wxbLFEJKobUo2CS2wZbgR2U4U0DgV2wsnt3O88o9I8kY9mmmIQ05HkEWfUWOmhPqhUvZq3AFknfkGqUKA5qHz1hwnLYpSGCap1z/dSE+RUGc4Eztx+pjGlbEJH2LNU0hh1kC8OnZFzqwxJlChb0pCF+nsip7HW0zi0nTE1Y73qzcX/vF5mopsg5zLNDEq2XBRlgpiEzL8mQ66QGTG1hDLF7a2EjamizNhsXBuCv/ryOmlf1vyrWr3auC/CKMMpnMEF+HANDbiDJrSAAcILvMG78+S8Oh/LxpJTTJzAHzifPxmqi54=</latexit>

4
<latexit sha1_base64="9VlA0FcVxDR/myYkTTvVz+fWLIY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXvSWgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbmd+6wmV5rF8MOME/YgOJA85o8ZK9cteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe1flSr1Sqt5nceThBE7hHDy4hircQQ0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB4W2jMk=</latexit>

5
<latexit sha1_base64="sUePjHJLSKKgBllDQClTn0OmBuU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmm6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/fiKMxA==</latexit>

0

<latexit sha1_base64="sUePjHJLSKKgBllDQClTn0OmBuU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmm6/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/fiKMxA==</latexit>

0

<latexit sha1_base64="IgMuC2ukG7I5TnqqpI9Amp5QJV8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBHEQ9mVoh4LXhQ8VLAf0K4lm2bb0CS7JrPFsvR3ePGgiFd/jDf/jWm7B219MPB4b4aZeUEsuAHX/XaWlldW19ZzG/nNre2d3cLeft1EiaasRiMR6WZADBNcsRpwEKwZa0ZkIFgjGFxN/MaQacMjdQ+jmPmS9BQPOSVgJT9tA3sCLDu3D6fjTqHoltwp8CLxMlJEGaqdwle7G9FEMgVUEGNanhuDnxINnAo2zrcTw2JCB6THWpYqIpnx0+nRY3xslS4OI21LAZ6qvydSIo0ZycB2SgJ9M+9NxP+8VgLhpZ9yFSfAFJ0tChOBIcKTBHCXa0ZBjCwhVHN7K6Z9ogkFm1PehuDNv7xI6mcl77xUvisXKzdZHDl0iI7QCfLQBaqga1RFNUTRI3pGr+jNGTovzrvzMWtdcrKZA/QHzucPaOGR5Q==</latexit>

m∗
L

<latexit sha1_base64="6aFgmYv0YWlJ2stYpYTUt23AWOA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPBi94qmLbShrLZTtulu0nYnYgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgorq2vrG8XN0tb2zu5eef+gYeJUc/B5LGPdCpkBKSLwUaCEVqKBqVBCMxxdT/3mI2gj4ugexwkEig0i0RecoZUesg7CE1J/0i1X3Ko7A10mXk4qJEe9W/7q9GKeKoiQS2ZM23MTDDKmUXAJk1InNZAwPmIDaFsaMQUmyGYHT+iJVXq0H2tbEdKZ+nsiY8qYsQptp2I4NIveVPzPa6fYvwoyESUpQsTni/qppBjT6fe0JzRwlGNLGNfC3kr5kGnG0WZUsiF4iy8vk8ZZ1buont+dV2q3eRxFckSOySnxyCWpkRtSJz7hRJFn8kreHO28OO/Ox7y14OQzh+QPnM8fzyqQcg==</latexit>

U<latexit sha1_base64="hAwB+jj8k2w/CJTlJRE/LZssVGk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAFz0IEcwDNkuYnfQmQ2YfzvQGw5Lv8OJBEa9+jDf/xkmyB00saCiquunu8hMpNNr2t1VYWV1b3yhulra2d3b3yvsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKH11O/NQKlRRw94DgBL2T9SASCMzSSR90OwhNmd9CceN1yxa7aM9Bl4uSkQnLUu+WvTi/maQgRcsm0dh07QS9jCgWXMCl1Ug0J40PWB9fQiIWgvWx29ISeGKVHg1iZipDO1N8TGQu1Hoe+6QwZDvSiNxX/89wUgysvE1GSIkR8vihIJcWYThOgPaGAoxwbwrgS5lbKB0wxjiankgnBWXx5mTTPqs5F9fz+vFK7zeMokiNyTE6JQy5JjdyQOmkQTh7JM3klb9bIerHerY95a8HKZw7JH1ifP5axkgU=</latexit>

[MeV]
<latexit sha1_base64="hAwB+jj8k2w/CJTlJRE/LZssVGk=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAFz0IEcwDNkuYnfQmQ2YfzvQGw5Lv8OJBEa9+jDf/xkmyB00saCiquunu8hMpNNr2t1VYWV1b3yhulra2d3b3yvsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKH11O/NQKlRRw94DgBL2T9SASCMzSSR90OwhNmd9CceN1yxa7aM9Bl4uSkQnLUu+WvTi/maQgRcsm0dh07QS9jCgWXMCl1Ug0J40PWB9fQiIWgvWx29ISeGKVHg1iZipDO1N8TGQu1Hoe+6QwZDvSiNxX/89wUgysvE1GSIkR8vihIJcWYThOgPaGAoxwbwrgS5lbKB0wxjiankgnBWXx5mTTPqs5F9fz+vFK7zeMokiNyTE6JQy5JjdyQOmkQTh7JM3klb9bIerHerY95a8HKZw7JH1ifP5axkgU=</latexit>

[MeV]

<latexit sha1_base64="6aFgmYv0YWlJ2stYpYTUt23AWOA=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPBi94qmLbShrLZTtulu0nYnYgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YSKFQdf9dgorq2vrG8XN0tb2zu5eef+gYeJUc/B5LGPdCpkBKSLwUaCEVqKBqVBCMxxdT/3mI2gj4ugexwkEig0i0RecoZUesg7CE1J/0i1X3Ko7A10mXk4qJEe9W/7q9GKeKoiQS2ZM23MTDDKmUXAJk1InNZAwPmIDaFsaMQUmyGYHT+iJVXq0H2tbEdKZ+nsiY8qYsQptp2I4NIveVPzPa6fYvwoyESUpQsTni/qppBjT6fe0JzRwlGNLGNfC3kr5kGnG0WZUsiF4iy8vk8ZZ1buont+dV2q3eRxFckSOySnxyCWpkRtSJz7hRJFn8kreHO28OO/Ox7y14OQzh+QPnM8fzyqQcg==</latexit>

U
<latexit sha1_base64="IgMuC2ukG7I5TnqqpI9Amp5QJV8=">AAAB9HicbVBNSwMxEM36WetX1aOXYBHEQ9mVoh4LXhQ8VLAf0K4lm2bb0CS7JrPFsvR3ePGgiFd/jDf/jWm7B219MPB4b4aZeUEsuAHX/XaWlldW19ZzG/nNre2d3cLeft1EiaasRiMR6WZADBNcsRpwEKwZa0ZkIFgjGFxN/MaQacMjdQ+jmPmS9BQPOSVgJT9tA3sCLDu3D6fjTqHoltwp8CLxMlJEGaqdwle7G9FEMgVUEGNanhuDnxINnAo2zrcTw2JCB6THWpYqIpnx0+nRY3xslS4OI21LAZ6qvydSIo0ZycB2SgJ9M+9NxP+8VgLhpZ9yFSfAFJ0tChOBIcKTBHCXa0ZBjCwhVHN7K6Z9ogkFm1PehuDNv7xI6mcl77xUvisXKzdZHDl0iI7QCfLQBaqga1RFNUTRI3pGr+jNGTovzrvzMWtdcrKZA/QHzucPaOGR5Q==</latexit>

m∗
L

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

ρ/ρ0

<latexit sha1_base64="D5nfTibqZo3uV1HFNjg0co3vzkY=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAI1UVJpKjLohsXLirYBzQxTCaTduhkJsxMhBLqxl9x40IRt/6FO//GSZuFVg8MczjnXu69J0gokcq2v4zSwuLS8kp5tbK2vrG5ZW7vdCRPBcJtxCkXvQBKTAnDbUUUxb1EYBgHFHeD0WXud++xkISzWzVOsBfDASMRQVBpyTf33IDTUI5j/WWxf313XHPFkB9NfLNq1+0prL/EKUgVFGj55qcbcpTGmClEoZR9x06Ul0GhCKJ4UnFTiROIRnCA+5oyGGPpZdMLJtahVkIr4kI/pqyp+rMjg7HMl9SVMVRDOe/l4n9eP1XRuZcRlqQKMzQbFKXUUtzK47BCIjBSdKwJRILoXS00hAIipUOr6BCc+ZP/ks5J3TmtN24a1eZFEUcZ7IMDUAMOOANNcAVaoA0QeABP4AW8Go/Gs/FmvM9KS0bRswt+wfj4BkMrlsU=</latexit>

m∗
L(ρ)

<latexit sha1_base64="rpg7N5W7kfs/91VtzdXDwDSgpME=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVUlipBFTBWsDAWibSVmqhyHKe16sSR7SBVUQYWfoWFAYRY+Qg2/ganzQAtR7J8dM69uvceP2FUKsv6Nipr6xubW9Xt2s7u3v6BeXjUkzwVmDiYMy4GPpKE0Zg4iipGBokgKPIZ6fvTm8LvPxAhKY/v1SwhXoTGMQ0pRkpLI7Pu+pwFchbpL8tcjBh08qYrJvwsH5kNq2XNAVeJXZIGKNEdmV9uwHEakVhhhqQc2laivAwJRTEjec1NJUkQnqIxGWoao4hIL5sfkcNTrQQw5EK/WMG5+rsjQ5Es9tSVEVITuewV4n/eMFXhlZfROEkVifFiUJgyqDgsEoEBFQQrNtMEYUH1rhBPkEBY6dxqOgR7+eRV0jtv2Ret9l270bku46iCOjgBTWCDS9ABt6ALHIDBI3gGr+DNeDJejHfjY1FaMcqeY/AHxucP3WmYPA==</latexit>

U(ρ)
<latexit sha1_base64="FSL2w3y7pT2xrLEqwUm+0656EVw=">AAAB/nicbVBPS8MwHE39O+e/qnjyEhyCp9HKUI9DLx4n2G2wlpGm6RaWJiVJhVEKfhUvHhTx6ufw5rcx3XrQzQchj/d+P/LywpRRpR3n21pZXVvf2Kxt1bd3dvf27YPDrhKZxMTDggnZD5EijHLiaaoZ6aeSoCRkpBdObku/90ikooI/6GlKggSNOI0pRtpIQ/vYDwWL1DQxV577GDHoFcXQbjhNZwa4TNyKNECFztD+8iOBs4RwjRlSauA6qQ5yJDXFjBR1P1MkRXiCRmRgKEcJUUE+i1/AM6NEMBbSHK7hTP29kaNElQnNZIL0WC16pfifN8h0fB3klKeZJhzPH4ozBrWAZRcwopJgzaaGICypyQrxGEmEtWmsbkpwF7+8TLoXTfey2bpvNdo3VR01cAJOwTlwwRVogzvQAR7AIAfP4BW8WU/Wi/VufcxHV6xq5wj8gfX5A85Ilgo=</latexit>U
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QUASIPARTICLE  POTENTIAL  and  FERMI-LIQUID PARAMETERS

 from chiral nucleon-meson field theory & Functional Renormalisation Group

Quasiparticle effective potential

Strongly repulsive correlations  including  many-body forces  with
<latexit sha1_base64="KAhkh8p+eWHSHiW0M+t8S2pYuKA=">AAAB/HicbVDNS8MwHE3n15xf1R29BIfgabRjqMehF48T3AesZaRpuoWlSUlSoZT5r3jxoIhX/xBv/jemWw+6+SDk8d7vR15ekDCqtON8W5WNza3tnepubW//4PDIPj7pK5FKTHpYMCGHAVKEUU56mmpGhokkKA4YGQSz28IfPBKpqOAPOkuIH6MJpxHFSBtpbNe9QLBQZbG5cu5NCGzNx3bDaToLwHXilqQBSnTH9pcXCpzGhGvMkFIj10m0nyOpKWZkXvNSRRKEZ2hCRoZyFBPl54vwc3hulBBGQprDNVyovzdyFKsin5mMkZ6qVa8Q//NGqY6u/ZzyJNWE4+VDUcqgFrBoAoZUEqxZZgjCkpqsEE+RRFibvmqmBHf1y+uk32q6l832fbvRuSnrqIJTcAYugAuuQAfcgS7oAQwy8AxewZv1ZL1Y79bHcrRilTt18AfW5w/VzZTl</latexit>

n ≥ 2

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

ρ/ρ0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="6Feh1pXlrykIl5mqqowwGE1tfbI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AIEnjMo=</latexit>

1
<latexit sha1_base64="OD8w/wmWbEYgT023Nk3+hQdRAAg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1nceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4KrjMs=</latexit>

2
<latexit sha1_base64="yedo+mHldwJ86iIkg/xhxIGb2B0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6pe9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9q7KlXqlVL3P4sjDCZzCOXhwDVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4QvjMw=</latexit>

3
<latexit sha1_base64="dB/h/NQaHMWnMwESbENShDxHnmw=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgxZNUsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSe3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq474IowyncAYX4MM1NOAOmtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAbIYuj</latexit>

4
<latexit sha1_base64="gBAddw/0rpDS0QP/enfrs0Q/7d0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S97xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOi7F2VK/VKqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4c3jM4=</latexit>

5

<latexit sha1_base64="OD8w/wmWbEYgT023Nk3+hQdRAAg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1nceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4KrjMs=</latexit>

2

<latexit sha1_base64="dB/h/NQaHMWnMwESbENShDxHnmw=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgxZNUsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSe3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq474IowyncAYX4MM1NOAOmtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAbIYuj</latexit>

4

<latexit sha1_base64="fhsA3K9IGHjB8zVAdjHLWwK6i4g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9qrlSqNSqt1nceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4i7jM8=</latexit>

6

<latexit sha1_base64="GGsO3+UD/8ZAFo6gqCTNJlIv8LU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbgnoMePEkUcwDkiXMTmaTIbOzy0yvEEL+wIsHRbz6R978GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5uZ33ri2ohYPeI44X5EB0qEglG00sNFpVcsuWV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248SfzS6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyext0heaM5RjSyjTwt5K2JBqytCGU7AheMsvr5Jmpexdlqv31VLtLosjDydwCufgwRXU4Bbq0AAGITzDK7w5I+fFeXc+Fq05J5s5hj9wPn8A6/CNAg==</latexit>−2

<latexit sha1_base64="/YZFYle89MtG9ZaaKLpsSIndzas=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIJ4kgnlIsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4WV1bX1jeJmaWt7Z3evvH/QNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj66nfeqLaMCUf7DihocADyWJGsHXSY9aNYnTT8ye9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZgdP0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6PeozTYnlY0cw0czdisgQa0ysy6jkQggWX14mzbNqcFE9vz+v1O7yOIpwBMdwCgFcQg1uoQ4NICDgGV7hzdPei/fufcxbC14+cwh/4H3+ABE/j/o=</latexit>

F0

<latexit sha1_base64="TaprY201yvbJgDBmqk467wy6zbI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAIJ4kgnlIsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4WV1bX1jeJmaWt7Z3evvH/QNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj66nfeqLaMCUf7DihocADyWJGsHXSY9aNYnTTCya9csWv+jOgZRLkpAI56r3yV7evSCqotIRjYzqBn9gww9oywumk1E0NTTAZ4QHtOCqxoCbMZgdP0IlT+ihW2pW0aKb+nsiwMGYsItcpsB2aRW8q/ud1UhtfhRmTSWqpJPNFccqRVWj6PeozTYnlY0cw0czdisgQa0ysy6jkQggWX14mzbNqcFE9vz+v1O7yOIpwBMdwCgFcQg1uoQ4NICDgGV7hzdPei/fufcxbC14+cwh/4H3+ABLEj/s=</latexit>

F1

Landau Fermi-Liquid parameters 

PHYSIK
DEPARTMENT

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="AzdO1BKp8NOAKhU/tBIpCBupSMg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARqouSiFSXpW5cuKhgH9DGMJlM2qGTSZiZCCXUjb/ixoUibv0Ld/6NkzYLbT0wzOGce7n3Hi9mVCrL+jYKS8srq2vF9dLG5tb2jrm715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7rK/M4DEZJG/E6NY+KEaMBpQDFSWnLNg74XMV+OQ/2loXtzf1rhbuNkAl2zbFWtKeAisXNSBjmarvnV9yOchIQrzJCUPduKlZMioShmZFLqJ5LECI/QgPQ05Sgk0kmnF0zgsVZ8GERCP67gVP3dkaJQZkvqyhCpoZz3MvE/r5eo4NJJKY8TRTieDQoSBlUEszigTwXBio01QVhQvSvEQyQQVjq0kg7Bnj95kbTPqnatWrs9L9cbeRxFcAiOQAXY4ALUwTVoghbA4BE8g1fwZjwZL8a78TErLRh5zz74A+PzB5BMllE=</latexit>

m∗
L(nB)

<latexit sha1_base64="PM7BMdeE1Kyr6RzXPhLRwLbEqhg=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiUIFcaqLIxFIm2lJoocx22tOk5kO0hVlIGFX2FhACFWPoKNv8FpM0DLkSwfnXOv7r0nSBiVyrK+jbX1jc2t7cpOdXdv/+DQPDruyTgVmDg4ZrEYBEgSRjlxFFWMDBJBUBQw0g+mN4XffyBC0pjfq1lCvAiNOR1RjJSWfLPmBjEL5SzSX5a5GDHo5A3ud85z6Jt1q2nNAVeJXZI6KNH1zS83jHEaEa4wQ1IObStRXoaEopiRvOqmkiQIT9GYDDXlKCLSy+ZH5PBMKyEcxUI/ruBc/d2RoUgWe+rKCKmJXPYK8T9vmKrRtZdRnqSKcLwYNEoZVDEsEoEhFQQrNtMEYUH1rhBPkEBY6dyqOgR7+eRV0rto2q1m6+6y3u6UcVRADZyCBrDBFWiDW9AFDsDgETyDV/BmPBkvxrvxsShdM8qeE/AHxucPKpmXyA==</latexit>

U(nB)

<latexit sha1_base64="S2lg1xoHKAliOkFDNGooTuuStZQ="></latexit>

U(nB) =
∑

n

un

(
nB

n0

)n

<latexit sha1_base64="AzdO1BKp8NOAKhU/tBIpCBupSMg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARqouSiFSXpW5cuKhgH9DGMJlM2qGTSZiZCCXUjb/ixoUibv0Ld/6NkzYLbT0wzOGce7n3Hi9mVCrL+jYKS8srq2vF9dLG5tb2jrm715ZRIjBp4YhFoushSRjlpKWoYqQbC4JCj5GON7rK/M4DEZJG/E6NY+KEaMBpQDFSWnLNg74XMV+OQ/2loXtzf1rhbuNkAl2zbFWtKeAisXNSBjmarvnV9yOchIQrzJCUPduKlZMioShmZFLqJ5LECI/QgPQ05Sgk0kmnF0zgsVZ8GERCP67gVP3dkaJQZkvqyhCpoZz3MvE/r5eo4NJJKY8TRTieDQoSBlUEszigTwXBio01QVhQvSvEQyQQVjq0kg7Bnj95kbTPqnatWrs9L9cbeRxFcAiOQAXY4ALUwTVoghbA4BE8g1fwZjwZL8a78TErLRh5zz74A+PzB5BMllE=</latexit>

m∗
L(nB)

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="HtddrNqrpOmE+MmZnL3sceH8gls="></latexit>

F0 =
m∗

L pF

π2

∂µB

∂nB
− 1

<latexit sha1_base64="EhdI45b21nKxbS3KEseBcmPbGS0=">AAACEHicbVDLSgMxFM34rPU16tJNsIhuLDMq1Y1QKojLCvYBnTJkMmkbmkmGJCOUYT7Bjb/ixoUibl26829M21lo64WQwzn3cO89Qcyo0o7zbS0sLi2vrBbWiusbm1vb9s5uU4lEYtLAggnZDpAijHLS0FQz0o4lQVHASCsYXo/11gORigp+r0cx6Uaoz2mPYqQN5dtHXiBYqEaR+dIb3706Sc9SDyMGG5knjNOLEr+WZb5dcsrOpOA8cHNQAnnVffvLCwVOIsI1ZkipjuvEupsiqSlmJCt6iSIxwkPUJx0DOYqI6qaTgzJ4aJgQ9oQ0j2s4YX87UhSp8c6mM0J6oGa1Mfmf1kl077KbUh4nmnA8HdRLGNQCjtOBIZUEazYyAGFJza4QD5BEWJsMiyYEd/bkedA8LbuVcuXuvFSt5XEUwD44AMfABRegCm5BHTQABo/gGbyCN+vJerHerY9p64KVe/bAn7I+fwDddp0i</latexit>

F1 = −
3U
µB



<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

ρ/ρ0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="rDtmujrKHXQt84P1DMhEyB831fk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AH+jjMk=</latexit>

0

<latexit sha1_base64="6Feh1pXlrykIl5mqqowwGE1tfbI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF0/Sgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvpn5D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9bs8jiKcwCmcgwdXUIdbaEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AIEnjMo=</latexit>

1
<latexit sha1_base64="OD8w/wmWbEYgT023Nk3+hQdRAAg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1nceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4KrjMs=</latexit>

2
<latexit sha1_base64="yedo+mHldwJ86iIkg/xhxIGb2B0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6pe9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9q7KlXqlVL3P4sjDCZzCOXhwDVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4QvjMw=</latexit>

3
<latexit sha1_base64="dB/h/NQaHMWnMwESbENShDxHnmw=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6rHgxZNUsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSe3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq474IowyncAYX4MM1NOAOmtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAbIYuj</latexit>

4
<latexit sha1_base64="gBAddw/0rpDS0QP/enfrs0Q/7d0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1S97xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOi7F2VK/VKqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4c3jM4=</latexit>

5

<latexit sha1_base64="OD8w/wmWbEYgT023Nk3+hQdRAAg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxJAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1nceThDM7hEjy4hhrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4KrjMs=</latexit>

2
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decreasing  
effective  

Fermion mass

neutron star  
matter : 

a strongly 
correlated 

Fermi liquid 

but not  
 “extreme” !

… 

Deduced from empirically inferred neutron star matter EoS  
in combination with Chiral Nucleon-Meson Field Theory & Functional Renormalisation Group

Low densities                : good agreement with (perturbative) ChEFT results J.W. Holt, N.Kaiser,  W. W. :  
Phys. Rev. C87 (2013) 014338
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strongly 
repulsive  

many-body 
correlations

L. Brandes,  W. W.  :  Symmetry 16 (2024) 111
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Landau Fermi-Liquid parameters  of  liquid helium-3  at  pressures P = (0 - 30) bar:

F1(
3He) ∼ 5− 13
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F0(
3He) ∼ 10− 70
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LANDAU  FERMI-LIQUID  PARAMETERS (contd.)

Comparison with atomic liquid helium-3 in its normal phase at low temperature (3 K)

Interaction between He-3 atoms: 
attractive van der Waals potential plus strongly repulsive short-range core

… much larger by magnitude than Landau parameters of neutron star matter !

 Neutron star matter at central densities is a strongly correlated Fermi system 
… but not as extreme as one might have thought !

PHYSIK
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D. S. Greywall,  Phys. Rev. B33 (1986) 7520

G. Baym,  Ch. Pethick :  Landau Fermi-Liquid Theory (1991)



SUMMARY

Conventional (hadronic) EoS consistent with empirical “stiffness” constraints

Neutron star matter :  

80
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Theoretical concepts :   
ChEFT (perturbative),  FRG (non-perturbative),  Fermi-Liquid Theory

No chiral phase transition in neutron-rich matter up to at least 

Notes added :

,

(Multimessenger observations :  stiff EoS required)

Hadron-Quark Continuity 
Superfluidity
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R ! 11− 13km
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nB > 5n0

Equation-of-state constrained by steadily expanding observational data base

 (successful example:   QHC21 equation-of-state)

 (from neutron matter to 2-flavor quark matter )

Strong first-order phase transition unlikely 

Not ruled out: baryonic matter  or  smooth hadrons-to-quarks crossover



6 T. Kojo et al.

2.1- 3.0 n0, a considerably lower density than in QHC19
they are in the range ! 3.0-4.0n0.
Purely nucleonic models achieve stiff equations of state

by having repulsive three- or more-body forces at short
distance. Including only few-body forces, such mod-
els constrained by low density experiments lead to slow
growth in c2s, as seen in the Togashi curve in Fig. 7.
Quicker growth requires more-body forces whose domi-
nance would invalidate using nucleons as effective degrees
of freedom. The rapid growth of c2s found in QHC21 is
unlikely to be achieved by nucleonic models, differentiat-
ing QHC from nuclear models.
The peak in the sound velocity is a novel feature of the

crossover at finite baryon density, as originally pointed
out phenomenologically by Masuda et al. (2013b) and
recently analyzed theoretically by McLerran & Reddy
(2019); Kojo (2021a); Kojo & Suenaga (2021) in terms
of the quark substructure of baryons and quark Pauli
blocking. In the crossover domain, quark Pauli blocking
puts kinematic constraints on baryons pushing them to
be relativistic. In quark descriptions, relativistic quarks
start to contribute directly to the thermodynamic pres-
sure even before the quark Fermi sea is established.
The theoretical estimates Kojo (2021a); Kojo & Sue-

naga (2021) suggest that quark Pauli blocking effects
set in around ∼ 1-3n0, radically increasing the non-
relativistic pressure ∼ n5/3/mN (where mN is the nu-
cleon mass) to the relativistic behavior ∼ Ncn4/3, where
Nc(= 3) counts the number of quarks in a baryon. The
corresponding changes in the energy density are modest;
∼ mNn in non-relativistic regime and ∼ Ncn4/3 in rela-
tivistic regime are comparable in the crossover domain.
Such a rapid growth in pressure with modest change in
energy density leads to rapid enhancement of c2s. As this
transient regime comes to a close, both the pressure and
energy density scale as in relativistic regime and hence c2s
eventually relaxes to 1/3, leaving a sound velocity peak
in the crossover domain.
A sound velocity peak of relativistic origin does not

exist in a hot QCD plasma (Bazavov et al. 2014), where
the speed of sound develops a dip instead of a peak in
the crossover region. The finite temperature transition
from a hadron resonance gas to a quark gluon plasma
is largely driven by non-relativistic resonances which are
energetically disfavored but are important due to their
large entropies. Such entropic effects are absent in cold
dense matter.
Finally, we compare the pressure in QHC21 with con-

straints deduced by the NICER analyses. Figure 8 shows
the pressure in QHC21 as a function of the baryon mass
density, ρ = mNn, where mN = 1.67 × 10−24 g is the
nucleon mass. Then Fig. 9 compares the pressure as a
function of baryon chemical potential µB , with the con-
straint “All Measurements (Gaussian Process)” in Miller
et al. (2021) at a 95%CL.9 The QHC21 equations of state
are quite consistent with the NICER inferences.

9 The error bands in Fig. 8 are primarily at larger P at given
n than the QHC21 curves, while in Fig. 9 they occur for smaller
P at given µB . This reversal is a consequence of thermodynamics.
For example, if the energy density, ε, is scaled by a factor 1 + η at
fixed n, then P and µB are similarly scaled. But at fixed µB , the
scaling of P has the opposite sign: δP |µ

B
= −ηε.
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Nf = 2 quark matter

is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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Chiral symmetry breaking becomes small in the density
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remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
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mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
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namely the pressure component of the energy-momentum
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deeply virtual Compton scattering measurements at JLab
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
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chiral effective theory (EFT) interactions including three-
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Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
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Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼
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omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.
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between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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is dominated by neutrons, accompanied by a few percent of
protons in β-equilibrium. In the present work we focus on
superfluidity in neutron stars (see, e.g., Refs. [23,24] for a
review). Under the aspect of quark-hadron continuity, the
following issue arises: as one proceeds to high baryon
densities, does neutron superfluidity have a corresponding
analog at the quark level? The neutrons undergo BCS
pairing in a 1S0 state at low baryon densities, i.e., nB <
0.5n0 (with n0 ≃ 0.16 fm−3, the saturation density of
normal nuclear matter). This type of superfluid is believed
to exist in the inner crust of neutron stars. With increasing
baryon density, neutron pairing in the 3P2 state starts to
develop and becomes the dominant pairing mechanism for
nB > n0, inward bound towards the neutron star core region.
This realization of 3P2 superfluidity is based on the observed
pattern of nucleon-nucleon (NN) scattering phase shifts
[25,26]. The phase shift of the 1S0 partial wave changes
sign from positive to negative with increasing energy of the
two nucleons, indicating that the pairing interaction turns
from attractive to repulsive with increasing Fermi energy.
Consequently, pairing in the 1S0 channel is disfavored at high
densities and taken over by pairing in the 3P2 channel. This
property is attributed to the significant attraction selectively
generated by the spin-orbit interaction in the triplet P-wave
with total angular momentum J ¼ 2. All other isospin I ¼ 1
S- and P-wave NN phase shifts are smaller or repulsive in
matter dominated by neutrons. Various aspects and proper-
ties of 3P2 superfluidity inside neutron stars, from its role in
neutron star cooling to pulsar glitches, are subject to
continuing explorations (see, e.g., Refs. [27–29]). A recent
advanced analysis of pairing in neutron matter based on
chiral effective theory (EFT) interactions including three-
body forces can be found in Ref. [30].
Our aim in this work is to investigate the continuity

between superfluid neutron matter and two-flavor quark
matter with 1S0 and 3P2 superfluidity. Related two-flavor
NJL model studies have been reported in Refs. [31,32].
Here our point is to collect and discuss the arguments
which do indeed suggest that the continuity concept applies
to superfluid pairing when passing from neutron matter to
u-d-quark matter with a surplus of d-quarks, as schemati-
cally illustrated in Figs. 1 and 2.

We emphasize that our continuity concept does not
exclude rapid but continuous changes in relevant degrees
of freedom. Our focus here is on the logical possibility
of a smooth crossover from neutron matter to quark matter.
The presumed pattern of phases is as follows. Broken chiral
symmetry approaches restoration in highly compressed
baryonic matter. As the baryon density increases, the chiral
order parameter (i.e., the pion decay constant or, equiv-
alently, the magnitude of the chiral condensate) decreases.
Chiral symmetry breaking becomes small in the density
region of continuity between nuclear and quark matter but
remains nonzero as we discuss the latter: chiral symmetry
continues to be spontaneously broken. Eventually, at still
higher densities, chiral symmetry breaking would be
enhanced again once the CFL condensates form.
This paper is organized as follows. In Sec. II we describe

some general physical properties of dense neutron star
matter and motivate the continuity between hadronic
matter and quark matter from a dynamical point of view.
Section III recalls the conventional quark-hadron continuity
scenario based on symmetry breaking pattern considerations
(see Fig. 1). In Sec. IV, we show how the order parameter of
3P2 neutron superfluidity can be rearranged into two-flavor
superconducting (2SC) hudi and superfluid hddi diquark
condensates (see Fig. 2). Section V clarifies the microscopic
mechanism that induces the hddi condensate in the 3P2 state.
In Sec. VI A, we demonstrate that the 3P2hddi diquark
condensate can be related to a macroscopic observable,
namely the pressure component of the energy-momentum
tensor. This in turn is an important ingredient in neutron star
theories. For an isolated nucleon it is also a key subject of
deeply virtual Compton scattering measurements at JLab
[33]. In Sec. VI B, discussions are followed by a suggestive
observation for the necessity of “2SCþ X” to fit the cooling
pattern, where X may well be identified with the d-quark
pairing. Finally, Sec. VII summarizes our findings.

II. ABUNDANCE OF NEUTRONS AND DOWN
QUARKS IN NEUTRON STAR MATTER

In the extreme environment realized inside neutron
stars, the conditions of β-equilibrium and electric charge

FIG. 1. Schematic picture of quark-hadron continuity between
neutron superfluid and color superconductor. Cooper pairing of
neutrons (indicated by dashed line) continuously connects to
pairing of quarks in diquark condensates.

FIG. 2. Schematic picture of quark-hadron continuity
between the 3P2 neutron superfluid and the 2SCþ hddi color
superconductor.
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interaction between the two d-quarks and construct the dd
potential as illustrated in Fig. 5: two d quarks cross their
lines in the presence of an exchanged gluon. Direct gluon
exchange without quark exchange is not allowed because of
color selection rules. The one-gluon exchange (OGE)
potential reads [48]

VOGE
12 ¼

!X

A

TA
1 T

A
2

"
αs
4

#
1

r12
−

2π
3m2

q
ðs1 ·s2Þδ3ðr12Þ

$
; ð39Þ

omitting the tensor term in this expression. Here r12 denotes
the distance between quarks 1 and 2. Their spin operators
are denoted by s1 and s2. The color structure in front of the
potential is exactly the same as the representation in
Eq. (38). In close analogy with the nn interaction, short-
range repulsion appears in the dd potential. Therefore
pairing in L ¼ 0 is disfavored and superfluidity appears
predominantly in the L ¼ 1 state.

B. Spin-orbit interaction favoring J = 2

The previous discussion has pointed to dd quark pairing
in 3PJ states. While the spin triplet necessarily follows in
L ¼ 1 states from the statistics of the wave function, the
total angular momentum J is still left unspecified.
In neutron star matter, 3P2 neutron superfluidity occurs

because of the strong spin-orbit interaction between neu-
trons. The matrix elements of

L · S ¼ 1

2
½JðJ þ 1Þ − LðLþ 1Þ − SðSþ 1Þ& ð40Þ

are −2;−1 and þ1 in 3P0, 3P1 and 3P2 states, respectively.
With an extra minus sign in the spin-orbit potential, there is
attraction in 3P2 and repulsion in 3PJ¼0;1 channels. These
features are also reflected in the empirical triplet P-wave
phase shifts. The tensor force in 3P2 is relatively weak: 10
times smaller than the one in the 3P0 channel. In the
absence of the spin-orbit force, superfluidity would in fact
appear in 3P0.
The neutron-neutron spin-orbit interaction is generated

by Lorentz scalar and vector couplings of the neutrons.

In chiral theories, such couplings involve two- and three-
pion exchange mechanisms. Phenomenological boson
exchange models [49,50] associate these interactions with
scalar and vector boson fields, σðxÞ and vμðxÞ. The vector
field includes isoscalar and isovector terms (sometimes
identified with ω and ρmesons, but ultimately representing
multipion exchange mechanisms together with short-
distance dynamics). In the neutron-neutron interaction
the isoscalar and isovector terms have the same weight
(the extra factor in the isovector part is τ1 · τ2 ¼ 1).
We start from the following boson-nucleon vertex

Lagrangians:

LS ¼ −gSψ̄ðxÞψðxÞσðxÞ;
LV ¼ −gV ψ̄ðxÞγμψðxÞvμðxÞ

þ gT
2mN

ψ̄ðxÞσμνψðxÞ∂νvμðxÞ; ð41Þ

where mN is the nucleon mass. Scalar and vector boson
masses will be denoted by mS and mV . Next, consider the
momentum space matrix elements of nucleon-nucleon
t-channel Born terms generated by these vertices and
identify their spin-orbit pieces. In the NN center-of-mass
frame, introduce initial and final state momenta, p and p0,
and total spin S ¼ s1 þ s2. Furthermore,

P ¼ 1

2
ðpþ p0Þ; q ¼ p0 − p: ð42Þ

The spin-orbit interaction matrix element deduced from
interactions in Eq. (41) to (leading) order p2=m2

N is

hp0jVLSjpi¼−
i

2m2
N

#
g2S

q2þm2
S
þ3g2V þ4gVgT

q2þm2
V

$
S · ðP×qÞ:

ð43Þ

We note that upon Fourier transformation, Eq. (43) turns
into the r-space spin-orbit potential,

VLSðrÞ ¼
1

2m2
Nr

dfðrÞ
dr

L · S;

fðrÞ ¼ g2S
4π

e−mSr

r
þ g2V
4π

!
3þ 4gT

gV

"
e−mVr

r
; ð44Þ

with L ¼ r × P. For hL · Si ¼ þ1 in the 3P2 channel, the
spin-orbit potential is attractive since d=drðe−mr=rÞ ¼
−ð1þmrÞe−mr=r2 < 0.
Let us make a quick estimate of the magnitude of the

L · S force at a distance r ∼ 1 fm between two nucleons.
The isoscalar coupling parameters are, roughly, g2S=4π ∼ 8
together with gV ≃ gS and gT ≃ 0. The isovector vector
interaction has g2V=4π ≃ 0.5 and gT=gV ≃ 6 (with contri-
butions from isoscalar and isovector vector interactions to

FIG. 5. Short-range interaction between neutrons mediated by
quark-gluon exchange.
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interpreted as the heat conductivity which can therefore act
as an approximate order parameter for hard deconfinement.
We point out that hard deconfinement is based on hard-

core dominance. The condition for the hard-core domi-
nance is stronger than needed for deconfinement in a more
conventional sense as conjectured by the notion of quark
mobility. Let us consider decreasing the baryon density and
explore how the quark mobility would change. It appears
that quarks (accompanied by antiquarks) can still hop from
one nucleon to another through the exchange of mesons.
This situation can be intuitively understood as overlaps of
meson clouds as illustrated in Fig. 2. Such an interpretation
of the quark mobility is, however, too naïve. The equilib-
rium binding of nuclear matter at the saturation density is
sustained mainly by mesonic exchanges, but needless to
say, nuclear matter at the saturation density is not quark
matter yet. Quark exchanges inevitably occur together with
antiquarks to form color-singlets, and connected blocks of
meson clouds do not really signify quark liberation.
The question that we would like to address in this work is

the following: there is supposedly another mechanism of
quark deconfinement at lower density than hard deconfine-
ment, which we refer to as soft deconfinement. The
question is; in other words, when does a picture of
individual meson exchanges between nucleons lose its
meaning? If the system is in the confined hadronic phase
at low density, the exchange of color-singlet mesons
characterizes baryon interactions. The contraposition of
this statement is that, if a meson-exchange based descrip-
tion is blurred, the system should be out of the confined
phase. Interestingly, this argument suggests a possible
relationship between soft deconfinement and quarkyonic
matter. As mentioned before, quarkyonic matter has the
potential energy ∼OðNcÞ and all n-body interactions are of
the same order. This is exactly the situation expected in an
intermediate state between nuclear and quark matter in the
three-window scenario description of neutron stars [27].
Even in the real world with Nc ¼ 3 we can still adopt this
characterization of quarkyonic matter, namely, matter with
comparable strengths of all n-body interactions among
nucleons. From the microscopic point of view such n-body
forces could be mediated by multimeson exchanges as
sketched in Fig. 3. In this way we may well identify

quarkyonic matter in the Nc ¼ 3 real world as multibody
interacting matter, and we could also adopt this identifi-
cation for soft deconfinement.
The regime of soft deconfinement can thus be viewed as

clustering of nucleons connected by strong n-body inter-
actions. Large n would imply large clusters. More pre-
cisely, the clusters should be formulated in terms of wave
functions of quarks and antiquarks. Mesonic clouds are to
be interpreted as “sea” quarks which do not carry net
baryon charge. The corresponding wave functions of
quarks and antiquarks are equally distributed in space.
Such a spatial extension of wave functions is quite

analogous to those of electrons in a tight-binding model.
Here, based on an analogy with condensed matter physics,
we are proposing a novel scenario of deconfinement. In
the metallic state conduction electrons are extended in
space, but a larger concentration of impurity increases the
electric resistivity, and eventually the system under impu-
rity disturbances behaves as an insulator. Then, the electron
wave functions are localized in the insulating state, for
which the physical mechanism is known as Anderson loca-
lization. As a matter of fact, the idea of the Anderson
localization applies to the percolation problem. We empha-
size that connected blocks of meson clouds in Fig. 2 are
percolating classically, but this classical percolation does
not necessarily lead to physical percolation of wave
functions at the quantum level.
It is easily understood that the critical concentration for

the onset of percolation should be larger for quantum
percolation than for classical percolation. The interaction
via meson exchanges opens a classical path for quarks and
antiquarks to hop between nucleon sites. To build a model
in the simplest way, let us consider a lattice system as
schematically shown in Fig. 4. We simplify the interaction
clouds into bonds connecting neighboring sites and place
static nucleons (which is justified in the large-Nc limit)
on sites. The bonds should be color-singlets, and this

FIG. 2. If the interaction clouds are classically percolated, the
quark mobility seems not restricted and quarks may classically
flow over connected blocks of meson clouds.

FIG. 3. Schematic picture of matter with comparable strengths
of all n-body interactions. Extended wave functions are for
quarks and antiquarks. For larger n a picture of individual meson
exchanges would become more obscured. At short distances core
interactions are mediated by quark exchanges.
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<latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit><latexit sha1_base64="aQQEFnqF01mIDeXNNe6zL55xz0A=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSKeix6MVjBfsBbSib7aRdutmkuxuhhP4JLx4U8erf8ea/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH47t5vf2ESvNYPpppgn5Eh5KHnFFjrU7WC0Li1Wb9csWtuguRdfByqECuRr/81RvELI1QGiao1l3PTYyfUWU4Ezgr9VKNCWVjOsSuRUkj1H622HdGLqwzIGGs7JOGLNzfExmNtJ5Gge2MqBnp1drc/K/WTU1442dcJqlByZYfhakgJibz48mAK2RGTC1QprjdlbARVZQZG1HJhuCtnrwOrauqZ/mhVqnf5nEU4QzO4RI8uIY63EMDmsBAwDO8wpszcV6cd+dj2Vpw8plT+CPn8wc5DY9r</latexit>

R [km]
<latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit><latexit sha1_base64="61kumCVmutnLcGj63CLdrhR5hL0=">AAAB9HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlFXuB6VAyaaYNTTJjkimUoX0NNy4UcevDuPNtTNtZaOsPgY//nMM5+cOEM21c99sprK1vbG4Vt0s7u3v7B+XDo6aOU0Vog8Q8Vu0Qa8qZpA3DDKftRFEsQk5b4fB2Vm+NqNIslo9mnNBA4L5kESPYWCvIOmGEHqZTfyiCSbdccavuXGgVvBwqkKveLX91ejFJBZWGcKy177mJCTKsDCOcTkqdVNMEkyHuU9+ixILqIJsfPUFn1umhKFb2SYPm7u+JDAutxyK0nQKbgV6uzcz/an5qousgYzJJDZVksShKOTIxmiWAekxRYvjYAiaK2VsRGWCFibE5lWwI3vKXV6F5UfUs319Wajd5HEU4gVM4Bw+uoAZ3UIcGEHiCZ3iFN2fkvDjvzseiteDkM8fwR87nD8UskhY=</latexit>

M

M!
<latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit><latexit sha1_base64="a4imBG4O3UBFJG3z+YrXNEnaoTM=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0W3bgpVLAPaEKYTCbt0MlMmJkIJWbhr7hxoYhbf8Odf+O0zUJbDwwczjmXe+eEKaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEpnEpIMFE7IfIkUY5aSjqWakn0qCkpCRXji+mfq9ByIVFfxeT1LiJ2jIaUwx0kYK7KPcC2OYtzxhUrAVeCISuigCu+40nBngMnFLUgcl2oH95UUCZwnhGjOk1MB1Uu3nSGqKGSlqXqZIivAYDcnAUI4Sovx8dn8BT40SwVhI87iGM/X3RI4SpSZJaJIJ0iO16E3F/7xBpuMrP6c8zTTheL4ozhjUAk7LgBGVBGs2MQRhSc2tEI+QRFibymqmBHfxy8uke95wDb+7qDevyzqq4BicgDPggkvQBLegDToAg0fwDF7Bm/VkvVjv1sc8WrHKmUPwB9bnD9xNlf4=</latexit>

0
<latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit>

0.5
<latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit><latexit sha1_base64="agde7oG1ZhitCAf2cXbtzkz8obo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woj41YtJr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+mAY+j</latexit>

1.0
<latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit>

1.5
<latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit>

2.0
<latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit><latexit sha1_base64="Bs9TbpiUOisX8P+RW3HvmjbSfH4=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJFqxZ/2S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOhdo+g</latexit>

2.5
<latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit><latexit sha1_base64="MGntFVu0j63EbKBbVe8HJ6aLB9w=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozRdFl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxq1ctpv1zxq/5caBWCHCqQq9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrkOJBTVhNl94is6cM0Cx0u5Ji+bu74kMC2MmInKdAtuRWa7NzP9q3dTG12HGZJJaKsniozjlyCo0ux4NmKbE8okDTDRzuyIywhoT6zIquRCC5ZNXoVWrBo7vLyr1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx95nz+pD4+l</latexit>

3.0
<latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit><latexit sha1_base64="4Y0DaqoE2KZxQPyhgHjW5bJdtfw=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hZXVtfaO4Wdra3tndK+8fNE2caoYNFotYt0JqUHCFDcutwFaikcpQ4EM4upnWH55QGx6reztOsCvpQPGIM2qd9Zh1woicV/1Jr1zxq/5MZBmCHCqQq94rf3X6MUslKssENaYd+IntZlRbzgROSp3UYELZiA6w7VBRiaabzRaekBPn9EkUa/eUJTP390RGpTFjGbpOSe3QLNam5n+1dmqjq27GVZJaVGz+UZQKYmMyvZ70uUZmxdgBZZq7XQkbUk2ZdRmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYSHiGV3jztPfivXsf89aCl88cwh95nz+i/Y+h</latexit>

only
<latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit><latexit sha1_base64="sLczgYTLbF+gn2SZm5M9/o/xCng=">AAAB8XicbZDLSgMxFIZP6q3WW9Wlm2ARXJUZEXRZdOOygr1gO5RMmmlDM8mQZIRh6Fu4caGIW9/GnW9j2s5CW38IfPznHHLOHyaCG+t536i0tr6xuVXeruzs7u0fVA+P2kalmrIWVULpbkgME1yyluVWsG6iGYlDwTrh5HZW7zwxbbiSDzZLWBCTkeQRp8Q66zHvhxFWUmTTQbXm1b258Cr4BdSgUHNQ/eoPFU1jJi0VxJie7yU2yIm2nAo2rfRTwxJCJ2TEeg4liZkJ8vnGU3zmnCGOlHZPWjx3f0/kJDYmi0PXGRM7Nsu1mflfrZfa6DrIuUxSyyRdfBSlAluFZ+fjIdeMWpE5IFRztyumY6IJtS6kigvBXz55FdoXdd/x/WWtcVPEUYYTOIVz8OEKGnAHTWgBBQnP8ApvyKAX9I4+Fq0lVMwcwx+hzx+bRJDc</latexit>
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FIG. 4: Density ratios for different particles for a "soft" nu-
cleonic EoS as a function of the baryon density using the
χEFT600 model.

with the corresponding lepton density ratio xl = ρl/ρL.
The total lepton density ρL is the sum over all three lep-
tons. For nonrelativistic interacting baryons, the chemi-
cal potential for species b reads

µb = Mb +
k2Fb

2Mb
+ Ub(kFb

) . (20)

For a given total baryon density ρB the equations (15)-
(18) govern the composition of matter, i.e. the baryonic
and leptonic concentrations. The corresponding solution
is referred to as β-stable matter.

For the sake of consistency we now have to treat the
nucleonic part of the chemical potential µN in the same
way as the corresponding energy per particle. Since the
chemical potential can be obtained as a derivative of the
energy density ε and is related to the energy per particle
via ε = ρBE/A, we use the definition

µb =
∂ε

∂ρb
, (21)

to have the appropriate replacement in the nucleonic
chemical potential. Finally, we arrive at the expression

µN =
∂εNN

∂ρN
+ UY

N (kFY
), (22)

where we have effectively replaced MN+
k2
FN

2MN
+UN

N (kFN
)

of Eq. (20) with the derivative ∂εNN/∂ρN . In this way
the parameterization Eq. (9) enters in the nucleonic part
of the chemical potential.

Since we are only parameterizing the nucleonic sec-
tor, no such replacement is necessary for the hyperons.
However, since we have neglected the Y Y interaction
UY
Y (kFY

) is zero and Eq. (20) reduces to

µY = MY +
k2FY

2MY
+ UN

Y (kFY
) . (23)
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FIG. 5: Same as Fig. 4 but for "stiff" nucleonic EoS using the
NSC97f model.

For the determination of the particle concentration the
single-particle potential in equilibrium is used. For hy-
perons below the threshold density it is given by UY (p =
0), similar to the symmetric matter case. Above the
threshold density it depends on composition and den-
sity. In Fig. 6 the density dependence of UΣ−(kF

Σ−
) in

β-equilibrium for two different incompressibilities K0 is
shown. In the figure a kink in the curves appears at the
point where the hyperons appear.

Another observation is the relative ordering and the
magnitudes which resemble those of the single-particle
potentials at zero momentum in symmetric matter as
shown in Fig. 1. Essentially, the NSC97a, NCS97c,
NSC97f and J04 interactions are still slightly attractive
while the NSC89 and χEFT600 remain repulsive. Simi-
lar observations hold for the Λ system. A new structure
in form of a second inflection point emerges due to the
appearance of the Σ− hyperon.

A better indicator at which densities hyperons start to
appear is given by the concentrations of all particles and
is displayed in Figs. 4 and 5. In Fig. 4 a “soft” nucle-
onic EoS is used in combination with an attractive ΛN
and a very repulsive ΣN interaction implemented by the
χEFT600 model. In contrast in Fig. 5 a “stiff” EoS is
used represented by the NSC97f model which has a simi-
lar ΛN interaction compared to the χEFT600 model but
also an attractive ΣN interaction. This difference already
leads to very different density profiles. While in Fig. 4
the Λ hyperon is the first one which appears and no Σ−

hyperons are present, the Σ− hyperon appears first in
Fig. 5.

One should note that with the appearance of the Σ−

hyperon the density of the negatively charged leptons
starts to drop immediately. This is because their role in
the charge neutrality condition, Eq. (15), is now being
taken over by the Σ−. Similarly, the appearance of the
Λ hyperon will accelerate the disappearance of neutrons

Λ

p

n
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<latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit>

6
<latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit>

ρ/ρ0
<latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit><latexit sha1_base64="pBTu7xzzvpRXEqVwJyY6kBEK/O8=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPiCt1JaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8CuXLg==</latexit>

1
<latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit>

0.1
<latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit><latexit sha1_base64="Fi7GWKeTxQ5xhWY8fko0k+zUjEY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhHxq8G0X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf7Y+f</latexit>

10−2
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NEUTRON  STAR  MATTER  including  HYPERONS

                       Inclusion of hyperons :  

EoS too soft to support 2-solar-mass n-stars, unless:  
strong repulsion in YN and/or YNN interactions 
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Systematically organized hierarchy in powers of  
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Systematically organized hierarchy in powers of  
(Q:  momentum, energy, pion mass)
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Table 1
SU(3) relations for the various contact potentials in the isospin basis. C27

ξ etc. refers to the corresponding irreducible
SU(3) representation for a particular partial wave ξ . The actual potential still needs to be multiplied by pertinent powers
of the momenta p and p′.

Channel I V (ξ)

ξ = 1S0, 3P0, 3P1, 3P2 ξ = 3S1, 3S1–3D1, 1P1 ξ = 1P1–3P1

S = 0 NN → NN 0 – C10∗
ξ –

NN → NN 1 C27
ξ – –

S = −1 ΛN →ΛN 1
2

1
10 (9C27

ξ + C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) −1√
20

C
8s8a
ξ

ΛN →ΣN 1
2

3
10 (−C27

ξ + C
8s
ξ ) 1

2 (−C
8a
ξ + C10∗

ξ ) −3√
20

C
8s8a
ξ

ΣN →ΛN 1√
20

C
8s8a
ξ

ΣN →ΣN 1
2

1
10 (C27

ξ + 9C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) 3√
20

C
8s8a
ξ

ΣN →ΣN 3
2 C27

ξ C10
ξ –

singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].
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with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA & 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
baryons are collected in traceless 3 × 3 matrices [51]

P =





π0√
2

+ η√
6

π+ K+

π− − π0√
2

+ η√
6

K0

K− K̄0 − 2η√
6



 , B =





Σ0√
2

+ Λ√
6

Σ+ p

Σ− −Σ0√
2

+ Λ√
6

n

−Ξ− Ξ0 − 2Λ√
6



 .

(15)

For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term

L1 = −
√

2
2f0

tr
(
DB̄γ µγ5{∂µP,B} + FB̄γ µγ5[∂µP,B]

)
, (16)
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singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].
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singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].
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singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].

2.2. Goldstone boson exchange
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with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA & 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
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For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term
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singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].
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singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].
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The one- and two-pseudoscalar-meson exchange potentials follow from the SU(3)-invariant
meson–baryon interaction Lagrangian
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with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA & 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
baryons are collected in traceless 3 × 3 matrices [51]
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For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term

L1 = −
√

2
2f0

tr
(
DB̄γ µγ5{∂µP,B} + FB̄γ µγ5[∂µP,B]

)
, (16)
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Table 1
SU(3) relations for the various contact potentials in the isospin basis. C27

ξ etc. refers to the corresponding irreducible
SU(3) representation for a particular partial wave ξ . The actual potential still needs to be multiplied by pertinent powers
of the momenta p and p′.

Channel I V (ξ)

ξ = 1S0, 3P0, 3P1, 3P2 ξ = 3S1, 3S1–3D1, 1P1 ξ = 1P1–3P1

S = 0 NN → NN 0 – C10∗
ξ –

NN → NN 1 C27
ξ – –

S = −1 ΛN →ΛN 1
2

1
10 (9C27

ξ + C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) −1√
20

C
8s8a
ξ

ΛN →ΣN 1
2

3
10 (−C27

ξ + C
8s
ξ ) 1

2 (−C
8a
ξ + C10∗

ξ ) −3√
20

C
8s8a
ξ

ΣN →ΛN 1√
20

C
8s8a
ξ

ΣN →ΣN 1
2

1
10 (C27

ξ + 9C
8s
ξ ) 1

2 (C
8a
ξ + C10∗

ξ ) 3√
20

C
8s8a
ξ

ΣN →ΣN 3
2 C27

ξ C10
ξ –

singlet representation (C1) is present in the strangeness S = −2 channels with isospin I = 0 [45]
and there are four more LECs that contribute to the S = −2 sector at NLO [50].

2.2. Goldstone boson exchange

The one- and two-pseudoscalar-meson exchange potentials follow from the SU(3)-invariant
meson–baryon interaction Lagrangian

LMB = tr
(
B̄

(
iγ µDµ − M0

)
B

)
− D

2
tr
(
B̄γ µγ5{uµ,B}

)
− F

2
tr
(
B̄γ µγ5[uµ,B]

)
, (14)

with DµB = ∂µB + [Γµ,B], Γµ = 1
2 (u†∂µu + u∂µu†) and uµ = i(u†∂µu − u∂µu†), and where

the trace is taken in flavor space. The constant M0 denotes the baryon mass in the three-flavor
chiral limit. The coupling constants F and D satisfy the relation F + D = gA & 1.26, where gA

is the axial-vector strength measured in neutron β-decay. The pseudoscalar mesons and octet
baryons are collected in traceless 3 × 3 matrices [51]

P =





π0√
2

+ η√
6

π+ K+

π− − π0√
2

+ η√
6

K0

K− K̄0 − 2η√
6



 , B =





Σ0√
2

+ Λ√
6

Σ+ p

Σ− −Σ0√
2

+ Λ√
6

n

−Ξ− Ξ0 − 2Λ√
6



 .

(15)

For the pseudoscalar mesons we use the usual non-linear realization of chiral symmetry with
U(x) = u2(x) = exp(i

√
2P(x)/f0), where f0 is the Goldstone boson decay constant in the chiral

limit. These fields transform under the chiral group SU(3)L × SU(3)R as U → RUL† and B →
KBK† with L ∈ SU(3)L, R ∈ SU(3)R and the SU(3) valued compensator field K = K(L,R,U),
cf. Ref. [52]. After an expansion of the interaction Lagrangian in powers of P one obtains from
the terms proportional to D and F the pseudovector coupling term

L1 = −
√

2
2f0

tr
(
DB̄γ µγ5{∂µP,B} + FB̄γ µγ5[∂µP,B]

)
, (16)



 Hyperon - Nucleon Interaction
  from CHIRAL SU(3) Effective Field Theory

NLO :

NLO

moderate attraction 
at low momenta

relevant for
hypernuclei

increasing repulsion 
at higher momenta

relevant for
dense baryonic  
matter

86

Author's personal copy

J. Haidenbauer et al. / Nuclear Physics A 915 (2013) 24–58 43

Fig. 6. The Λp 1S0 and 1P1 phase shifts δ as a function of plab. The red/dark band shows the chiral EFT results to
NLO for variations of the cutoff in the range Λ= 500, . . . ,650 MeV, while the green/light band shows results to LO for
Λ= 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

Fig. 7. The Λp phase shifts for the coupled 3S1–3D1 partial wave as a function of plab. Same description of curves as
in Fig. 6.

state in the ΣN system. It should be said, however, that the majority of the meson-exchange
potentials [36,38,39] produce an unstable bound state, similar to our NLO interaction. The only
characteristic difference of the chiral EFT interactions to the meson-exchange potentials might
be the mixing parameter ε1 which is fairly large in the former case and close to 45◦ at the ΣN

threshold, see Fig. 7. It is a manifestation of the fact that the pertinent Λp T -matrices (for the
3S1 → 3S1, 3D1 → 3D1, and 3S1 ↔ 3D1 transitions) are all of the same magnitude.

The strong variation of the 3S1–3D1 amplitudes around the ΣN threshold is reflected in
an impressive increase in the Λp cross section at the corresponding energy, as seen in Fig. 2.

LO

phase 
shift

Author's personal copy
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Fig. 2. “Total” cross section σ (as defined in Eq. (24)) as a function of plab. The experimental cross sections are taken
from Refs. [54] (filled circles), [55] (open squares), [69] (open circles), and [70] (filled squares) (Λp →Λp), from [56]
(Σ−p →Λn, Σ−p →Σ0n) and from [57] (Σ−p →Σ−p, Σ+p →Σ+p). The red/dark band shows the chiral EFT
results to NLO for variations of the cutoff in the range Λ= 500, . . . ,650 MeV, while the green/light band are results to
LO for Λ= 550, . . . ,700 MeV. The dashed curve is the result of the Jülich ’04 meson-exchange potential [37].

also for Λp the NLO results are now well in line with the data even up to the ΣN threshold.
Furthermore, one can see that the dependence on the cutoff mass is strongly reduced in the NLO
case. We also note that in some cases the LO and the NLO bands do not overlap. This is partly
due to the fact that the description at LO is not as precise as at NLO (cf. the total χ2 values in
Table 5). Also, the error bands are just given by the cutoff variation and thus can be considered
as lower limits.

A quantitative comparison with the experiments is provided in Table 5. There we list the
obtained overall χ2 but also separate values for each data set that was included in the fitting
procedure. Obviously the best results are achieved in the range Λ = 500–650 MeV. Here, in
addition, the χ2 exhibits also a fairly weak cutoff dependence so that one can really speak of
a plateau region. For larger cutoff values the χ2 increases smoothly while it grows dramatically

LO

NLO

irr.

coupled channels
ΛN ↔ ΣN
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Fig. 1. Cross section for Λp scattering as a function of plab. The red (dark) band represents the result for NLO13 [1] including
cutoff variations, the cyan (light) band that for the alternative version NLO19. The dashed curve is the result of the Jülich ’04
meson-exchange model [9], the dotted curve that of the Nijmegen NSC97f potential [8]. The experimental cross sections are
taken from Refs. [31] (filled circles), [32] (filled squares), [36, 37] (open triangles), [38] (open squares), and [39] (open circles).
The dotted vertical lines labeled with Σ+n and Σ0p indicate the thresholds of the pertinent ΣN channels.

phase shift remains practically unchanged (NSC97f) or
even increases (Jülich ’04) without ΣN coupling.

Note that the cutoff dependence increases when the
coupling is switched off. This happens because we use the
(diagonal) ΛN potential as established in the full coupled-
channel calculation. No re-adjustment of the contact terms
is done and, thus, there is no proper absorption of the
regulator dependence in this ”academic” calculation.

Finally, for illustration, we present an estimate for the
theoretical uncertainty following the method proposed in
Ref. [22]. In Fig. 7, selected results for the NLO19 poten-
tial for the cutoff Λ = 600 MeV are shown. This value is
also used as breakdown scale [22]. For this estimate, the
difference of the LO results [15] and the NLO result is used
for an estimated of the uncertainty. As stated already in
Sect. 2, at the NLO level, it is premature to address the
question of convergence. For this endeavor, more orders
are required to avoid that accidentally close results lead
to an under estimation of the uncertainty. For the Y N in-
teraction, this uncertainty estimate is especially difficult
since the data is not sufficient to unambiguously determine
all LECs. For this reason, it is also not useful to quantify
the uncertainty of phase shifts of individual partial waves
in this manner. Nonetheless, we want to emphasize that
the estimated uncertainty appears sensible and also plau-
sible. In particular, it encases the variations due to the

regulator dependence and, thus, is consistent with the ex-
pectation that cutoff variations provide a lower bound for
the theoretical uncertainty. For details of the method and
a thorough discussion of the underlying concept, we refer
the reader to [23].

3.2 Λ and Σ in nuclear matter

Let us now compare the in-medium properties of the Y N
interactions NLO13 and NLO19. Table 2 summarizes the
values for the Λ and Σ potential depths, UΛ(pΛ = 0) and
UΣ(pΣ = 0), evaluated at the saturation point of nuclear
matter, i.e. for kF = 1.35 fm−1. Note that the results
for NLO13 slightly differ from those given in [20] because
a different and more up to date nucleon s.p. potential is
used, see Sect. 2.2. Corresponding results obtained for the
Jülich’04 meson-exchange potential [9] and the Nijmegen
NSC97f potential [8] are also included. The dependence of
the hyperon potential depths on the Fermi momentum is
displayed in Figs. 8 and 9.

It is quite obvious from Fig. 8 that the EFT poten-
tial NLO19 is much more attractive in the medium than
NLO13. The difference is primarily due to the contribu-
tion of the 3S1-3D1 partial wave which is enhanced by
more or less a factor 2 for the new interaction, see Table 2.
Actually, the density dependence predicted by NLO19 is
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Λp → Λp
<latexit sha1_base64="TOWxf3BI12gZh87sn0A3bt9P74U=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4KokIuiy6ceGign1AE8pkMmmHTiZhZqKU0C9w46+4caGIW9fu/BunbUBtPTBwOOce7twTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0MLyd++45KxRJxq0cp9WPcFyxiBGsj9exq7gUR8q5NIsQoRZ5k/YHGUib3P+q4Z1ecmjMFWiRuQSpQoNGzP70wIVlMhSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a6jAMVV+Pj1njKpGCVGUSPOERlP1dyLHsVKjODCTMdYDNe9NxP+8bqajcz9nIs00FWS2KMo40gmadINCJinRfGQIJpKZvyIywBITbRosmxLc+ZMXSeuk5hp+c1qpXxR1lOAQjuAYXDiDOlxBA5pA4AGe4AVerUfr2Xqz3mejS1aROYA/sD6+AT+Gm5g=</latexit><latexit sha1_base64="TOWxf3BI12gZh87sn0A3bt9P74U=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4KokIuiy6ceGign1AE8pkMmmHTiZhZqKU0C9w46+4caGIW9fu/BunbUBtPTBwOOce7twTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0MLyd++45KxRJxq0cp9WPcFyxiBGsj9exq7gUR8q5NIsQoRZ5k/YHGUib3P+q4Z1ecmjMFWiRuQSpQoNGzP70wIVlMhSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a6jAMVV+Pj1njKpGCVGUSPOERlP1dyLHsVKjODCTMdYDNe9NxP+8bqajcz9nIs00FWS2KMo40gmadINCJinRfGQIJpKZvyIywBITbRosmxLc+ZMXSeuk5hp+c1qpXxR1lOAQjuAYXDiDOlxBA5pA4AGe4AVerUfr2Xqz3mejS1aROYA/sD6+AT+Gm5g=</latexit><latexit sha1_base64="TOWxf3BI12gZh87sn0A3bt9P74U=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4KokIuiy6ceGign1AE8pkMmmHTiZhZqKU0C9w46+4caGIW9fu/BunbUBtPTBwOOce7twTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0MLyd++45KxRJxq0cp9WPcFyxiBGsj9exq7gUR8q5NIsQoRZ5k/YHGUib3P+q4Z1ecmjMFWiRuQSpQoNGzP70wIVlMhSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a6jAMVV+Pj1njKpGCVGUSPOERlP1dyLHsVKjODCTMdYDNe9NxP+8bqajcz9nIs00FWS2KMo40gmadINCJinRfGQIJpKZvyIywBITbRosmxLc+ZMXSeuk5hp+c1qpXxR1lOAQjuAYXDiDOlxBA5pA4AGe4AVerUfr2Xqz3mejS1aROYA/sD6+AT+Gm5g=</latexit><latexit sha1_base64="TOWxf3BI12gZh87sn0A3bt9P74U=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4KokIuiy6ceGign1AE8pkMmmHTiZhZqKU0C9w46+4caGIW9fu/BunbUBtPTBwOOce7twTpJwp7Thf1tLyyuraemmjvLm1vbNr7+23VJJJQpsk4YnsBFhRzgRtaqY57aSS4jjgtB0MLyd++45KxRJxq0cp9WPcFyxiBGsj9exq7gUR8q5NIsQoRZ5k/YHGUib3P+q4Z1ecmjMFWiRuQSpQoNGzP70wIVlMhSYcK9V1nVT7OZaaEU7HZS9TNMVkiPu0a6jAMVV+Pj1njKpGCVGUSPOERlP1dyLHsVKjODCTMdYDNe9NxP+8bqajcz9nIs00FWS2KMo40gmadINCJinRfGQIJpKZvyIywBITbRosmxLc+ZMXSeuk5hp+c1qpXxR1lOAQjuAYXDiDOlxBA5pA4AGe4AVerUfr2Xqz3mejS1aROYA/sD6+AT+Gm5g=</latexit>

PHYSIK
DEPARTMENT

10 J. Haidenbauer et al.: Hyperon-nucleon interaction
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Λp -> Λp
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Fig. 4. Differential cross section for Λp scattering at 500 MeV/c and at 633 MeV/c. Same description of curves as in Fig. 1.
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Fig. 5. 3S1 ΛN phase shift with (left) and without (right) ΣN coupling. Same description of curves as in Fig. 1.
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Fig. 4. Differential cross section for Λp scattering at 500 MeV/c and at 633 MeV/c. Same description of curves as in Fig. 1.
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Fig. 5. 3S1 ΛN phase shift with (left) and without (right) ΣN coupling. Same description of curves as in Fig. 1.
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NLO13
<latexit sha1_base64="F54e2OtQrMXJaA27LC/zQbRBfoc=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSaEGXBTcuRCvYCzSxTKaTduhkEmYmSgl5DzcuFHHru7jzbZy2WWjrDwMf/zmHc+b3Y86Utu1vq7C0vLK6VlwvbWxube+Ud/daKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vZHl5N6+5FKxSJxr8cx9UI8ECxgBGtjPaSuH6Cb61vknjhnWa9csav2VGgRnBwqkKvRK3+5/YgkIRWacKxU17Fj7aVYakY4zUpuomiMyQgPaNegwCFVXjq9OkNHxumjIJLmCY2m7u+JFIdKjUPfdIZYD9V8bWL+V+smOrjwUibiRFNBZouChCMdoUkEqM8kJZqPDWAimbkVkSGWmGgTVMmE4Mx/eRFap1XH8F2tUq/lcRThAA7hGBw4hzpcQQOaQEDCM7zCm/VkvVjv1sestWDlM/vwR9bnD4R5kSk=</latexit><latexit sha1_base64="F54e2OtQrMXJaA27LC/zQbRBfoc=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSaEGXBTcuRCvYCzSxTKaTduhkEmYmSgl5DzcuFHHru7jzbZy2WWjrDwMf/zmHc+b3Y86Utu1vq7C0vLK6VlwvbWxube+Ud/daKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vZHl5N6+5FKxSJxr8cx9UI8ECxgBGtjPaSuH6Cb61vknjhnWa9csav2VGgRnBwqkKvRK3+5/YgkIRWacKxU17Fj7aVYakY4zUpuomiMyQgPaNegwCFVXjq9OkNHxumjIJLmCY2m7u+JFIdKjUPfdIZYD9V8bWL+V+smOrjwUibiRFNBZouChCMdoUkEqM8kJZqPDWAimbkVkSGWmGgTVMmE4Mx/eRFap1XH8F2tUq/lcRThAA7hGBw4hzpcQQOaQEDCM7zCm/VkvVjv1sestWDlM/vwR9bnD4R5kSk=</latexit><latexit sha1_base64="F54e2OtQrMXJaA27LC/zQbRBfoc=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSaEGXBTcuRCvYCzSxTKaTduhkEmYmSgl5DzcuFHHru7jzbZy2WWjrDwMf/zmHc+b3Y86Utu1vq7C0vLK6VlwvbWxube+Ud/daKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vZHl5N6+5FKxSJxr8cx9UI8ECxgBGtjPaSuH6Cb61vknjhnWa9csav2VGgRnBwqkKvRK3+5/YgkIRWacKxU17Fj7aVYakY4zUpuomiMyQgPaNegwCFVXjq9OkNHxumjIJLmCY2m7u+JFIdKjUPfdIZYD9V8bWL+V+smOrjwUibiRFNBZouChCMdoUkEqM8kJZqPDWAimbkVkSGWmGgTVMmE4Mx/eRFap1XH8F2tUq/lcRThAA7hGBw4hzpcQQOaQEDCM7zCm/VkvVjv1sestWDlM/vwR9bnD4R5kSk=</latexit><latexit sha1_base64="F54e2OtQrMXJaA27LC/zQbRBfoc=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSaEGXBTcuRCvYCzSxTKaTduhkEmYmSgl5DzcuFHHru7jzbZy2WWjrDwMf/zmHc+b3Y86Utu1vq7C0vLK6VlwvbWxube+Ud/daKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vZHl5N6+5FKxSJxr8cx9UI8ECxgBGtjPaSuH6Cb61vknjhnWa9csav2VGgRnBwqkKvRK3+5/YgkIRWacKxU17Fj7aVYakY4zUpuomiMyQgPaNegwCFVXjq9OkNHxumjIJLmCY2m7u+JFIdKjUPfdIZYD9V8bWL+V+smOrjwUibiRFNBZouChCMdoUkEqM8kJZqPDWAimbkVkSGWmGgTVMmE4Mx/eRFap1XH8F2tUq/lcRThAA7hGBw4hzpcQQOaQEDCM7zCm/VkvVjv1sestWDlM/vwR9bnD4R5kSk=</latexit>

NLO19
<latexit sha1_base64="w2mgalIdB/3c5rmVxFSnkIaQiM8=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSEHdFdy4EK1gL9DEMplO2qGTSZiZKCXkPdy4UMSt7+LOt3HaZqGtPwx8/OcczpnfjzlT2ra/rcLS8srqWnG9tLG5tb1T3t1rqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsfXU7q7UcqFYvEvR7H1AvxQLCAEayN9ZC6foBurm+Re+JcZL1yxa7aU6FFcHKoQK5Gr/zl9iOShFRowrFSXceOtZdiqRnhNCu5iaIxJiM8oF2DAodUeen06gwdGaePgkiaJzSaur8nUhwqNQ590xliPVTztYn5X62b6ODcS5mIE00FmS0KEo50hCYRoD6TlGg+NoCJZOZWRIZYYqJNUCUTgjP/5UVonVYdw3e1Sr2Wx1GEAziEY3DgDOpwBQ1oAgEJz/AKb9aT9WK9Wx+z1oKVz+zDH1mfP42XkS8=</latexit><latexit sha1_base64="w2mgalIdB/3c5rmVxFSnkIaQiM8=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSEHdFdy4EK1gL9DEMplO2qGTSZiZKCXkPdy4UMSt7+LOt3HaZqGtPwx8/OcczpnfjzlT2ra/rcLS8srqWnG9tLG5tb1T3t1rqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsfXU7q7UcqFYvEvR7H1AvxQLCAEayN9ZC6foBurm+Re+JcZL1yxa7aU6FFcHKoQK5Gr/zl9iOShFRowrFSXceOtZdiqRnhNCu5iaIxJiM8oF2DAodUeen06gwdGaePgkiaJzSaur8nUhwqNQ590xliPVTztYn5X62b6ODcS5mIE00FmS0KEo50hCYRoD6TlGg+NoCJZOZWRIZYYqJNUCUTgjP/5UVonVYdw3e1Sr2Wx1GEAziEY3DgDOpwBQ1oAgEJz/AKb9aT9WK9Wx+z1oKVz+zDH1mfP42XkS8=</latexit><latexit sha1_base64="w2mgalIdB/3c5rmVxFSnkIaQiM8=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSEHdFdy4EK1gL9DEMplO2qGTSZiZKCXkPdy4UMSt7+LOt3HaZqGtPwx8/OcczpnfjzlT2ra/rcLS8srqWnG9tLG5tb1T3t1rqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsfXU7q7UcqFYvEvR7H1AvxQLCAEayN9ZC6foBurm+Re+JcZL1yxa7aU6FFcHKoQK5Gr/zl9iOShFRowrFSXceOtZdiqRnhNCu5iaIxJiM8oF2DAodUeen06gwdGaePgkiaJzSaur8nUhwqNQ590xliPVTztYn5X62b6ODcS5mIE00FmS0KEo50hCYRoD6TlGg+NoCJZOZWRIZYYqJNUCUTgjP/5UVonVYdw3e1Sr2Wx1GEAziEY3DgDOpwBQ1oAgEJz/AKb9aT9WK9Wx+z1oKVz+zDH1mfP42XkS8=</latexit><latexit sha1_base64="w2mgalIdB/3c5rmVxFSnkIaQiM8=">AAAB9XicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSEHdFdy4EK1gL9DEMplO2qGTSZiZKCXkPdy4UMSt7+LOt3HaZqGtPwx8/OcczpnfjzlT2ra/rcLS8srqWnG9tLG5tb1T3t1rqSiRhDZJxCPZ8bGinAna1Exz2oklxaHPadsfXU7q7UcqFYvEvR7H1AvxQLCAEayN9ZC6foBurm+Re+JcZL1yxa7aU6FFcHKoQK5Gr/zl9iOShFRowrFSXceOtZdiqRnhNCu5iaIxJiM8oF2DAodUeen06gwdGaePgkiaJzSaur8nUhwqNQ590xliPVTztYn5X62b6ODcS5mIE00FmS0KEo50hCYRoD6TlGg+NoCJZOZWRIZYYqJNUCUTgjP/5UVonVYdw3e1Sr2Wx1GEAziEY3DgDOpwBQ1oAgEJz/AKb9aT9WK9Wx+z1oKVz+zDH1mfP42XkS8=</latexit>

ΛN ↔ ΣN
<latexit sha1_base64="nd4HBpBbB4U/jV/T4+g9DXZMm1k=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi2GXBjQuRivYBTSiTySQdOnkwc6OU0F9w46+4caGIW3fu/BunbRbaemDgcM493LnHSwVXYFnfRmlldW19o7xZ2dre2d0z9w86KskkZW2aiET2PKKY4DFrAwfBeqlkJPIE63qji6nfvWdS8SS+g3HK3IiEMQ84JaClgVnLHS/AzpVO+ARfY0ewACQPh0CkTB6wc8vDSBuTgVm16tYMeJnYBamiAq2B+eX4Cc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiISsr2lMIqbcfHbRBJ9oxcdBIvWLAc/U34mcREqNI09PRgSGatGbiv95/QyChpvzOM2AxXS+KMgEhgRP68E+l4yCGGtCqOT6r5gOiSQUdIkVXYK9ePIy6ZzWbc1vzqrNRlFHGR2hY1RDNjpHTXSJWqiNKHpEz+gVvRlPxovxbnzMR0tGkTlEf2B8/gB8dZzD</latexit><latexit sha1_base64="nd4HBpBbB4U/jV/T4+g9DXZMm1k=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi2GXBjQuRivYBTSiTySQdOnkwc6OU0F9w46+4caGIW3fu/BunbRbaemDgcM493LnHSwVXYFnfRmlldW19o7xZ2dre2d0z9w86KskkZW2aiET2PKKY4DFrAwfBeqlkJPIE63qji6nfvWdS8SS+g3HK3IiEMQ84JaClgVnLHS/AzpVO+ARfY0ewACQPh0CkTB6wc8vDSBuTgVm16tYMeJnYBamiAq2B+eX4Cc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiISsr2lMIqbcfHbRBJ9oxcdBIvWLAc/U34mcREqNI09PRgSGatGbiv95/QyChpvzOM2AxXS+KMgEhgRP68E+l4yCGGtCqOT6r5gOiSQUdIkVXYK9ePIy6ZzWbc1vzqrNRlFHGR2hY1RDNjpHTXSJWqiNKHpEz+gVvRlPxovxbnzMR0tGkTlEf2B8/gB8dZzD</latexit><latexit sha1_base64="nd4HBpBbB4U/jV/T4+g9DXZMm1k=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi2GXBjQuRivYBTSiTySQdOnkwc6OU0F9w46+4caGIW3fu/BunbRbaemDgcM493LnHSwVXYFnfRmlldW19o7xZ2dre2d0z9w86KskkZW2aiET2PKKY4DFrAwfBeqlkJPIE63qji6nfvWdS8SS+g3HK3IiEMQ84JaClgVnLHS/AzpVO+ARfY0ewACQPh0CkTB6wc8vDSBuTgVm16tYMeJnYBamiAq2B+eX4Cc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiISsr2lMIqbcfHbRBJ9oxcdBIvWLAc/U34mcREqNI09PRgSGatGbiv95/QyChpvzOM2AxXS+KMgEhgRP68E+l4yCGGtCqOT6r5gOiSQUdIkVXYK9ePIy6ZzWbc1vzqrNRlFHGR2hY1RDNjpHTXSJWqiNKHpEz+gVvRlPxovxbnzMR0tGkTlEf2B8/gB8dZzD</latexit><latexit sha1_base64="nd4HBpBbB4U/jV/T4+g9DXZMm1k=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiQi2GXBjQuRivYBTSiTySQdOnkwc6OU0F9w46+4caGIW3fu/BunbRbaemDgcM493LnHSwVXYFnfRmlldW19o7xZ2dre2d0z9w86KskkZW2aiET2PKKY4DFrAwfBeqlkJPIE63qji6nfvWdS8SS+g3HK3IiEMQ84JaClgVnLHS/AzpVO+ARfY0ewACQPh0CkTB6wc8vDSBuTgVm16tYMeJnYBamiAq2B+eX4Cc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiISsr2lMIqbcfHbRBJ9oxcdBIvWLAc/U34mcREqNI09PRgSGatGbiv95/QyChpvzOM2AxXS+KMgEhgRP68E+l4yCGGtCqOT6r5gOiSQUdIkVXYK9ePIy6ZzWbc1vzqrNRlFHGR2hY1RDNjpHTXSJWqiNKHpEz+gVvRlPxovxbnzMR0tGkTlEf2B8/gB8dZzD</latexit>

ΛN ↔ ΣN
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Figure 2: Similar representation as in Fig. 1, where the pΛ interaction is modelled using NLO19 (cyan) χEFT
potentials with cut-off Λ =600 MeV [2, 3]. This leads to an improved description of the low momentum region.
The reduced χ2, for k∗ < 300 MeV/c, equals 2.0 in case the pΣ0 is modelled by χEFT (panel a) and 1.8 in case the
pΣ0 final state interaction is ignored (panel b).

4 Summary

In conclusion, two-particle correlation techniques were used to study the final state interaction in the
NΣ ↔ NΛ coupled system. This was achieved by studying the pΛ correlation function at low relative
momenta with an unprecedented precision. The significance of the coupling of pΛ to NΣ is manifested
as a cusp-like enhancement present at the corresponding threshold energy, which is the first direct exper-
imental observation of this structure. Further, using different modellings for the pΣ0 feed-down leads to
a statistically significant modification of the measured pΛ correlation, implying an indirect sensitivity to
the genuine pΣ0 correlation. In the momentum range k∗ ∈ [110,300] MeV/c all of the tested NLO χEFT
interactions are compatible with the data, however a significant deviation is present at lower values. The
detailed analysis, presented in Table 2, reveals a deviation of at least nσ = 3.2, for k∗ < 110 MeV/c, for
the considered χEFT interactions. The result for NLO19 exhibits an overall better compatibility, com-
pared to the NLO13 prediction. The former involves a weaker NΣ ↔ NΛ transition potential and a more
attractive two-body interaction of the Λ hyperon in the medium. This requires a stronger repulsive NNΛ
three-body force, which leads to a stiffening of the EoS at large densities [4] and a disfavoured produc-
tion of these strange hadrons in neutron stars. The presented data provide an opportunity to improve the
theoretical calculations for the NΣ ↔ NΛ coupled system, including the low-energy properties of NΛ.
The successful use of correlation techniques in the two-body sector can be extended to measure directly
the three-body correlations [62]. The increased amount of statistics during the third running period of
the LHC [61] will allow for such measurements.
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potentials with cut-off Λ =600 MeV [2, 3]. This leads to an improved description of the low momentum region.
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pΣ0 final state interaction is ignored (panel b).
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FIGURE 6.10: The p–Λ correlation function, sideband corrected and
unfolded, and the corresponding fit results for the different pΛ pre-
dictions of χEFT. From left to right these are the NLO19, NLO13 and
LO calculations, all performed at a cutoff energy of 600 MeV. The pΣ
interaction is modeled by the NLO19 in all cases.
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FIGURE 6.11: The p–Λ correlation function, sideband corrected and
unfolded, and the corresponding fit results for the different pΛ pre-
dictions of χEFT. From left to right these are the NLO19, NLO13 and
LO calculations, all performed at a cutoff energy of 600 MeV. The
p–Σ0 correlation is assumed flat in all cases.
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FIGURE 6.10: The p–Λ correlation function, sideband corrected and
unfolded, and the corresponding fit results for the different pΛ pre-
dictions of χEFT. From left to right these are the NLO19, NLO13 and
LO calculations, all performed at a cutoff energy of 600 MeV. The pΣ
interaction is modeled by the NLO19 in all cases.
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FIGURE 6.11: The p–Λ correlation function, sideband corrected and
unfolded, and the corresponding fit results for the different pΛ pre-
dictions of χEFT. From left to right these are the NLO19, NLO13 and
LO calculations, all performed at a cutoff energy of 600 MeV. The
p–Σ0 correlation is assumed flat in all cases.
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               CORRELATION FUNCTION

Accurate test of interaction 

Femtoscopy two-particle correlation studies from p p collisions with ALICE @ LHC

Correlation function 
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Source function 
Two-particle 
wave function 

L. Fabbietti,  V. Mantovani Sarti,  O. Vazquez Doce :  Ann. Rev. Nucl. Part. Sci. 71 (2021) 377

SU(3) ChEFT NLO19

low-momentum

ALICE Collab. :  Phys. Lett. B 833 (2022) 1372782
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∫
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 Hyperon - Nucleon Interactions from Lattice QCD
T. Inoue et al.           PTP 124 (2010) 591         Nucl. Phys.  A881 (2012) 28
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towards physical quark masses

Short-range repulsive core  
in all channels

SU(3) decomposition
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mπ = mK = 0.47 GeV
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SU(3) symmetry and contact terms
• poor database for YN interaction
• use SU(3) symmetric contact terms for reduction of LECs

( SU(3) breaking effects from mu,d != ms derived in [Petschauer, Kaiser, NPA916, 2013] )

• LO+NLO contact terms of NN interaction [Epelbaum, 2000]
generalized by SU(3) flavor symmetry

8 ⊗ 8 = 27 ⊕ 8s ⊕ 1 ⊕ 10 ⊕ 10∗ ⊕ 8a

S Channel I V 1S0, 3P0, 3P1, 3P2 V 3S1, 3S1-3D1, 1P1 V 1P1→3P1

0 NN → NN 0 – C10∗ –
NN → NN 1 C27 – –

−1 ΛN → ΛN 1
2

1
10

(
9C27 + C8s

) 1
2

(
C8a + C10∗)

−C8s 8a

ΛN → ΣN 1
2

3
10

(
−C27 + C8s

) 1
2

(
−C8a + C10∗)

−3C8s 8a

ΣN → ΣN 1
2

1
10

(
C27 + 9C8s

) 1
2

(
C8a + C10∗)

3C8s 8a

ΣN → ΣN 3
2 C27 C10 –

[Polinder, Haidenbauer, Meißner, NPA779, 2006] [Petschauer, Kaiser, NPA916, 2013]

• C8s 8a can be fixed from considering Λ-nuclear spin-orbit force in medium
[Haidenbauer, Meißner, NPA936, 2015]

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 20/18

SU(3) symmetry and contact terms
• poor database for YN interaction
• use SU(3) symmetric contact terms for reduction of LECs

( SU(3) breaking effects from mu,d != ms derived in [Petschauer, Kaiser, NPA916, 2013] )

• LO+NLO contact terms of NN interaction [Epelbaum, 2000]
generalized by SU(3) flavor symmetry

8 ⊗ 8 = 27 ⊕ 8s ⊕ 1 ⊕ 10 ⊕ 10∗ ⊕ 8a

S Channel I V 1S0, 3P0, 3P1, 3P2 V 3S1, 3S1-3D1, 1P1 V 1P1→3P1

0 NN → NN 0 – C10∗ –
NN → NN 1 C27 – –

−1 ΛN → ΛN 1
2

1
10

(
9C27 + C8s

) 1
2

(
C8a + C10∗)

−C8s 8a

ΛN → ΣN 1
2

3
10

(
−C27 + C8s

) 1
2

(
−C8a + C10∗)

−3C8s 8a

ΣN → ΣN 1
2

1
10

(
C27 + 9C8s

) 1
2

(
C8a + C10∗)

3C8s 8a

ΣN → ΣN 3
2 C27 C10 –

[Polinder, Haidenbauer, Meißner, NPA779, 2006] [Petschauer, Kaiser, NPA916, 2013]

• C8s 8a can be fixed from considering Λ-nuclear spin-orbit force in medium
[Haidenbauer, Meißner, NPA936, 2015]

Stefan Petschauer Density-dependent hyperon-nucleon interactions from chiral three-baryon forces 20/18

Three-baryon force including decuplet baryons

3B Force with decuplet baryons
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Three-baryon forces
• construction of chiral Lagrangian in non-relativistic limit

with minimal number of terms for full SU(3) sector
[Petschauer, Kaiser, Haidenbauer, Meißner, Weise, PRC93 (2016)]

• necessary vertices:
18 low-energy constants

(SU(3) symmetric)

14 low-energy constants
[Petschauer, Kaiser, NPA916 (2013)]

10 low-energy constants
[Krause, Helv.Phys.Acta 63 (1990)]

≈

≈ +

≈ +

• vertices with decuplet baryons:

one constant (C = 3
4 gA ≈ 1 from ∆ → Nπ)

two constants (Pauli-forbidden in nucleonic sector)
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<latexit sha1_base64="O+nGSfzyUJHLOfISGPGR/6hAyQk=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVOSVtRl0Y3LCvYBTSyT6aQdOnkwMxFKCPgrblwo4tbvcOffOG2z0NbDvXA4517mzvFizqSyrG+jsLK6tr5R3Cxtbe/s7pn7B20ZJYLQFol4JLoelpSzkLYUU5x2Y0Fx4HHa8cY3U7/zSIVkUXivJjF1AzwMmc8IVlrqm0ep4/mo/ZA6MdOVVexa/Szrm2Wras2AlomdkzLkaPbNL2cQkSSgoSIcS9mzrVi5KRaKEU6zkpNIGmMyxkPa0zTEAZVuOjs/Q6daGSA/ErpDhWbq740UB1JOAk9PBliN5KI3Ff/zeonyr9yUhXGiaEjmD/kJRypC0yzQgAlKFJ9ogolg+lZERlhgonRiJR2CvfjlZdKuVe2Lav3uvNy4zuMowjGcQAVsuIQG3EITWkAghWd4hTfjyXgx3o2P+WjByHcO4Q+Mzx/O4ZS+</latexit>

Vππ(123)

<latexit sha1_base64="CE+jHqmsIC7m3PnED6tBoLkqfxk=">AAAB+nicbVBNT8JAEJ36ifhV9OhlIzHBC2nBqEeiF4+YyEcCSLbLFjZst83uVkNqf4oXDxrj1V/izX/jAj0o+JJJXt6bycw8L+JMacf5tlZW19Y3NnNb+e2d3b19u3DQVGEsCW2QkIey7WFFORO0oZnmtB1JigOP05Y3vp76rQcqFQvFnZ5EtBfgoWA+I1gbqW8Xkq7no+Z9QnRacivV07RvF52yMwNaJm5GipCh3re/uoOQxAEVmnCsVMd1It1LsNSMcJrmu7GiESZjPKQdQwUOqOols9NTdGKUAfJDaUpoNFN/TyQ4UGoSeKYzwHqkFr2p+J/XibV/2UuYiGJNBZkv8mOOdIimOaABk5RoPjEEE8nMrYiMsMREm7TyJgR38eVl0qyU3fNy9fasWLvK4sjBERxDCVy4gBrcQB0aQOARnuEV3qwn68V6tz7mrStWNnMIf2B9/gC7B5MD</latexit>

Vct(123)
<latexit sha1_base64="9Vrrul3pWOZj7K8OpisA1KH7mec=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSExVQlUwIJU6MJYJPqQmihyXKe1ajvBdpCqKCMLv8LCAEKsfAIbf4P7GKDlSJaOzjlX1/eECaNKO863tbC4tLyyWlgrrm9sbm3bO7tNFacSkwaOWSzbIVKEUUEammpG2okkiIeMtMJBbeS3HohUNBZ3epgQn6OeoBHFSBspsA8yL4xgDV7C7NSLTRJW8l5w5SnKyT1088AuOWVnDDhP3CkpgSnqgf3ldWOcciI0Zkipjusk2s+Q1BQzkhe9VJEE4QHqkY6hAnGi/Gx8SA6PjNKFUSzNExqO1d8TGeJKDXlokhzpvpr1RuJ/XifV0YWfUZGkmgg8WRSlDOoYjlqBXSoJ1mxoCMKSmr9C3EcSYW26K5oS3NmT50nzpOyeld3bSql6Pa2jAPbBITgGLjgHVXAD6qABMHgEz+AVvFlP1ov1bn1MogvWdGYP/IH1+QNdZphN</latexit>

C =
3

4
gA ! 1 from

<latexit sha1_base64="usOZG8zl0g9OoY9HkZeFV3xeT5I=">AAACDXicbVDLSgMxFM3UV62vqks3wSq4KjMi6rKoC1dSwT6gU0omk2lDM8mQ3FHK0B9w46+4caGIW/fu/BvTx0JbD4QczrmXe+8JEsENuO63k1tYXFpeya8W1tY3NreK2zt1o1JNWY0qoXQzIIYJLlkNOAjWTDQjcSBYI+hfjvzGPdOGK3kHg4S1Y9KVPOKUgJU6xQM/UCI0g9h+mX/FBBBf824PiNbqwU84vhniTrHklt0x8DzxpqSEpqh2il9+qGgaMwlUEGNanptAOyMaOBVsWPBTwxJC+6TLWpZKEjPTzsbXDPGhVUIcKW2fBDxWf3dkJDajhW1lTKBnZr2R+J/XSiE6b2dcJikwSSeDolRgUHgUDQ65ZhTEwBJCNbe7YtojmlCwARZsCN7syfOkflz2Tsve7UmpcjGNI4/20D46Qh46QxV0jaqohih6RM/oFb05T86L8+58TEpzzrRnF/2B8/kDTYicUg==</latexit>

∆ → πN



10
<latexit sha1_base64="aONtvIrq/REMiBlFDtCaqapYUK0=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eK9gPaEPZbDft0s0m7k6EEvonvHhQxKt/x5v/xm2ag7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrdXN+kFIPHc2qNbcupuLrIJXQA0KNQfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWVQ04sbP8n1n5Mw6QxLG2j6FJHd/T2Q0MmYaBbYzojg2y7W5+V+tl2J47WdCJSlyxRYfhakkGJP58WQoNGcopxYo08LuStiYasrQRlSxIXjLJ69C+6LuWb6/rDVuijjKcAKncA4eXEED7qAJLWAg4Rle4c15dF6cd+dj0Vpyiplj+CPn8wcxxY9j</latexit><latexit sha1_base64="aONtvIrq/REMiBlFDtCaqapYUK0=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eK9gPaEPZbDft0s0m7k6EEvonvHhQxKt/x5v/xm2ag7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrdXN+kFIPHc2qNbcupuLrIJXQA0KNQfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWVQ04sbP8n1n5Mw6QxLG2j6FJHd/T2Q0MmYaBbYzojg2y7W5+V+tl2J47WdCJSlyxRYfhakkGJP58WQoNGcopxYo08LuStiYasrQRlSxIXjLJ69C+6LuWb6/rDVuijjKcAKncA4eXEED7qAJLWAg4Rle4c15dF6cd+dj0Vpyiplj+CPn8wcxxY9j</latexit><latexit sha1_base64="aONtvIrq/REMiBlFDtCaqapYUK0=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eK9gPaEPZbDft0s0m7k6EEvonvHhQxKt/x5v/xm2ag7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrdXN+kFIPHc2qNbcupuLrIJXQA0KNQfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWVQ04sbP8n1n5Mw6QxLG2j6FJHd/T2Q0MmYaBbYzojg2y7W5+V+tl2J47WdCJSlyxRYfhakkGJP58WQoNGcopxYo08LuStiYasrQRlSxIXjLJ69C+6LuWb6/rDVuijjKcAKncA4eXEED7qAJLWAg4Rle4c15dF6cd+dj0Vpyiplj+CPn8wcxxY9j</latexit><latexit sha1_base64="aONtvIrq/REMiBlFDtCaqapYUK0=">AAAB73icbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS8eK9gPaEPZbDft0s0m7k6EEvonvHhQxKt/x5v/xm2ag7a+sPDwzgw78waJFAZd99spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHI7r3eeuDYiVg84Tbgf0ZESoWAUrdXN+kFIPHc2qNbcupuLrIJXQA0KNQfVr/4wZmnEFTJJjel5boJ+RjUKJvms0k8NTyib0BHvWVQ04sbP8n1n5Mw6QxLG2j6FJHd/T2Q0MmYaBbYzojg2y7W5+V+tl2J47WdCJSlyxRYfhakkGJP58WQoNGcopxYo08LuStiYasrQRlSxIXjLJ69C+6LuWb6/rDVuijjKcAKncA4eXEED7qAJLWAg4Rle4c15dF6cd+dj0Vpyiplj+CPn8wcxxY9j</latexit>

0
<latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit>

−10
<latexit sha1_base64="BzBMU423CuTQSurpSquD/rQ6PUQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUFPUvDisYKtlbaUbJptQ5PskswKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJFBZ9/9srrKyurW8UN0tb2zu7e+X9g6aNU8N4g8UyNq2QWi6F5g0UKHkrMZyqUPKHcHQzrT88cWNFrO9xnPCuogMtIsEoOusx64QROQv8Sa9c8av+TGQZghwqkKveK391+jFLFdfIJLW2HfgJdjNqUDDJJ6VOanlC2YgOeNuhporbbjZbeEJOnNMnUWzc00hm7u+JjCprxyp0nYri0C7WpuZ/tXaK0VU3EzpJkWs2/yhKJcGYTK8nfWE4Qzl2QJkRblfChtRQhi6jkgshWDx5GZrn1cDx3UWldp3HUYQjOIZTCOASanALdWgAAwXP8ApvnvFevHfvY95a8PKZQ/gj7/MHnTGPmg==</latexit><latexit sha1_base64="BzBMU423CuTQSurpSquD/rQ6PUQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUFPUvDisYKtlbaUbJptQ5PskswKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJFBZ9/9srrKyurW8UN0tb2zu7e+X9g6aNU8N4g8UyNq2QWi6F5g0UKHkrMZyqUPKHcHQzrT88cWNFrO9xnPCuogMtIsEoOusx64QROQv8Sa9c8av+TGQZghwqkKveK391+jFLFdfIJLW2HfgJdjNqUDDJJ6VOanlC2YgOeNuhporbbjZbeEJOnNMnUWzc00hm7u+JjCprxyp0nYri0C7WpuZ/tXaK0VU3EzpJkWs2/yhKJcGYTK8nfWE4Qzl2QJkRblfChtRQhi6jkgshWDx5GZrn1cDx3UWldp3HUYQjOIZTCOASanALdWgAAwXP8ApvnvFevHfvY95a8PKZQ/gj7/MHnTGPmg==</latexit><latexit sha1_base64="BzBMU423CuTQSurpSquD/rQ6PUQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUFPUvDisYKtlbaUbJptQ5PskswKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJFBZ9/9srrKyurW8UN0tb2zu7e+X9g6aNU8N4g8UyNq2QWi6F5g0UKHkrMZyqUPKHcHQzrT88cWNFrO9xnPCuogMtIsEoOusx64QROQv8Sa9c8av+TGQZghwqkKveK391+jFLFdfIJLW2HfgJdjNqUDDJJ6VOanlC2YgOeNuhporbbjZbeEJOnNMnUWzc00hm7u+JjCprxyp0nYri0C7WpuZ/tXaK0VU3EzpJkWs2/yhKJcGYTK8nfWE4Qzl2QJkRblfChtRQhi6jkgshWDx5GZrn1cDx3UWldp3HUYQjOIZTCOASanALdWgAAwXP8ApvnvFevHfvY95a8PKZQ/gj7/MHnTGPmg==</latexit><latexit sha1_base64="BzBMU423CuTQSurpSquD/rQ6PUQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8GLZFUFPUvDisYKtlbaUbJptQ5PskswKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJFBZ9/9srrKyurW8UN0tb2zu7e+X9g6aNU8N4g8UyNq2QWi6F5g0UKHkrMZyqUPKHcHQzrT88cWNFrO9xnPCuogMtIsEoOusx64QROQv8Sa9c8av+TGQZghwqkKveK391+jFLFdfIJLW2HfgJdjNqUDDJJ6VOanlC2YgOeNuhporbbjZbeEJOnNMnUWzc00hm7u+JjCprxyp0nYri0C7WpuZ/tXaK0VU3EzpJkWs2/yhKJcGYTK8nfWE4Qzl2QJkRblfChtRQhi6jkgshWDx5GZrn1cDx3UWldp3HUYQjOIZTCOASanALdWgAAwXP8ApvnvFevHfvY95a8PKZQ/gj7/MHnTGPmg==</latexit>

−20
<latexit sha1_base64="o6y2FV7EKvKMeRCgoW4qPjNRLTg=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqArKbhxWcFepB1KJs20oUlmSDJCGfoUblwo4tbHcefbmLaz0NYfAh//OYec84eJ4MZ63jcqrK1vbG4Vt0s7u3v7B+XDo5aJU01Zk8Yi1p2QGCa4Yk3LrWCdRDMiQ8Ha4fh2Vm8/MW14rB7sJGGBJEPFI06JddZj1gsjfFHzpv1yxat6c+FV8HOoQK5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdKiKZCbL5wlN85pwBjmLtnrJ47v6eyIg0ZiJD1ymJHZnl2sz8r9ZNbXQdZFwlqWWKLj6KUoFtjGfX4wHXjFoxcUCo5m5XTEdEE2pdRiUXgr988iq0alXf8f1lpX6Tx1GEEziFc/DhCupwBw1oAgUJz/AKb0ijF/SOPhatBZTPHMMfoc8fnrePmw==</latexit><latexit sha1_base64="o6y2FV7EKvKMeRCgoW4qPjNRLTg=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqArKbhxWcFepB1KJs20oUlmSDJCGfoUblwo4tbHcefbmLaz0NYfAh//OYec84eJ4MZ63jcqrK1vbG4Vt0s7u3v7B+XDo5aJU01Zk8Yi1p2QGCa4Yk3LrWCdRDMiQ8Ha4fh2Vm8/MW14rB7sJGGBJEPFI06JddZj1gsjfFHzpv1yxat6c+FV8HOoQK5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdKiKZCbL5wlN85pwBjmLtnrJ47v6eyIg0ZiJD1ymJHZnl2sz8r9ZNbXQdZFwlqWWKLj6KUoFtjGfX4wHXjFoxcUCo5m5XTEdEE2pdRiUXgr988iq0alXf8f1lpX6Tx1GEEziFc/DhCupwBw1oAgUJz/AKb0ijF/SOPhatBZTPHMMfoc8fnrePmw==</latexit><latexit sha1_base64="o6y2FV7EKvKMeRCgoW4qPjNRLTg=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqArKbhxWcFepB1KJs20oUlmSDJCGfoUblwo4tbHcefbmLaz0NYfAh//OYec84eJ4MZ63jcqrK1vbG4Vt0s7u3v7B+XDo5aJU01Zk8Yi1p2QGCa4Yk3LrWCdRDMiQ8Ha4fh2Vm8/MW14rB7sJGGBJEPFI06JddZj1gsjfFHzpv1yxat6c+FV8HOoQK5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdKiKZCbL5wlN85pwBjmLtnrJ47v6eyIg0ZiJD1ymJHZnl2sz8r9ZNbXQdZFwlqWWKLj6KUoFtjGfX4wHXjFoxcUCo5m5XTEdEE2pdRiUXgr988iq0alXf8f1lpX6Tx1GEEziFc/DhCupwBw1oAgUJz/AKb0ijF/SOPhatBZTPHMMfoc8fnrePmw==</latexit><latexit sha1_base64="o6y2FV7EKvKMeRCgoW4qPjNRLTg=">AAAB8HicbZDLSgMxFIZP6q3WW9Wlm2AR3FhmiqArKbhxWcFepB1KJs20oUlmSDJCGfoUblwo4tbHcefbmLaz0NYfAh//OYec84eJ4MZ63jcqrK1vbG4Vt0s7u3v7B+XDo5aJU01Zk8Yi1p2QGCa4Yk3LrWCdRDMiQ8Ha4fh2Vm8/MW14rB7sJGGBJEPFI06JddZj1gsjfFHzpv1yxat6c+FV8HOoQK5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdKiKZCbL5wlN85pwBjmLtnrJ47v6eyIg0ZiJD1ymJHZnl2sz8r9ZNbXQdZFwlqWWKLj6KUoFtjGfX4wHXjFoxcUCo5m5XTEdEE2pdRiUXgr988iq0alXf8f1lpX6Tx1GEEziFc/DhCupwBw1oAgUJz/AKb0ijF/SOPhatBZTPHMMfoc8fnrePmw==</latexit>

−30
<latexit sha1_base64="k+XCTl2SqRRqjGjsAyJsGua72Gs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKArKbhxWcFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRrfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rR2YU/6ZUrftWfCS1DkEMFctV75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nEosaAmzGYLT9CJc/ooVto9adHM/T2RYWHMWESuU2A7NIu1qflfrZPa+DrMmExSSyWZfxSnHFmFptejPtOUWD52gIlmbldEhlhjYl1GJRdCsHjyMjTPq4Hj+8tK7SaPowhHcAynEMAV1OAO6tAAAgKe4RXePO29eO/ex7y14OUzh/BH3ucPoD2PnA==</latexit><latexit sha1_base64="k+XCTl2SqRRqjGjsAyJsGua72Gs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKArKbhxWcFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRrfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rR2YU/6ZUrftWfCS1DkEMFctV75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nEosaAmzGYLT9CJc/ooVto9adHM/T2RYWHMWESuU2A7NIu1qflfrZPa+DrMmExSSyWZfxSnHFmFptejPtOUWD52gIlmbldEhlhjYl1GJRdCsHjyMjTPq4Hj+8tK7SaPowhHcAynEMAV1OAO6tAAAgKe4RXePO29eO/ex7y14OUzh/BH3ucPoD2PnA==</latexit><latexit sha1_base64="k+XCTl2SqRRqjGjsAyJsGua72Gs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKArKbhxWcFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRrfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rR2YU/6ZUrftWfCS1DkEMFctV75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nEosaAmzGYLT9CJc/ooVto9adHM/T2RYWHMWESuU2A7NIu1qflfrZPa+DrMmExSSyWZfxSnHFmFptejPtOUWD52gIlmbldEhlhjYl1GJRdCsHjyMjTPq4Hj+8tK7SaPowhHcAynEMAV1OAO6tAAAgKe4RXePO29eO/ex7y14OUzh/BH3ucPoD2PnA==</latexit><latexit sha1_base64="k+XCTl2SqRRqjGjsAyJsGua72Gs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMqKArKbhxWcFepB1KJs20obkMSUYoQ5/CjQtF3Po47nwb03YW2vpD4OM/55Bz/ijhzFjf//YKK6tr6xvFzdLW9s7uXnn/oGlUqgltEMWVbkfYUM4kbVhmOW0nmmIRcdqKRrfTeuuJasOUfLDjhIYCDySLGcHWWY9ZN4rR2YU/6ZUrftWfCS1DkEMFctV75a9uX5FUUGkJx8Z0Aj+xYYa1ZYTTSambGppgMsID2nEosaAmzGYLT9CJc/ooVto9adHM/T2RYWHMWESuU2A7NIu1qflfrZPa+DrMmExSSyWZfxSnHFmFptejPtOUWD52gIlmbldEhlhjYl1GJRdCsHjyMjTPq4Hj+8tK7SaPowhHcAynEMAV1OAO6tAAAgKe4RXePO29eO/ex7y14OUzh/BH3ucPoD2PnA==</latexit>

−40
<latexit sha1_base64="uR7U0IuvtXHxPxfv6V0BI9Pb5Cg=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEFXUnDjsoK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9n9fYT1YYp+WAnCQ0FHkoWM4Ktsx6zXhSji5o/7ZcrftWfC61CkEMFcjX65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nUosaAmzOYLT9GZcwYoVto9adHc/T2RYWHMRESuU2A7Msu1mflfrZva+DrMmExSSyVZfBSnHFmFZtejAdOUWD5xgIlmbldERlhjYl1GJRdCsHzyKrQuq4Hj+1qlfpPHUYQTOIVzCOAK6nAHDWgCAQHP8ApvnvZevHfvY9Fa8PKZY/gj7/MHocOPnQ==</latexit><latexit sha1_base64="uR7U0IuvtXHxPxfv6V0BI9Pb5Cg=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEFXUnDjsoK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9n9fYT1YYp+WAnCQ0FHkoWM4Ktsx6zXhSji5o/7ZcrftWfC61CkEMFcjX65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nUosaAmzOYLT9GZcwYoVto9adHc/T2RYWHMRESuU2A7Msu1mflfrZva+DrMmExSSyVZfBSnHFmFZtejAdOUWD5xgIlmbldERlhjYl1GJRdCsHzyKrQuq4Hj+1qlfpPHUYQTOIVzCOAK6nAHDWgCAQHP8ApvnvZevHfvY9Fa8PKZY/gj7/MHocOPnQ==</latexit><latexit sha1_base64="uR7U0IuvtXHxPxfv6V0BI9Pb5Cg=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEFXUnDjsoK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9n9fYT1YYp+WAnCQ0FHkoWM4Ktsx6zXhSji5o/7ZcrftWfC61CkEMFcjX65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nUosaAmzOYLT9GZcwYoVto9adHc/T2RYWHMRESuU2A7Msu1mflfrZva+DrMmExSSyVZfBSnHFmFZtejAdOUWD5xgIlmbldERlhjYl1GJRdCsHzyKrQuq4Hj+1qlfpPHUYQTOIVzCOAK6nAHDWgCAQHP8ApvnvZevHfvY9Fa8PKZY/gj7/MHocOPnQ==</latexit><latexit sha1_base64="uR7U0IuvtXHxPxfv6V0BI9Pb5Cg=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuLHMSEFXUnDjsoK9SDuUTJppQ3MZkoxQhj6FGxeKuPVx3Pk2pu0stPWHwMd/ziHn/FHCmbG+/+0V1tY3NreK26Wd3b39g/LhUcuoVBPaJIor3YmwoZxJ2rTMctpJNMUi4rQdjW9n9fYT1YYp+WAnCQ0FHkoWM4Ktsx6zXhSji5o/7ZcrftWfC61CkEMFcjX65a/eQJFUUGkJx8Z0Az+xYYa1ZYTTaamXGppgMsZD2nUosaAmzOYLT9GZcwYoVto9adHc/T2RYWHMRESuU2A7Msu1mflfrZva+DrMmExSSyVZfBSnHFmFZtejAdOUWD5xgIlmbldERlhjYl1GJRdCsHzyKrQuq4Hj+1qlfpPHUYQTOIVzCOAK6nAHDWgCAQHP8ApvnvZevHfvY9Fa8PKZY/gj7/MHocOPnQ==</latexit>

0
<latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit><latexit sha1_base64="or0OHEKfRmhKYAfZ956NpE5NXkM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHqSghePFewHtEvJprNtaDZZkqxQlv4ILx4U8erv8ea/MW33oK0vBB7emSEzb5QKbqzvf3tr6xubW9ulnfLu3v7BYeXouGVUphk2mRJKdyJqUHCJTcutwE6qkSaRwHY0vpvV20+oDVfy0U5SDBM6lDzmjFpntfNeFBN/2q9U/Zo/F1mFoIAqFGr0K1+9gWJZgtIyQY3pBn5qw5xqy5nAabmXGUwpG9Mhdh1KmqAJ8/m6U3LunAGJlXZPWjJ3f0/kNDFmkkSuM6F2ZJZrM/O/Wjez8U2Yc5lmFiVbfBRnglhFZreTAdfIrJg4oExztythI6opsy6hsgshWD55FVqXtcDxw1W1flvEUYJTOIMLCOAa6nAPDWgCgzE8wyu8ean34r17H4vWNa+YOYE/8j5/AMBhjyg=</latexit>

0.5
<latexit sha1_base64="aGfhnF7XUnCSmtkjQHlZOBkFcHo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpM2Pnw==</latexit><latexit sha1_base64="aGfhnF7XUnCSmtkjQHlZOBkFcHo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpM2Pnw==</latexit><latexit sha1_base64="aGfhnF7XUnCSmtkjQHlZOBkFcHo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpM2Pnw==</latexit><latexit sha1_base64="aGfhnF7XUnCSmtkjQHlZOBkFcHo=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4yIX72Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDpM2Pnw==</latexit>

1.0
<latexit sha1_base64="KB47A3wFQsyNKcza69R/wyi0wqE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/pC0lm2bb0CS7JLNCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEihUXf//YKa+sbm1vF7dLO7t7+QfnwqGnj1DDeYLGMTTuklkuheQMFSt5ODKcqlLwVjm9n9dYTN1bE+gEnCe8pOtQiEoyisx6zbhiRoOpP++WKX/XnIqsQ5FCBXPV++as7iFmquEYmqbWdwE+wl1GDgkk+LXVTyxPKxnTIOw41Vdz2svnCU3LmnAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBmVXAjB8smr0LyoBo7vLyu1mzyOIpzAKZxDAFdQgzuoQwMYKHiGV3jzjPfivXsfi9aCl88cwx95nz+eu4+b</latexit><latexit sha1_base64="KB47A3wFQsyNKcza69R/wyi0wqE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/pC0lm2bb0CS7JLNCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEihUXf//YKa+sbm1vF7dLO7t7+QfnwqGnj1DDeYLGMTTuklkuheQMFSt5ODKcqlLwVjm9n9dYTN1bE+gEnCe8pOtQiEoyisx6zbhiRoOpP++WKX/XnIqsQ5FCBXPV++as7iFmquEYmqbWdwE+wl1GDgkk+LXVTyxPKxnTIOw41Vdz2svnCU3LmnAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBmVXAjB8smr0LyoBo7vLyu1mzyOIpzAKZxDAFdQgzuoQwMYKHiGV3jzjPfivXsfi9aCl88cwx95nz+eu4+b</latexit><latexit sha1_base64="KB47A3wFQsyNKcza69R/wyi0wqE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/pC0lm2bb0CS7JLNCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEihUXf//YKa+sbm1vF7dLO7t7+QfnwqGnj1DDeYLGMTTuklkuheQMFSt5ODKcqlLwVjm9n9dYTN1bE+gEnCe8pOtQiEoyisx6zbhiRoOpP++WKX/XnIqsQ5FCBXPV++as7iFmquEYmqbWdwE+wl1GDgkk+LXVTyxPKxnTIOw41Vdz2svnCU3LmnAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBmVXAjB8smr0LyoBo7vLyu1mzyOIpzAKZxDAFdQgzuoQwMYKHiGV3jzjPfivXsfi9aCl88cwx95nz+eu4+b</latexit><latexit sha1_base64="KB47A3wFQsyNKcza69R/wyi0wqE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCTFLx4rGA/pC0lm2bb0CS7JLNCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEihUXf//YKa+sbm1vF7dLO7t7+QfnwqGnj1DDeYLGMTTuklkuheQMFSt5ODKcqlLwVjm9n9dYTN1bE+gEnCe8pOtQiEoyisx6zbhiRoOpP++WKX/XnIqsQ5FCBXPV++as7iFmquEYmqbWdwE+wl1GDgkk+LXVTyxPKxnTIOw41Vdz2svnCU3LmnAGJYuOeRjJ3f09kVFk7UaHrVBRHdrk2M/+rdVKMrnuZ0EmKXLPFR1EqCcZkdj0ZCMMZyokDyoxwuxI2ooYydBmVXAjB8smr0LyoBo7vLyu1mzyOIpzAKZxDAFdQgzuoQwMYKHiGV3jzjPfivXsfi9aCl88cwx95nz+eu4+b</latexit>

1.5
<latexit sha1_base64="oT9mrlaij3mVWnyJSJ2YZb99gnQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4xIUL2Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDplSPoA==</latexit><latexit sha1_base64="oT9mrlaij3mVWnyJSJ2YZb99gnQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4xIUL2Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDplSPoA==</latexit><latexit sha1_base64="oT9mrlaij3mVWnyJSJ2YZb99gnQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4xIUL2Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDplSPoA==</latexit><latexit sha1_base64="oT9mrlaij3mVWnyJSJ2YZb99gnQ=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdGTFLx4rGBrpS0lm862oUl2SbJCWforvHhQxKs/x5v/xrTdg7a+EHh4Z4bMvGEiuLG+/+0VVlbX1jeKm6Wt7Z3dvfL+QdPEqWbYYLGIdSukBgVX2LDcCmwlGqkMBT6Eo5tp/eEJteGxurfjBLuSDhSPOKPWWY9ZJ4xIUL2Y9MoVv+rPRJYhyKECueq98lenH7NUorJMUGPagZ/Ybka15UzgpNRJDSaUjegA2w4VlWi62WzhCTlxTp9EsXZPWTJzf09kVBozlqHrlNQOzWJtav5Xa6c2uupmXCWpRcXmH0WpIDYm0+tJn2tkVowdUKa525WwIdWUWZdRyYUQLJ68DM2zauD47rxSu87jKMIRHMMpBHAJNbiFOjSAgYRneIU3T3sv3rv3MW8tePnMIfyR9/kDplSPoA==</latexit>

2.0
<latexit sha1_base64="uXIc35WEvuBJYbskRNbR3byzGmM=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfQkBS8eK9gPaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3tr6xubW9uFneLu3v7BYenouGniVDNssFjEuh1Sg4IrbFhuBbYTjVSGAlvh+HZWbz2hNjxWD3aSYE/SoeIRZ9Q66zHrhhGpVvxpv1T2K/5cZBWCHMqQq94vfXUHMUslKssENaYT+IntZVRbzgROi93UYELZmA6x41BRiaaXzReeknPnDEgUa/eUJXP390RGpTETGbpOSe3ILNdm5n+1Tmqj617GVZJaVGzxUZQKYmMyu54MuEZmxcQBZZq7XQkbUU2ZdRkVXQjB8smr0KxWAsf3l+XaTR5HAU7hDC4ggCuowR3UoQEMJDzDK7x52nvx3r2PReual8+cwB95nz+gQo+c</latexit><latexit sha1_base64="uXIc35WEvuBJYbskRNbR3byzGmM=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfQkBS8eK9gPaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3tr6xubW9uFneLu3v7BYenouGniVDNssFjEuh1Sg4IrbFhuBbYTjVSGAlvh+HZWbz2hNjxWD3aSYE/SoeIRZ9Q66zHrhhGpVvxpv1T2K/5cZBWCHMqQq94vfXUHMUslKssENaYT+IntZVRbzgROi93UYELZmA6x41BRiaaXzReeknPnDEgUa/eUJXP390RGpTETGbpOSe3ILNdm5n+1Tmqj617GVZJaVGzxUZQKYmMyu54MuEZmxcQBZZq7XQkbUU2ZdRkVXQjB8smr0KxWAsf3l+XaTR5HAU7hDC4ggCuowR3UoQEMJDzDK7x52nvx3r2PReual8+cwB95nz+gQo+c</latexit><latexit sha1_base64="uXIc35WEvuBJYbskRNbR3byzGmM=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfQkBS8eK9gPaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3tr6xubW9uFneLu3v7BYenouGniVDNssFjEuh1Sg4IrbFhuBbYTjVSGAlvh+HZWbz2hNjxWD3aSYE/SoeIRZ9Q66zHrhhGpVvxpv1T2K/5cZBWCHMqQq94vfXUHMUslKssENaYT+IntZVRbzgROi93UYELZmA6x41BRiaaXzReeknPnDEgUa/eUJXP390RGpTETGbpOSe3ILNdm5n+1Tmqj617GVZJaVGzxUZQKYmMyu54MuEZmxcQBZZq7XQkbUU2ZdRkVXQjB8smr0KxWAsf3l+XaTR5HAU7hDC4ggCuowR3UoQEMJDzDK7x52nvx3r2PReual8+cwB95nz+gQo+c</latexit><latexit sha1_base64="uXIc35WEvuBJYbskRNbR3byzGmM=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfQkBS8eK9gPaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3tr6xubW9uFneLu3v7BYenouGniVDNssFjEuh1Sg4IrbFhuBbYTjVSGAlvh+HZWbz2hNjxWD3aSYE/SoeIRZ9Q66zHrhhGpVvxpv1T2K/5cZBWCHMqQq94vfXUHMUslKssENaYT+IntZVRbzgROi93UYELZmA6x41BRiaaXzReeknPnDEgUa/eUJXP390RGpTETGbpOSe3ILNdm5n+1Tmqj617GVZJaVGzxUZQKYmMyu54MuEZmxcQBZZq7XQkbUU2ZdRkVXQjB8smr0KxWAsf3l+XaTR5HAU7hDC4ggCuowR3UoQEMJDzDK7x52nvx3r2PReual8+cwB95nz+gQo+c</latexit>

ρ/ρ0
<latexit sha1_base64="RkXhB7oqCnbbbQ76vB4JD0ni/kI=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETzURQU9S8OKxgq2FJoTNZtsu3WTD7kYooeDFv+LFgyJe/RPe/Ddu2hy09cEyj/dm2JkXppwp7TjfVmVpeWV1rbpe29jc2t6xd/c6SmSS0DYRXMhuiBXlLKFtzTSn3VRSHIec3oej68K/f6BSMZHc6XFK/RgPEtZnBGsjBfaBFwoeqXFsSu7JoUCnqCiTwAnsutNwpkCLxC1JHUq0AvvLiwTJYppowrFSPddJtZ9jqRnhdFLzMkVTTEZ4QHuGJjimys+nN0zQsVEi1BfSvESjqfp7IsexKtY0nTHWQzXvFeJ/Xi/T/Us/Z0maaZqQ2Uf9jCMtUBEIipikRPOxIZhIZnZFZIglJtrEVjMhuPMnL5LOWcM1/Pa83rwq46jCIRzBCbhwAU24gRa0gcAjPMMrvFlP1ov1bn3MWitWObMPf2B9/gCqapd+</latexit><latexit sha1_base64="RkXhB7oqCnbbbQ76vB4JD0ni/kI=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETzURQU9S8OKxgq2FJoTNZtsu3WTD7kYooeDFv+LFgyJe/RPe/Ddu2hy09cEyj/dm2JkXppwp7TjfVmVpeWV1rbpe29jc2t6xd/c6SmSS0DYRXMhuiBXlLKFtzTSn3VRSHIec3oej68K/f6BSMZHc6XFK/RgPEtZnBGsjBfaBFwoeqXFsSu7JoUCnqCiTwAnsutNwpkCLxC1JHUq0AvvLiwTJYppowrFSPddJtZ9jqRnhdFLzMkVTTEZ4QHuGJjimys+nN0zQsVEi1BfSvESjqfp7IsexKtY0nTHWQzXvFeJ/Xi/T/Us/Z0maaZqQ2Uf9jCMtUBEIipikRPOxIZhIZnZFZIglJtrEVjMhuPMnL5LOWcM1/Pa83rwq46jCIRzBCbhwAU24gRa0gcAjPMMrvFlP1ov1bn3MWitWObMPf2B9/gCqapd+</latexit><latexit sha1_base64="RkXhB7oqCnbbbQ76vB4JD0ni/kI=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETzURQU9S8OKxgq2FJoTNZtsu3WTD7kYooeDFv+LFgyJe/RPe/Ddu2hy09cEyj/dm2JkXppwp7TjfVmVpeWV1rbpe29jc2t6xd/c6SmSS0DYRXMhuiBXlLKFtzTSn3VRSHIec3oej68K/f6BSMZHc6XFK/RgPEtZnBGsjBfaBFwoeqXFsSu7JoUCnqCiTwAnsutNwpkCLxC1JHUq0AvvLiwTJYppowrFSPddJtZ9jqRnhdFLzMkVTTEZ4QHuGJjimys+nN0zQsVEi1BfSvESjqfp7IsexKtY0nTHWQzXvFeJ/Xi/T/Us/Z0maaZqQ2Uf9jCMtUBEIipikRPOxIZhIZnZFZIglJtrEVjMhuPMnL5LOWcM1/Pa83rwq46jCIRzBCbhwAU24gRa0gcAjPMMrvFlP1ov1bn3MWitWObMPf2B9/gCqapd+</latexit><latexit sha1_base64="RkXhB7oqCnbbbQ76vB4JD0ni/kI=">AAACA3icbVBNS8NAEJ3Ur1q/ot70slgETzURQU9S8OKxgq2FJoTNZtsu3WTD7kYooeDFv+LFgyJe/RPe/Ddu2hy09cEyj/dm2JkXppwp7TjfVmVpeWV1rbpe29jc2t6xd/c6SmSS0DYRXMhuiBXlLKFtzTSn3VRSHIec3oej68K/f6BSMZHc6XFK/RgPEtZnBGsjBfaBFwoeqXFsSu7JoUCnqCiTwAnsutNwpkCLxC1JHUq0AvvLiwTJYppowrFSPddJtZ9jqRnhdFLzMkVTTEZ4QHuGJjimys+nN0zQsVEi1BfSvESjqfp7IsexKtY0nTHWQzXvFeJ/Xi/T/Us/Z0maaZqQ2Uf9jCMtUBEIipikRPOxIZhIZnZFZIglJtrEVjMhuPMnL5LOWcM1/Pa83rwq46jCIRzBCbhwAU24gRa0gcAjPMMrvFlP1ov1bn3MWitWObMPf2B9/gCqapd+</latexit>

UΛ
<latexit sha1_base64="4F0ZU8x3iwGjmzNJr1/+S986gGk=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD1JwYsHDxVMW2hC2Gw27dLNJuxuhBr6S7x4UMSrP8Wb/8Ztm4O2DiwMM294byfMOFPatr+tytr6xuZWdbu2s7u3X28cHHZVmktCXZLyVPZDrChngrqaaU77maQ4CTntheObmd97pFKxVDzoSUb9BA8FixnB2khBo154YYzcwLszmQhPg0bTbtlzoFXilKQJJTpB48uLUpInVGjCsVIDx860X2CpGeF0WvNyRTNMxnhIB4YKnFDlF/PDp+jUKBGKU2me0Giu/k4UOFFqkoRmMsF6pJa9mfifN8h1fOUXTGS5poIsFsU5RzpFsxZQxCQlmk8MwUQycysiIywx0aarminBWf7yKumetxzD7y+a7euyjiocwwmcgQOX0IZb6IALBHJ4hld4s56sF+vd+liMVqwycwR/YH3+ADwskso=</latexit><latexit sha1_base64="4F0ZU8x3iwGjmzNJr1/+S986gGk=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD1JwYsHDxVMW2hC2Gw27dLNJuxuhBr6S7x4UMSrP8Wb/8Ztm4O2DiwMM294byfMOFPatr+tytr6xuZWdbu2s7u3X28cHHZVmktCXZLyVPZDrChngrqaaU77maQ4CTntheObmd97pFKxVDzoSUb9BA8FixnB2khBo154YYzcwLszmQhPg0bTbtlzoFXilKQJJTpB48uLUpInVGjCsVIDx860X2CpGeF0WvNyRTNMxnhIB4YKnFDlF/PDp+jUKBGKU2me0Giu/k4UOFFqkoRmMsF6pJa9mfifN8h1fOUXTGS5poIsFsU5RzpFsxZQxCQlmk8MwUQycysiIywx0aarminBWf7yKumetxzD7y+a7euyjiocwwmcgQOX0IZb6IALBHJ4hld4s56sF+vd+liMVqwycwR/YH3+ADwskso=</latexit><latexit sha1_base64="4F0ZU8x3iwGjmzNJr1/+S986gGk=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD1JwYsHDxVMW2hC2Gw27dLNJuxuhBr6S7x4UMSrP8Wb/8Ztm4O2DiwMM294byfMOFPatr+tytr6xuZWdbu2s7u3X28cHHZVmktCXZLyVPZDrChngrqaaU77maQ4CTntheObmd97pFKxVDzoSUb9BA8FixnB2khBo154YYzcwLszmQhPg0bTbtlzoFXilKQJJTpB48uLUpInVGjCsVIDx860X2CpGeF0WvNyRTNMxnhIB4YKnFDlF/PDp+jUKBGKU2me0Giu/k4UOFFqkoRmMsF6pJa9mfifN8h1fOUXTGS5poIsFsU5RzpFsxZQxCQlmk8MwUQycysiIywx0aarminBWf7yKumetxzD7y+a7euyjiocwwmcgQOX0IZb6IALBHJ4hld4s56sF+vd+liMVqwycwR/YH3+ADwskso=</latexit><latexit sha1_base64="4F0ZU8x3iwGjmzNJr1/+S986gGk=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD1JwYsHDxVMW2hC2Gw27dLNJuxuhBr6S7x4UMSrP8Wb/8Ztm4O2DiwMM294byfMOFPatr+tytr6xuZWdbu2s7u3X28cHHZVmktCXZLyVPZDrChngrqaaU77maQ4CTntheObmd97pFKxVDzoSUb9BA8FixnB2khBo154YYzcwLszmQhPg0bTbtlzoFXilKQJJTpB48uLUpInVGjCsVIDx860X2CpGeF0WvNyRTNMxnhIB4YKnFDlF/PDp+jUKBGKU2me0Giu/k4UOFFqkoRmMsF6pJa9mfifN8h1fOUXTGS5poIsFsU5RzpFsxZQxCQlmk8MwUQycysiIywx0aarminBWf7yKumetxzD7y+a7euyjiocwwmcgQOX0IZb6IALBHJ4hld4s56sF+vd+liMVqwycwR/YH3+ADwskso=</latexit>

[MeV]
<latexit sha1_base64="7HlqBCxcqRv8uTQSxUEyOWW/is0=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS9ehAr2A9JQNttNu3SzCbsToYT+DC8eFPHqr/Hmv3Hb5qCtLyw8vDPDzrxhKoVB1/12SmvrG5tb5e3Kzu7e/kH18Khtkkwz3mKJTHQ3pIZLoXgLBUreTTWncSh5JxzfzuqdJ66NSNQjTlIexHSoRCQYRWv5eS+MiH/P28G0X625dXcusgpeATUo1OxXv3qDhGUxV8gkNcb33BSDnGoUTPJppZcZnlI2pkPuW1Q05ibI5ytPyZl1BiRKtH0Kydz9PZHT2JhJHNrOmOLILNdm5n81P8PoOsiFSjPkii0+ijJJMCGz+8lAaM5QTixQpoXdlbAR1ZShTaliQ/CWT16F9kXds/xwWWvcFHGU4QRO4Rw8uIIG3EETWsAggWd4hTcHnRfn3flYtJacYuYY/sj5/AG+mZDg</latexit><latexit sha1_base64="7HlqBCxcqRv8uTQSxUEyOWW/is0=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS9ehAr2A9JQNttNu3SzCbsToYT+DC8eFPHqr/Hmv3Hb5qCtLyw8vDPDzrxhKoVB1/12SmvrG5tb5e3Kzu7e/kH18Khtkkwz3mKJTHQ3pIZLoXgLBUreTTWncSh5JxzfzuqdJ66NSNQjTlIexHSoRCQYRWv5eS+MiH/P28G0X625dXcusgpeATUo1OxXv3qDhGUxV8gkNcb33BSDnGoUTPJppZcZnlI2pkPuW1Q05ibI5ytPyZl1BiRKtH0Kydz9PZHT2JhJHNrOmOLILNdm5n81P8PoOsiFSjPkii0+ijJJMCGz+8lAaM5QTixQpoXdlbAR1ZShTaliQ/CWT16F9kXds/xwWWvcFHGU4QRO4Rw8uIIG3EETWsAggWd4hTcHnRfn3flYtJacYuYY/sj5/AG+mZDg</latexit><latexit sha1_base64="7HlqBCxcqRv8uTQSxUEyOWW/is0=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS9ehAr2A9JQNttNu3SzCbsToYT+DC8eFPHqr/Hmv3Hb5qCtLyw8vDPDzrxhKoVB1/12SmvrG5tb5e3Kzu7e/kH18Khtkkwz3mKJTHQ3pIZLoXgLBUreTTWncSh5JxzfzuqdJ66NSNQjTlIexHSoRCQYRWv5eS+MiH/P28G0X625dXcusgpeATUo1OxXv3qDhGUxV8gkNcb33BSDnGoUTPJppZcZnlI2pkPuW1Q05ibI5ytPyZl1BiRKtH0Kydz9PZHT2JhJHNrOmOLILNdm5n81P8PoOsiFSjPkii0+ijJJMCGz+8lAaM5QTixQpoXdlbAR1ZShTaliQ/CWT16F9kXds/xwWWvcFHGU4QRO4Rw8uIIG3EETWsAggWd4hTcHnRfn3flYtJacYuYY/sj5/AG+mZDg</latexit><latexit sha1_base64="7HlqBCxcqRv8uTQSxUEyOWW/is0=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQkBS9ehAr2A9JQNttNu3SzCbsToYT+DC8eFPHqr/Hmv3Hb5qCtLyw8vDPDzrxhKoVB1/12SmvrG5tb5e3Kzu7e/kH18Khtkkwz3mKJTHQ3pIZLoXgLBUreTTWncSh5JxzfzuqdJ66NSNQjTlIexHSoRCQYRWv5eS+MiH/P28G0X625dXcusgpeATUo1OxXv3qDhGUxV8gkNcb33BSDnGoUTPJppZcZnlI2pkPuW1Q05ibI5ytPyZl1BiRKtH0Kydz9PZHT2JhJHNrOmOLILNdm5n81P8PoOsiFSjPkii0+ijJJMCGz+8lAaM5QTixQpoXdlbAR1ZShTaliQ/CWT16F9kXds/xwWWvcFHGU4QRO4Rw8uIIG3EETWsAggWd4hTcHnRfn3flYtJacYuYY/sj5/AG+mZDg</latexit>

ΛN<latexit sha1_base64="OgGaTwDw5J32yB2qI82Nn3Ur3hg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKK4KblyIVLAPaEKZTCbt0MlMmJkIJWThxl9x40IRt36EO//GSZuFtl4Y5nDOPdx7T5AwqrTjfFuVldW19Y3qZm1re2d3z94/6CqRSkw6WDAh+wFShFFOOppqRvqJJCgOGOkFk6tC7z0Qqajg93qaED9GI04jipE21NCue4FgoZrG5su8G2MMUZ55QQRv86HdcJrOrOAycEvQAGW1h/aXFwqcxoRrzJBSA9dJtJ8hqSlmJK95qSIJwhM0IgMDOYqJ8rPZETk8NkwIIyHN4xrO2N+ODMWq2NN0xkiP1aJWkP9pg1RHF35GeZJqwvF8UJQyqAUsEoEhlQRrNjUAYUnNrhCPkURYm9xqJgR38eRl0D1tugbfnTVal2UcVVAHR+AEuOActMA1aIMOwOARPINX8GY9WS/Wu/Uxb61YpecQ/Cnr8wcugZhj</latexit><latexit sha1_base64="OgGaTwDw5J32yB2qI82Nn3Ur3hg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKK4KblyIVLAPaEKZTCbt0MlMmJkIJWThxl9x40IRt36EO//GSZuFtl4Y5nDOPdx7T5AwqrTjfFuVldW19Y3qZm1re2d3z94/6CqRSkw6WDAh+wFShFFOOppqRvqJJCgOGOkFk6tC7z0Qqajg93qaED9GI04jipE21NCue4FgoZrG5su8G2MMUZ55QQRv86HdcJrOrOAycEvQAGW1h/aXFwqcxoRrzJBSA9dJtJ8hqSlmJK95qSIJwhM0IgMDOYqJ8rPZETk8NkwIIyHN4xrO2N+ODMWq2NN0xkiP1aJWkP9pg1RHF35GeZJqwvF8UJQyqAUsEoEhlQRrNjUAYUnNrhCPkURYm9xqJgR38eRl0D1tugbfnTVal2UcVVAHR+AEuOActMA1aIMOwOARPINX8GY9WS/Wu/Uxb61YpecQ/Cnr8wcugZhj</latexit><latexit sha1_base64="OgGaTwDw5J32yB2qI82Nn3Ur3hg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKK4KblyIVLAPaEKZTCbt0MlMmJkIJWThxl9x40IRt36EO//GSZuFtl4Y5nDOPdx7T5AwqrTjfFuVldW19Y3qZm1re2d3z94/6CqRSkw6WDAh+wFShFFOOppqRvqJJCgOGOkFk6tC7z0Qqajg93qaED9GI04jipE21NCue4FgoZrG5su8G2MMUZ55QQRv86HdcJrOrOAycEvQAGW1h/aXFwqcxoRrzJBSA9dJtJ8hqSlmJK95qSIJwhM0IgMDOYqJ8rPZETk8NkwIIyHN4xrO2N+ODMWq2NN0xkiP1aJWkP9pg1RHF35GeZJqwvF8UJQyqAUsEoEhlQRrNjUAYUnNrhCPkURYm9xqJgR38eRl0D1tugbfnTVal2UcVVAHR+AEuOActMA1aIMOwOARPINX8GY9WS/Wu/Uxb61YpecQ/Cnr8wcugZhj</latexit><latexit sha1_base64="OgGaTwDw5J32yB2qI82Nn3Ur3hg=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKK4KblyIVLAPaEKZTCbt0MlMmJkIJWThxl9x40IRt36EO//GSZuFtl4Y5nDOPdx7T5AwqrTjfFuVldW19Y3qZm1re2d3z94/6CqRSkw6WDAh+wFShFFOOppqRvqJJCgOGOkFk6tC7z0Qqajg93qaED9GI04jipE21NCue4FgoZrG5su8G2MMUZ55QQRv86HdcJrOrOAycEvQAGW1h/aXFwqcxoRrzJBSA9dJtJ8hqSlmJK95qSIJwhM0IgMDOYqJ8rPZETk8NkwIIyHN4xrO2N+ODMWq2NN0xkiP1aJWkP9pg1RHF35GeZJqwvF8UJQyqAUsEoEhlQRrNjUAYUnNrhCPkURYm9xqJgR38eRl0D1tugbfnTVal2UcVVAHR+AEuOActMA1aIMOwOARPINX8GY9WS/Wu/Uxb61YpecQ/Cnr8wcugZhj</latexit>

ΛN+ΛNN
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Density dependence of     single particle potential

Coupled-channels G-matrix including
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Constrained by hypernuclear physics : UΛ(ρ = ρ0) ! −30MeV
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Three-body interactions treated as  
density-dependent effective 2-body forces
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<latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit>

100
<latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit>

1
<latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit>

2
<latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit>

3
<latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit>

4
<latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit> 5

<latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit>

UΛ
<latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit>

[MeV]
<latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit> 2+ 3 BF

<latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit>

2 BF
<latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit>

ρ/ρ0
<latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit>

symmetric nuclear matter
<latexit sha1_base64="M7XURoO8lcTH9yMGYERVzjDbWqw=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCuClkEbywjmAckSZid3kyGzs8vMXSEsSWnjr9hYKGLrH9j5N06SLTTxwMDh3Mece4JECoOu++2srK6tb2wWtorbO7t7+6WDw4aJU82hzmMZ61bADEihoI4CJbQSDSwKJDSD4c203nwAbUSs7nGUgB+xvhKh4Ayt1C3RrBOE1IyiCFALTicq5RKYppOIIYIed0tlt+LOQJeJl5MyyVHrlr46vZinESjkkhnT9twE/YxpFHbzuNhJDSSMD1kf2pYqFoHxs9klY3pqlR4NY22fQjpTf09kLDLWbGA7rb+BWaxNxf9q7RTDKz8TKkkRFJ9/FKaSYkynsdCe0MBRjixhXAvrlfIB04zbDEzRhuAtnrxMGucVz/K7i3L1Oo+jQI7JCTkjHrkkVXJLaqROOHkkz+SVvDlPzovz7nzMW1ecfOaI/IHz+QNPD5q3</latexit><latexit sha1_base64="M7XURoO8lcTH9yMGYERVzjDbWqw=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCuClkEbywjmAckSZid3kyGzs8vMXSEsSWnjr9hYKGLrH9j5N06SLTTxwMDh3Mece4JECoOu++2srK6tb2wWtorbO7t7+6WDw4aJU82hzmMZ61bADEihoI4CJbQSDSwKJDSD4c203nwAbUSs7nGUgB+xvhKh4Ayt1C3RrBOE1IyiCFALTicq5RKYppOIIYIed0tlt+LOQJeJl5MyyVHrlr46vZinESjkkhnT9twE/YxpFHbzuNhJDSSMD1kf2pYqFoHxs9klY3pqlR4NY22fQjpTf09kLDLWbGA7rb+BWaxNxf9q7RTDKz8TKkkRFJ9/FKaSYkynsdCe0MBRjixhXAvrlfIB04zbDEzRhuAtnrxMGucVz/K7i3L1Oo+jQI7JCTkjHrkkVXJLaqROOHkkz+SVvDlPzovz7nzMW1ecfOaI/IHz+QNPD5q3</latexit><latexit sha1_base64="M7XURoO8lcTH9yMGYERVzjDbWqw=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCuClkEbywjmAckSZid3kyGzs8vMXSEsSWnjr9hYKGLrH9j5N06SLTTxwMDh3Mece4JECoOu++2srK6tb2wWtorbO7t7+6WDw4aJU82hzmMZ61bADEihoI4CJbQSDSwKJDSD4c203nwAbUSs7nGUgB+xvhKh4Ayt1C3RrBOE1IyiCFALTicq5RKYppOIIYIed0tlt+LOQJeJl5MyyVHrlr46vZinESjkkhnT9twE/YxpFHbzuNhJDSSMD1kf2pYqFoHxs9klY3pqlR4NY22fQjpTf09kLDLWbGA7rb+BWaxNxf9q7RTDKz8TKkkRFJ9/FKaSYkynsdCe0MBRjixhXAvrlfIB04zbDEzRhuAtnrxMGucVz/K7i3L1Oo+jQI7JCTkjHrkkVXJLaqROOHkkz+SVvDlPzovz7nzMW1ecfOaI/IHz+QNPD5q3</latexit><latexit sha1_base64="M7XURoO8lcTH9yMGYERVzjDbWqw=">AAACCXicbVC7SgNBFJ31GeMramkzGASrsCuClkEbywjmAckSZid3kyGzs8vMXSEsSWnjr9hYKGLrH9j5N06SLTTxwMDh3Mece4JECoOu++2srK6tb2wWtorbO7t7+6WDw4aJU82hzmMZ61bADEihoI4CJbQSDSwKJDSD4c203nwAbUSs7nGUgB+xvhKh4Ayt1C3RrBOE1IyiCFALTicq5RKYppOIIYIed0tlt+LOQJeJl5MyyVHrlr46vZinESjkkhnT9twE/YxpFHbzuNhJDSSMD1kf2pYqFoHxs9klY3pqlR4NY22fQjpTf09kLDLWbGA7rb+BWaxNxf9q7RTDKz8TKkkRFJ9/FKaSYkynsdCe0MBRjixhXAvrlfIB04zbDEzRhuAtnrxMGucVz/K7i3L1Oo+jQI7JCTkjHrkkVXJLaqROOHkkz+SVvDlPzovz7nzMW1ecfOaI/IHz+QNPD5q3</latexit>

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

0
<latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit><latexit sha1_base64="S5W2zvUyUOy6DuJu1YmErG07UKk=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2XS2Dc0mS5IVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SwY31/W9vbX1jc2u7tFPe3ds/OKwcHbeMyjTDJlNC6U5EDQousWm5FdhJNdIkEtiOxnezevsJteFKPtpJimFCh5LHnFHrrHbei2LiT/uVql/z5yKrEBRQhUKNfuWrN1AsS1BaJqgx3cBPbZhTbTkTOC33MoMpZWM6xK5DSRM0YT5fd0rOnTMgsdLuSUvm7u+JnCbGTJLIdSbUjsxybWb+V+tmNr4Jcy7TzKJki4/iTBCryOx2MuAamRUTB5Rp7nYlbEQ1ZdYlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD7/HjyY=</latexit>

50
<latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit>

300
<latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit>

200
<latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit>

100
<latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit>

1
<latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit>

2
<latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit>

3
<latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit>

4
<latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit> 5

<latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit>

UΛ
<latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit>

[MeV]
<latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit>

2+ 3 BF
<latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit>

2 BF
<latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit>
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208 are listed in Table III. Chi3, which includes the ΛNN
three-body force, reproduces the data. This implies that the
strong repulsive Λ potential, which is sufficient to suppress
the presence of Λ hyperons in dense nuclear matter, is con-
sistent with the observed Λ hypernuclear data. On the other
hand, Chi2, which includes only the ΛN two-body force, pre-
dicts the overbinding of the data in the 1s orbital. This is be-
cause JΛ is as deep as approximately −33 MeV for Chi2. We
note that Chi2 and Chi3 have almost the same effective mass.
These results indicate the necessity of three-baryon interac-
tion to reproduce the binding energy of Λ, which is consistent
with the findings in Refs. [22, 67, 68].

FIG. 4. Calculated Λ binding energies of 1s, 1p, 1d, 1f , and 1g
orbitals as a function of A−2/3, where A is the mass number of hy-
pernuclei. Chi2 and Chi3 represent the results using the Λ single-
particle potential with only two-body and with two- and three-body
interactions from the χEFT, respectively. The dotted line corre-
sponds to the result using the LY-IV Λ potential. The crosses indicate
the experimental data.

The last row of Table I shows the root-mean-square devia-
tion of the model calculation from the experimental data,

∆BΛ =

√√√√ 1

Ndata

Ndata∑

i

(
Bexp

Λ,i −Bcal
Λ,i

)2
, (30)

where Ndata is the number of the experimental data, and Bexp
Λ,i

(Bcal
Λ,i) is the experimental (calculated) Λ binding energy of

nuclide i. The experimental data Bexp
Λ,i are listed in Table III.

We avoid using the chi squared because it is hard to quantify
the systematic error of our mean-field calculation. Neglect-
ing the model error in the chi-square would cause an exces-
sive fitting to lighter hypernuclei, for which the experimen-
tal data has a smaller error while the mean-field calculation

would have a larger error. Chi3 is found to be consistent with
the experimental data at the same level of accuracy as the Λ
potentials LY-IV, with the value of ∆BΛ ≈ 0.7 MeV. The
HPΛ2 potential has a larger ∆BΛ = 0.78 MeV because it is
parametrized by chi-square minimization using the data with-
out the correction of 0.5 MeV [66].

III. PARAMETER SEARCH FOR Λ POTENTIALS

In the previous section, we showed that both the repulsive
and attractive Λ potentials at high densities, Chi3 and LY-IV,
reproduce the Λ binding energy data. This is because the Λ
binding energy is mostly determined by the potential values
at low densities. However, another attractive potential, HPΛ2,
does not reproduce the data at the same level as Chi3 and LY-
IV, which suggests that the details of the potential, including
the values of the Taylor coefficients are important for the Λ
binding energy. In this section, we will investigate the pa-
rameter space of the Λ potential that can reproduce the bind-
ing energy of the Λ hypernuclear data. From this analysis,
we expect constraints on the relations among the Taylor co-
efficients (26)–(28) and the normalized effective mass (29).
These constraints can restrict the repulsion of the Λ potential
at high densities similarly to the nuclear matter EOS.

A. Procedure

The symmetry-energy parameters of nuclear matter are
used to examine the nuclear matter EOS at high densities
using the behavior around ρ0 [69]. Similarly, to investigate
the parameter space of the Λ potential, we parametrize the
Skyrme-type Λ potential (22) by the Taylor coefficients (26)–
(28) and the normalized effective mass m∗

Λ/mΛ at the satu-
ration density. We generate 13 × 25 × 21 × 21 = 143325
parameter sets of (JΛ, LΛ,KΛ,m∗

Λ/mΛ) as combinations of
the following parameter points:

JΛ = −33,−31.5,−32, · · · ,−27 MeV, (31a)
LΛ = −50,−45,−40, · · · , 70 MeV, (31b)
KΛ = 0, 50, 100, · · · , 1000 MeV, (31c)
m∗

Λ

mΛ
= 0.5, 0.525, 0.55, · · · , 1.00. (31d)

The range of JΛ is chosen to be consistent with the Λ binding
energy data of the 1s orbital: JΛ below the range overesti-
mates the data, and vice versa. The effective mass m∗

Λ/mΛ

has upper and lower limits because it is sensitive to the sep-
aration of the Λ binding energies between different orbitals.
The second derivative KΛ has a lower limit of 0 MeV because
the Λ potential should become repulsive at high densities. We
note that these parameters in the existing models shown in Ta-
ble I fall within the above parameter ranges.

For each parameter set of (JΛ, LΛ,KΛ,m∗
Λ/mΛ), the

Skyrme potential parameters aΛi are determined in the follow-
ing procedure. First, aΛ2 is determined from its relation to the
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A−2/3

5

FIG. 2. Normalized baryon density dependence of the single-particle
potentials for Λ in symmetric nuclear matter. GKW2 and GKW3
represent the results of the Λ single-particle potential with only two-
body interactions and with two- and three-body interactions obtained
from the χEFT [23], respectively. The solid and dashed lines repre-
sent the fitting results to GKW2 and GKW3, respectively. The dotted
and dash-dotted lines correspond to the Λ potentials LY-IV [49] and
HPΛ2 [50], respectively.

gions, and a weaker momentum dependence.
Because the Skyrme parameter aΛ3 cannot be determined

by fitting the results in the uniform matter, we determine aΛ3
to reproduce the experimental value of the Λ binding energy
of 13

Λ C, 11.88 MeV. The experimental value is taken from
Ref. [65] with a correction of 0.5 MeV, which is pointed out
in Ref. [66]. There are two reasons for choosing 13

Λ C: First,
it has a larger surface-energy effect compared with a heavier
nucleus. Second, the spherical Skyrme-Hartree-Fock method
is expected to provide a relatively good description of 13

Λ C
because it has even numbers of protons and neutrons.

We show in Table I the Taylor coefficients and the normal-
ized effective mass at ρ0, which characterize the Λ potential:

JΛ = UΛ(ρN = ρ0, kΛ = 0), (26)

LΛ = 3ρN
∂UΛ

∂ρN

∣∣∣
ρN=ρ0,kΛ=0

, (27)

KΛ = 9ρ2N
∂2UΛ

∂ρ2N

∣∣∣
ρN=ρ0,kΛ=0

, (28)

m∗
Λ

mΛ

∣∣∣
ρN=ρ0

=
1

1 +
2mΛ

!2 aΛ2 ρ0

. (29)

C. Λ single-particle potential and Λ binding energy

We now present the results of the Skyrme-Hartree-Fock cal-
culations for Λ hypernuclei using the Λ Skyrme interaction
discussed in the previous section.

Figure 3 shows the Λ single-particle potential (18) for hy-
pernucleus 208

Λ Pb. At a distance r < 4 fm where the nucleon
density ρN is close to the saturation density ρ0, both Chi3 and

TABLE I. The sets of Skyrme potential parameters are listed above
the gap between γ2 and JΛ. Chi2 and Chi3 are the fitting results to
the χEFT calculations [23, 34]. LY-IV [49] and HPΛ2 [50] are the Λ
potentials, which can explain the Λ binding energy data. We also list
the values that characterize potentials: the Taylor coefficients (JΛ,
LΛ, KΛ) and the normalized effective mass m∗

Λ/mΛ at ρ0 defined
by Eqs. (26)–(29). The mean squared deviation of the calculated
Λ binding energy from the experimental data ∆BΛ is defined by
Eq. (30).

Chi2 Chi3 LY-IV HPΛ2
tΛ0 (MeV fm3) −352.2 −388.3 −542.5 −399.9

tΛ1 (MeV fm5) 143.7 120.4 56.0 83.4

tΛ2 (MeV fm5) 13.7 68.7 8.0 11.5

tΛ3,1 (MeV fm4) −951.9 −1081.8 1387.9 2046.8

tΛ3,2 (MeV fm5) 2669 3351 0 0

xΛ
0 0 0 −0.153 −0.486

xΛ
3,1 0 0 0.107 −0.660

xΛ
3,2 0 0 0 0

γ1 1/3 1/3 1/3 1

γ2 2/3 2/3 0 0

JΛ (MeV) −33.5 −30.0 −29.8 −31.2

LΛ (MeV) −23.5 9.3 −36.2 −46.1

KΛ (MeV) 415 532 218 277

m∗
Λ/mΛ 0.73 0.70 0.87 0.82

∆BΛ (MeV) 1.55 0.72 0.71 0.78

LY-IV have the potential depth of −30 MeV while Chi2 has a
slightly greater depth of −33 MeV. Those values reflect JΛ,
the Λ-potential depth at ρ0 (see Table I).

FIG. 3. Λ single-particle potential (18) for hypernucleus 208
Λ Pb in

the coordinate space. The dashed and solid lines show the results
from the Λ potentials Chi2 and Chi3, respectively. The dotted line
corresponds to the result from the LY-IV parameter sets.

Figure 4 compares the Λ binding energies calculated from
different Λ potentials at mass number A = 13–208 in 1s, 1p,
1d, 1f , and 1g orbitals. The experimental data at A = 16–
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Recent update on    - nuclear binding energies including          three-body forces 
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Two- and three-body hyperon-nucleus potentials     using realistic (empirically constrained) density distributions

Pauli correlations important 

Best fit :

Such repulsive            three-body forces
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ΛNN can possibly solve the hyperon puzzle in n-stars
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FIG. 3: B1s,1p
Λ (A) values in Models X (upper) Y (lower) across

the periodic table, see text. Data points, including uncertain-
ties, are taken from Table IV of Ref. [3]. Continuous lines
connect calculated values.

also note that the fitted three-body strength parameter
B0 is down by more than facor of two from its fitted value
in Model Q where Pauli correlations were disregarded. It
is a simple matter to check that the density expansion of
CPauli(ρ) produces repulsion at order ρ2 which substi-
tutes then for part of the value of B0 in Model Q. Yet,
Model X is unsatisfactory with respect to its calculated
BΛ(1s, 1p) values plotted in the upper part of Fig. 3. The
slight 1sΛ underbinding observed in Model Q for A ! 90
has become substantial, beginning already with A ! 50,
joined there now by substantial 1pΛ underbinding. To
address these shortcomings we introduce Model Y.

Model Y differs from Model X by the form of ρ2 used
in nuclei where excess neutrons occupy shell-model or-
bits higher than those occupied by protons. This sit-
uation occurs in Fig. 3 for the four hypernuclei with
A ! 50. We recall that the ΛNN interaction under-

lying the V (3)
Λ ρ2 term arises in χEFT models [16] from

intermediate ΣNN and Σ∗(1385)NN states, yielding a
#τ1 ·#τ2 isospin factor for the two nucleons [31, 32]. Extend-
ing the discussion in Ref. [33], it can be shown that di-
rect three-body ΛNN contributions involving one ‘core’
nucleon and one ‘excess’ nucleon vanish upon summing
on the T=0 ‘core’ closed-shell nucleons, while their ex-
change partners renormalize the two-body ΛN interac-
tion. To modify ρ2 accordingly, we discard the bilinear

term ρcoreρexcess, thereby replacing ρ2 in V (3)
Λ , Eq. (2),

by

ρ2core + ρ2excess → (2ρp)
2 + (ρn − ρp)

2 (5)

in terms of the available densities ρp and ρn. This pre-
scription does not impact the five hypernuclei lighter
than 40Ca in Fig. 3, and it appears to work well as seen by
the significant improvement in the BΛ values calculated
beyond 40Ca in Model Y, lower part of Fig. 3, compared
to those in Model X in the upper part of the figure.
Potential depth values derived in models discussed

above are listed in Table I. Model Y in particular gives

D(2)
Λ = −39.9 MeV, D(3)

Λ = 13.9 MeV. To estimate un-
certainties, we act as follows: (i) decreasing the input
value of B1s

Λ (16ΛN) fitted to by 0.2 MeV, thereby getting
halfway to the central value of B1s

Λ (16ΛO)=13.4±0.4 MeV
for 16

ΛO [24] the charge symmetric partner of 16
ΛN, results

in approximately 10% larger value ofD(3)
Λ , and (ii) apply-

ing Pauli correlations to V (3)
Λ too reduces D(3)

Λ roughly

by 10%. In both cases D(2)
Λ increases moderately by

"1 MeV. Our final values are (in MeV)

D(2)
Λ = −(40.4± 0.6), D(3)

Λ = (13.9± 1.4), (6)

and DΛ = −26.5± 1.5 MeV. Two remarks are in order:

• Sidestepping O(A−1) corrections generally expected
in optical potential applications to light hypernuclei, we
did apply Model Y to the 1sΛ ground states 7

ΛLi and
5
ΛHe. The resulting BΛ(7ΛLi)=5.56 MeV is in excellent
agreement with Bexp

Λ (7ΛLi)≈5.36 MeV for the (2J + 1)

average of the ( 12
+
, 3
2

+
) g.s. doublet levels [2]. The

same BΛ value was obtained for 5
ΛHe, about 1.4 MeV

larger than Bexp
Λ (5ΛHe)=3.12±0.02 MeV. Interestingly,

our ΛNN motivated V (3)
Λ component of V opt

Λ fails to
resolve the overbinding of 5

ΛHe discussed often in the
literature, e.g., Ref. [34].

• To understand why D(2)
Λ and D(3)

Λ values deduced in
QMC calculations [13, 14] are much larger than the corre-
sponding values derived here, Eq. (6), one notes that the
QMC nuclear densities ρQMC(r) are much too compact
with respect to our realistic densities, with nucleon r.m.s.
radii rN (QMC) 0.80 of the known r.m.s. charge radii
in 16O and 40Ca [35]. Since ρ scales as r−3

N , applying it
to the density dependence of our V opt

Λ would transform

D(2)
Λ and D(3)

Λ of Eq. (6) to D(2)
Λ (QMC)=−78.9±1.2

MeV and D(3)
Λ (QMC)=53.0±5.3 MeV, their sum

DΛ(QMC)=−25.9±5.4 MeV agreeing within uncer-
tainties with ours. Other factors such as the choice of
fitted BΛ values may contribute to increase further the
size of these QMC partial depth values to come closer
to as large sizes as of O(100) MeV reached in these works.

Concluding Remarks. In summary, we have
presented a straightforward optical-potential analysis of
1sΛ and 1pΛ binding energies across the periodic table,
12 ≤ A ≤ 208, with V opt

Λ parameterized by constants b0
and B0 in front of two-body ΛN and three-body ΛNN
interaction terms. These parameters were fitted to pre-
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UΛ(n0) = −(27.3± 0.6)MeV
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U(3)
0 = (11.3± 1.4)MeV
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Fig. 7 Single-particle potentials UΛ(p = 0; ρ) of a Λ hyperon in
dense symmetric nuclear matter (left) and neutron matter(right), based
on self-consistent solutions of Eqs. (15) and (17) computed up to
ρ = 3.5 ρ0 using the NLO13 interaction, and further extrapolated to

higher densities as described in the text. The uncertainty bands reflect
cutoff dependence and choices of (H1, H2) from the lower solid seg-
ments of the NLO13 lines of Fig. 6
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Fig. 8 Comparison ofΛ and neutron chemical potentials, µΛ and µn ,
in neutron star matter up to baryon densities typically encountered in
the center of neutron stars. The neutron chemical potential is derived
from the equation-of-state calculated in ref. [10] using chiral SU(2)
nucleon-meson field theory combined with functional renormalization
group methods. The uncertainty band reflects primarily the errors in

the nuclear symmetry energy Esym = 32 ± 3 MeV. The Λ chemical
potential is based on UΛ as in Fig. 7, calculated using the chiral SU(3)
interactions NLO13 (left panel) and NLO19 (right panel) with full two-
and three-body forces (ΛN +ΛN N ) and sets of three-body parameters
as explained in the text. The dashed line shows µΛ using two-body Y N
interactions only

The comparison of µΛ and µn is shown in Fig. 8. The
uncertainty band of the neutron chemical potential is related
primarily to the range of possible values of the nuclear sym-
metry energy, Esym = (32 ± 3) MeV. We note that this
uncertainty band also includes µn as given in Ref. [8] for
their maximally repulsive interaction (AV18+δv + UIX*) up
to ρ ! 4 ρ0.

Figure 8 points out that the combined repulsion from
two- and three-body hyperon–nuclear interactions for both
NLO13 and NLO19 cases can indeed be potentially strong
enough to avoid the appearance of Λ hyperons in neutron
stars. One finds µΛ > µn throughout the neutron star density
range when a set of three-body parameters is selected from
the solid segments of the lines in Fig. 6 that are constrained
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HYPERONS in NEUTRON STARS ?

Onset condition for appearance of     hyperons in neutron stars :
Hyperon 
chemical 
potential 

in neutron star matter 
from 

Chiral SU(3)  
EFT interactions

Equality of chemical potentials 

2+3 - body

D. Gerstung,  N. Kaiser,  W. W.  
Eur. Phys. J.  A56 (2020) 175
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50
<latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit><latexit sha1_base64="s9InshrKld35mBQ6j3DW2jXRR7w=">AAAB73icbZA9SwNBEIbn4leMX1FLm8UgWIU7UbSwCNhYRjAfkBxhbzOXLNnbu+zuCeHIn7CxUMTWv2Pnv3GTXKGJLyw8vDPDzrxBIrg2rvvtFNbWNza3itulnd29/YPy4VFTx6li2GCxiFU7oBoFl9gw3AhsJwppFAhsBaO7Wb31hErzWD6aSYJ+RAeSh5xRY6121g1CcuVOe+WKW3XnIqvg5VCBXPVe+avbj1kaoTRMUK07npsYP6PKcCZwWuqmGhPKRnSAHYuSRqj9bL7vlJxZp0/CWNknDZm7vycyGmk9iQLbGVEz1Mu1mflfrZOa8MbPuExSg5ItPgpTQUxMZseTPlfIjJhYoExxuythQ6ooMzaikg3BWz55FZoXVc/yw2WldpvHUYQTOIVz8OAaanAPdWgAAwHP8Apvzth5cd6dj0VrwclnjuGPnM8fN0OPZQ==</latexit>

300
<latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit><latexit sha1_base64="4AtFRT9B2gM6OiRH+I5hCwYJGbA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdCDh4IXjxVsrbSlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYWV1bX2juFna2t7Z3SvvHzRtnBrGGyyWsWmF1HIpNG+gQMlbieFUhZI/hKObaf3hiRsrYn2P44R3FR1oEQlG0VmPWSeMyLnvT3rlil/1ZyLLEORQgVz1Xvmr049ZqrhGJqm17cBPsJtRg4JJPil1UssTykZ0wNsONVXcdrPZwhNy4pw+iWLjnkYyc39PZFRZO1ah61QUh3axNjX/q7VTjK66mdBJilyz+UdRKgnGZHo96QvDGcqxA8qMcLsSNqSGMnQZlVwIweLJy9A8qwaO7y4qtes8jiIcwTGcQgCXUINbqEMDGCh4hld484z34r17H/PWgpfPHMIfeZ8/pDuPnQ==</latexit>

200
<latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit><latexit sha1_base64="9POTp1AeD57ct3c2HCwk2Lgz4pw=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfTgoeDFYwX7IW0p2TTbhibZJZkVytJf4cWDIl79Od78N6btHrT1hcDDOzNk5g0TKSz6/re3tr6xubVd2Cnu7u0fHJaOjps2Tg3jDRbL2LRDarkUmjdQoOTtxHCqQslb4fh2Vm89cWNFrB9wkvCeokMtIsEoOusx64YRqfr+tF8q+xV/LrIKQQ5lyFXvl766g5ilimtkklrbCfwEexk1KJjk02I3tTyhbEyHvONQU8VtL5svPCXnzhmQKDbuaSRz9/dERpW1ExW6TkVxZJdrM/O/WifF6LqXCZ2kyDVbfBSlkmBMZteTgTCcoZw4oMwItythI2ooQ5dR0YUQLJ+8Cs1qJXB8f1mu3eRxFOAUzuACAriCGtxBHRrAQMEzvMKbZ7wX7937WLSuefnMCfyR9/kDorSPnA==</latexit>

100
<latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit><latexit sha1_base64="3ZWs4jo/QuCKoT23eg/JjdoLMjA=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNPZNjTJLklWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMBDfW97+9wtr6xuZWcbu0s7u3f1A+PGqaONUMGywWsW6H1KDgChuWW4HtRCOVocBWOL6d1VtPqA2P1YOdJNiTdKh4xBm1znrMumFEAt+f9ssVv+rPRVYhyKECuer98ld3ELNUorJMUGM6gZ/YXka15UzgtNRNDSaUjekQOw4VlWh62XzhKTlzzoBEsXZPWTJ3f09kVBozkaHrlNSOzHJtZv5X66Q2uu5lXCWpRcUWH0WpIDYms+vJgGtkVkwcUKa525WwEdWUWZdRyYUQLJ+8Cs2LauD4/rJSu8njKMIJnMI5BHAFNbiDOjSAgYRneIU3T3sv3rv3sWgtePnMMfyR9/kDoS2Pmw==</latexit>

1
<latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit><latexit sha1_base64="Ph6cLITSunYH1DIqaClirbP8DYM=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHrwUPDisYL9gHYp2TTbhmaTJZkVytIf4cWDIl79Pd78N6btHrT1hcDDOzNk5o1SKSz6/re3tr6xubVd2inv7u0fHFaOjltWZ4bxJtNSm05ELZdC8SYKlLyTGk6TSPJ2NL6b1dtP3Fih1SNOUh4mdKhELBhFZ7XzXhSTYNqvVP2aPxdZhaCAKhRq9CtfvYFmWcIVMkmt7QZ+imFODQom+bTcyyxPKRvTIe86VDThNszn607JuXMGJNbGPYVk7v6eyGli7SSJXGdCcWSXazPzv1o3w/gmzIVKM+SKLT6KM0lQk9ntZCAMZygnDigzwu1K2IgaytAlVHYhBMsnr0LrshY4friq1m+LOEpwCmdwAQFcQx3uoQFNYDCGZ3iFNy/1Xrx372PRuuYVMyfwR97nD8FMjyc=</latexit>

2
<latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit><latexit sha1_base64="LwUE6uDjdETMPnYZpVxwuteVJ1U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FSSIujBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HTqPuWX64qjVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfC0Y8o</latexit>

3
<latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit><latexit sha1_base64="iWy72Gbbpx9DcKRY0eD8s3ghRiY=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSFfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE77btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwVa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/EVo8p</latexit>

4
<latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit><latexit sha1_base64="NEnDHqnYg6rpdBUrNJtbUKAgETk=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSKejBQ8GLxwr2A9pQNttNu3SzCbsToYT8CC8eFPHq7/Hmv3Hb5qCtLyw8vDPDzrxBIoVB1/12ShubW9s75d3K3v7B4VH1+KRj4lQz3maxjHUvoIZLoXgbBUreSzSnUSB5N5jezevdJ66NiNUjzhLuR3SsRCgYRWt1s0EQkkY+rNbcursQWQevgBoUag2rX4NRzNKIK2SSGtP33AT9jGoUTPK8MkgNTyib0jHvW1Q04sbPFuvm5MI6IxLG2j6FZOH+nshoZMwsCmxnRHFiVmtz879aP8Xwxs+ESlLkii0/ClNJMCbz28lIaM5QzixQpoXdlbAJ1ZShTahiQ/BWT16HzlXds/zQqDVvizjKcAbncAkeXEMT7qEFbWAwhWd4hTcncV6cd+dj2VpyiplT+CPn8wfF248q</latexit> 5

<latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit><latexit sha1_base64="0/w2J3o1ZmgeCbsJcgsEZKOHtGs=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSUfTgoeDFYwX7AW0om+2kXbrZhN2NUEJ/hBcPinj193jz37htc9DWFxYe3plhZ94wFVwbz/t2SmvrG5tb5e3Kzu7e/oF7eNTSSaYYNlkiEtUJqUbBJTYNNwI7qUIahwLb4fhuVm8/odI8kY9mkmIQ06HkEWfUWKud98KIXE37btWreXORVfALqEKhRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXoqQx6iCfrzslZ9YZkChR9klD5u7viZzGWk/i0HbG1Iz0cm1m/lfrZia6CXIu08ygZIuPokwQk5DZ7WTAFTIjJhYoU9zuStiIKsqMTahiQ/CXT16F1kXNt/xwWa3fFnGU4QRO4Rx8uIY63EMDmsBgDM/wCm9O6rw4787HorXkFDPH8EfO5w/HYI8r</latexit>

UΛ
<latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit><latexit sha1_base64="w1Ik7HfxbcZRQRaA+uggJAE1r34=">AAAB+HicbVBNS8NAFHypX7V+tOrRy2IRPJVEBD0WvXjwUMG0hSaEzWbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrwMIw84b3dsKMM6Vt+9uqrK1vbG5Vt2s7u3v79cbBYVeluSTUJSlPZT/EinImqKuZ5rSfSYqTkNNeOL6Z+b1HKhVLxYOeZNRP8FCwmBGsjRQ06oUXxsgNvDuTifA0aDTtlj0HWiVOSZpQohM0vrwoJXlChSYcKzVw7Ez7BZaaEU6nNS9XNMNkjId0YKjACVV+MT98ik6NEqE4leYJjebq70SBE6UmSWgmE6xHatmbif95g1zHV37BRJZrKshiUZxzpFM0awFFTFKi+cQQTCQztyIywhITbbqqmRKc5S+vku55yzH8/qLZvi7rqMIxnMAZOHAJbbiFDrhAIIdneIU368l6sd6tj8VoxSozR/AH1ucPPWCSzg==</latexit>

[MeV]
<latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit><latexit sha1_base64="ljppsZ/XP92PbDGr4u4hUBfdKl8=">AAAB8nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGA/IA1ls920SzebsDsRSujP8OJBEa/+Gm/+G7dtDtr6wsLDOzPszBumUhh03W+ntLa+sblV3q7s7O7tH1QPj9omyTTjLZbIRHdDargUirdQoOTdVHMah5J3wvHtrN554tqIRD3iJOVBTIdKRIJRtJaf98KI+Pe8HUz71Zpbd+ciq+AVUINCzX71qzdIWBZzhUxSY3zPTTHIqUbBJJ9WepnhKWVjOuS+RUVjboJ8vvKUnFlnQKJE26eQzN3fEzmNjZnEoe2MKY7Mcm1m/lfzM4yug1yoNEOu2OKjKJMEEzK7nwyE5gzlxAJlWthdCRtRTRnalCo2BG/55FVoX9Q9yw+XtcZNEUcZTuAUzsGDK2jAHTShBQwSeIZXeHPQeXHenY9Fa8kpZo7hj5zPH7/NkOQ=</latexit>

2+ 3 BF
<latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit><latexit sha1_base64="U89rUqeLvFLB4AyEzErw7uWUQDU=">AAAB9HicbZDLSgMxFIZPvNZ6q7p0EyyCIJSZKuiyVBCXFewF2qFk0kwbmsmMSaZQhvoablwo4taHcefbmLaz0NYfAh//OYdz8vux4No4zjdaWV1b39jMbeW3d3b39gsHhw0dJYqyOo1EpFo+0UxwyeqGG8FasWIk9AVr+sObab05YkrzSD6Yccy8kPQlDzglxlpe2vEDXD6/wE/V20m3UHRKzkx4GdwMipCp1i18dXoRTUImDRVE67brxMZLiTKcCjbJdxLNYkKHpM/aFiUJmfbS2dETfGqdHg4iZZ80eOb+nkhJqPU49G1nSMxAL9am5n+1dmKCay/lMk4Mk3S+KEgENhGeJoB7XDFqxNgCoYrbWzEdEEWosTnlbQju4peXoVEuuZbvL4uVahZHDo7hBM7AhSuowB3UoA4UHuEZXuENjdALekcf89YVlM0cwR+hzx//BZDu</latexit>

2 BF
<latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit><latexit sha1_base64="zAFa+OLjEWuSlFBiGi4fJulIgpk=">AAAB8nicbZBNS8NAEIYnftb6VfXoZbEInkpSBD2WCuKxgv2ANpTNdtMu3WzC7kQoof4LLx4U8eqv8ea/cdvmoK0vLDy8M8POvEEihUHX/XbW1jc2t7YLO8Xdvf2Dw9LRccvEqWa8yWIZ605ADZdC8SYKlLyTaE6jQPJ2ML6Z1duPXBsRqwecJNyP6FCJUDCK1upmvSAkVfJUv532S2W34s5FVsHLoQy5Gv3SV28QszTiCpmkxnQ9N0E/oxoFk3xa7KWGJ5SN6ZB3LSoaceNn85Wn5Nw6AxLG2j6FZO7+nshoZMwkCmxnRHFklmsz879aN8Xw2s+ESlLkii0+ClNJMCaz+8lAaM5QTixQpoXdlbAR1ZShTaloQ/CWT16FVrXiWb6/LNfqeRwFOIUzuAAPrqAGd9CAJjCI4Rle4c1B58V5dz4WrWtOPnMCf+R8/gAguJB8</latexit>

ρ/ρ0
<latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit><latexit sha1_base64="za2lbEoG2YrUj9O0SBhORuxHlS4=">AAACAXicbVDLSsNAFL2pr1pfUTeCm2ARXNVEBF0W3bisYGuhCWEymbZDJzNhZiKUUDf+ihsXirj1L9z5N07aLLT1wMwczrmXufdEKaNKu+63VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IbIUUY5aStqWakm0qCkoiR+2h0Xfj3D0QqKvidHqckSNCA0z7FSBsptA/8SLBYjRPz5L4citPimoRuaNfdhjuFs0i8ktShRCu0v/xY4CwhXGOGlOp5bqqDHElNMSOTmp8pkiI8QgPSM5SjhKggn24wcY6NEjt9Ic3h2pmqvztylKhiSFOZID1U814h/uf1Mt2/DHLK00wTjmcf9TPmaOEUcTgxlQRrNjYEYUnNrA4eIomwNqHVTAje/MqLpHPW8Ay/Pa83r8o4qnAIR3ACHlxAE26gBW3A8AjP8Apv1pP1Yr1bH7PSilX27MMfWJ8/8JaXLg==</latexit>

400
<latexit sha1_base64="gm0U2aYjp8dj6v99SWb7/EFnT5A=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jcun703654lf9ucgqBDlUIFe9X/7qDmKWKq6RSWptJ/AT7GXUoGCST0vd1PKEsjEd8o5DTRW3vWy+8JScOWdAoti4p5HM3d8TGVXWTlToOhXFkV2uzcz/ap0Uo+teJnSSItds8VGUSoIxmV1PBsJwhnLigDIj3K6EjaihDF1GJRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgqe4RXePOO9eO/ex6K14OUzx/BH3ucPpcKPng==</latexit><latexit sha1_base64="gm0U2aYjp8dj6v99SWb7/EFnT5A=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jcun703654lf9ucgqBDlUIFe9X/7qDmKWKq6RSWptJ/AT7GXUoGCST0vd1PKEsjEd8o5DTRW3vWy+8JScOWdAoti4p5HM3d8TGVXWTlToOhXFkV2uzcz/ap0Uo+teJnSSItds8VGUSoIxmV1PBsJwhnLigDIj3K6EjaihDF1GJRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgqe4RXePOO9eO/ex6K14OUzx/BH3ucPpcKPng==</latexit><latexit sha1_base64="gm0U2aYjp8dj6v99SWb7/EFnT5A=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jcun703654lf9ucgqBDlUIFe9X/7qDmKWKq6RSWptJ/AT7GXUoGCST0vd1PKEsjEd8o5DTRW3vWy+8JScOWdAoti4p5HM3d8TGVXWTlToOhXFkV2uzcz/ap0Uo+teJnSSItds8VGUSoIxmV1PBsJwhnLigDIj3K6EjaihDF1GJRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgqe4RXePOO9eO/ex6K14OUzx/BH3ucPpcKPng==</latexit><latexit sha1_base64="gm0U2aYjp8dj6v99SWb7/EFnT5A=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdCDh4IXjxXsh7SlZNNsG5pkl2RWKEt/hRcPinj153jz35i2e9DWFwIP78yQmTdMpLDo+99eYW19Y3OruF3a2d3bPygfHjVtnBrGGyyWsWmH1HIpNG+gQMnbieFUhZK3wvHtrN564saKWD/gJOE9RYdaRIJRdNZj1g0jcun703654lf9ucgqBDlUIFe9X/7qDmKWKq6RSWptJ/AT7GXUoGCST0vd1PKEsjEd8o5DTRW3vWy+8JScOWdAoti4p5HM3d8TGVXWTlToOhXFkV2uzcz/ap0Uo+teJnSSItds8VGUSoIxmV1PBsJwhnLigDIj3K6EjaihDF1GJRdCsHzyKjQvqoHj+8tK7SaPowgncArnEMAV1OAO6tAABgqe4RXePOO9eO/ex6K14OUzx/BH3ucPpcKPng==</latexit>

neutron matter
<latexit sha1_base64="aAsX+O0oebEA9IF76zmVHf/W8og=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZEXRZdOOygn1AW0omvdOGZjJDkhHKUPFX3LhQxK3f4c6/MW1noa0HAodz7uWenCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB6GbqNx9QaR7LezNOsBvRgeQhZ9RYqeceZZ0gJBJTo2JJHiNqDKpJzy17FW8Gskz8nJQhR63nfnX6MUsjlIYJqnXb9xLTzagynAmclDqpxoSyER1g21JJI9TdbBZ/Qk6t0idhrOyThszU3xsZjbQeR4GdtPmGetGbiv957dSEV92MyyQ1KNn8UJgKYmIy7YL0uUJmxNgSyhS3WQkbUkWZ7UCXbAn+4peXSeO84lt+d1GuXud1FOEYTuAMfLiEKtxCDerAIINneIU358l5cd6dj/lowcl3DuEPnM8fq6iV7w==</latexit><latexit sha1_base64="aAsX+O0oebEA9IF76zmVHf/W8og=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZEXRZdOOygn1AW0omvdOGZjJDkhHKUPFX3LhQxK3f4c6/MW1noa0HAodz7uWenCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB6GbqNx9QaR7LezNOsBvRgeQhZ9RYqeceZZ0gJBJTo2JJHiNqDKpJzy17FW8Gskz8nJQhR63nfnX6MUsjlIYJqnXb9xLTzagynAmclDqpxoSyER1g21JJI9TdbBZ/Qk6t0idhrOyThszU3xsZjbQeR4GdtPmGetGbiv957dSEV92MyyQ1KNn8UJgKYmIy7YL0uUJmxNgSyhS3WQkbUkWZ7UCXbAn+4peXSeO84lt+d1GuXud1FOEYTuAMfLiEKtxCDerAIINneIU358l5cd6dj/lowcl3DuEPnM8fq6iV7w==</latexit><latexit sha1_base64="aAsX+O0oebEA9IF76zmVHf/W8og=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZEXRZdOOygn1AW0omvdOGZjJDkhHKUPFX3LhQxK3f4c6/MW1noa0HAodz7uWenCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB6GbqNx9QaR7LezNOsBvRgeQhZ9RYqeceZZ0gJBJTo2JJHiNqDKpJzy17FW8Gskz8nJQhR63nfnX6MUsjlIYJqnXb9xLTzagynAmclDqpxoSyER1g21JJI9TdbBZ/Qk6t0idhrOyThszU3xsZjbQeR4GdtPmGetGbiv957dSEV92MyyQ1KNn8UJgKYmIy7YL0uUJmxNgSyhS3WQkbUkWZ7UCXbAn+4peXSeO84lt+d1GuXud1FOEYTuAMfLiEKtxCDerAIINneIU358l5cd6dj/lowcl3DuEPnM8fq6iV7w==</latexit><latexit sha1_base64="aAsX+O0oebEA9IF76zmVHf/W8og=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZEXRZdOOygn1AW0omvdOGZjJDkhHKUPFX3LhQxK3f4c6/MW1noa0HAodz7uWenCARXBvP+3YKK6tr6xvFzdLW9s7unrt/0NBxqhjWWSxi1QqoRsEl1g03AluJQhoFApvB6GbqNx9QaR7LezNOsBvRgeQhZ9RYqeceZZ0gJBJTo2JJHiNqDKpJzy17FW8Gskz8nJQhR63nfnX6MUsjlIYJqnXb9xLTzagynAmclDqpxoSyER1g21JJI9TdbBZ/Qk6t0idhrOyThszU3xsZjbQeR4GdtPmGetGbiv957dSEV92MyyQ1KNn8UJgKYmIy7YL0uUJmxNgSyhS3WQkbUkWZ7UCXbAn+4peXSeO84lt+d1GuXud1FOEYTuAMfLiEKtxCDerAIINneIU358l5cd6dj/lowcl3DuEPnM8fq6iV7w==</latexit>

2+3 - body

2-body

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="hpFZBzQR6xdSAi8b1lSRBdTT/8A=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoVUlipBqDBWZYCxSPQhNVHkuE5r1XEi20GqonZm4VdYGECIlR9g429w2gzQciTLR+fcq3vv8WNGpbKsb6Owtr6xuVXcLu3s7u0fmIdHHRklApM2jlgkej6ShFFO2ooqRnqxICj0Gen64+vM7z4QIWnE79UkJm6IhpwGFCOlJc8sO37EBnIS6i91wqTKvebZdDbrp44fwBvSmbqeWbFq1hxwldg5qYAcLc/8cgYRTkLCFWZIyr5txcpNkVAUMzItOYkkMcJjNCR9TTkKiXTT+S1TeKqVAQwioR9XcK7+7khRKLN1dWWI1Egue5n4n9dPVHDlppTHiSIcLwYFCYMqglkwcEAFwYpNNEFYUL0rxCMkEFY6vpIOwV4+eZV0zmt2vVa/u6g0mnkcRXACyqAKbHAJGuAWtEAbYPAInsEreDOejBfj3fhYlBaMvOcY/IHx+QMwkJsl</latexit> µ
(n

B
)

[G
eV

]

<latexit sha1_base64="8VwqE2s90rUymwvpntERdASHPT0=">AAACInicbVDLSgMxFM34rPU16tJNsAiuyoxI1YVQdOOygn1ApwyZNG1DM0lIMoUy9Fvc+CtuXCjqSvBjzLQjaOuFkMM5997knEgyqo3nfTpLyyura+uFjeLm1vbOrru339AiUZjUsWBCtSKkCaOc1A01jLSkIiiOGGlGw5tMb46I0lTwezOWpBOjPqc9ipGxVOheBpFgXT2O7ZUGcRLSqzSQSBmKWDBCikhNmeCBsEt+eMhDOpmEbskre9OCi8DPQQnkVQvd96ArcBITbjBDWrd9T5pOmu3EjEyKQaKJRHiI+qRtIUcx0Z10anECjy3ThT2h7OEGTtnfEymKdebCdsbIDPS8lpH/ae3E9C46KeUyMYTj2UO9hEEjYJYX7FJFsGFjCxBW1P4V4gFSCBubatGG4M9bXgSN07JfKVfuzkrV6zyOAjgER+AE+OAcVMEtqIE6wOABPIEX8Oo8Os/Om/Mxa11y8pkD8Kecr2/XCKZV</latexit>

µi =
∂ε

∂ni
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NEUTRON  STAR  MATTER  including  HYPERONS NO “Hyperon Puzzle” ?
Quark - Meson Coupling model T.F. Motta,  P.A.M. Guichon,  A.W. Thomas 

Nucl. Phys.  A1009 (2021) 122157

Effective in-medium baryon masses including non-linear dependence on     field, 
with scalar polarizability        representing e.g. effects of three-body forces

<latexit sha1_base64="F/rOpEqCqhJ0kqgGYh7W2z3/cVw=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeCF71VsA/oLiWbTdvQPJYkKyxL/StePCji1R/izX9jtt2Dtg6EDDPfRyYTJYxq43nfTmVtfWNzq7pd29nd2z9wD4+6WqYKkw6WTKp+hDRhVJCOoYaRfqII4hEjvWh6U/i9R6I0leLBZAkJORoLOqIYGSsN3XoQSRbrjNsrDzQdczQbug2v6c0BV4lfkgYo0R66X0EsccqJMJghrQe+l5gwR8pQzMisFqSaJAhP0ZgMLBWIEx3m8/AzeGqVGI6kskcYOFd/b+SI6yKfneTITPSyV4j/eYPUjK7DnIokNUTgxUOjlEEjYdEEjKki2LDMEoQVtVkhniCFsLF91WwJ/vKXV0n3vOlfNv37i0brrqyjCo7BCTgDPrgCLXAL2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP6FzlW4=</latexit>σ
<latexit sha1_base64="6k6ZglI5aJliQIsDHXUIsfIzew8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi94q2A9pQ9lsNu3S3U3Y3Qgl5Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QcKZNq777ZRWVtfWN8qbla3tnd296v5BW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfDP1O09UaRbLBzNJqC/wULKIEWys9Jj1gwiFg+t8UK25dXcGtEy8gtSgQHNQ/eqHMUkFlYZwrHXPcxPjZ1gZRjjNK/1U0wSTMR7SnqUSC6r9bHZwjk6sEqIoVrakQTP190SGhdYTEdhOgc1IL3pT8T+vl5roys+YTFJDJZkvilKOTIym36OQKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIyaZ/VvYu6d39ea9wVcZThCI7hFDy4hAbcQhNaQEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AVf0kCI=</latexit>

dB

<latexit sha1_base64="jF0Nlc91SYA29vCoQH8aFtAqAkc="></latexit>

M∗
B = M(0)

B − gB σ̄ +
dB

2
(gB σ̄)2

0
<latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit><latexit sha1_base64="R6U1PwnApgA+/rWxqPudw4BatRo=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5RsOtuGZpMlyQpl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqngxvr+t7e2vrG5tV3aKe/u7R8cVo6OW0ZlmmGTKaF0J6IGBZfYtNwK7KQaaRIJbEfju1m9/YTacCUf7STFMKFDyWPOqHVWO+9FMfGn/UrVr/lzkVUICqhCoUa/8tUbKJYlKC0T1Jhu4Kc2zKm2nAmclnuZwZSyMR1i16GkCZown687JefOGZBYafekJXP390ROE2MmSeQ6E2pHZrk2M/+rdTMb34Q5l2lmUbLFR3EmiFVkdjsZcI3MiokDyjR3uxI2opoy6xIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwZWPLA==</latexit>
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<latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit>
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<latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit>
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<latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit>

4
<latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit>

5
<latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit>

6
<latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit>

ρ/ρ0
<latexit sha1_base64="/QsCFTKAkAyGn6z274eHA6RXgr0=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoSQICcYKFsYi0YfURJHjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmg5kuWjc+7VvfeEKaNKO863tbS8srq2Xtuob25t7+zae/tdJTKJSQcLJmQ/RIowyklHU81IP5UEJSEjvXB8U/q9ByIVFfxeT1LiJ2jIaUwx0kYK7NPcC2MvFCxSk8R8uSdHojhbUAKnCOyG03SmgIvErUgDVGgH9pcXCZwlhGvMkFID10m1nyOpKWakqHuZIinCYzQkA0M5Sojy8+lNBTw2SgRjIc3jGk7V3x05SlS5oKlMkB6pea8U//MGmY6v/JzyNNOE49mgOGNQC1gGBCMqCdZsYgjCkppdIR4hibA2MdZNCO78yYuke950Db+7aLSuqzhq4BAcgRPggkvQAregDToAg0fwDF7Bm/VkvVjv1sesdMmqeg7AH1ifPxn4n4k=</latexit><latexit sha1_base64="/QsCFTKAkAyGn6z274eHA6RXgr0=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoSQICcYKFsYi0YfURJHjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmg5kuWjc+7VvfeEKaNKO863tbS8srq2Xtuob25t7+zae/tdJTKJSQcLJmQ/RIowyklHU81IP5UEJSEjvXB8U/q9ByIVFfxeT1LiJ2jIaUwx0kYK7NPcC2MvFCxSk8R8uSdHojhbUAKnCOyG03SmgIvErUgDVGgH9pcXCZwlhGvMkFID10m1nyOpKWakqHuZIinCYzQkA0M5Sojy8+lNBTw2SgRjIc3jGk7V3x05SlS5oKlMkB6pea8U//MGmY6v/JzyNNOE49mgOGNQC1gGBCMqCdZsYgjCkppdIR4hibA2MdZNCO78yYuke950Db+7aLSuqzhq4BAcgRPggkvQAregDToAg0fwDF7Bm/VkvVjv1sesdMmqeg7AH1ifPxn4n4k=</latexit><latexit sha1_base64="/QsCFTKAkAyGn6z274eHA6RXgr0=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoSQICcYKFsYi0YfURJHjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmg5kuWjc+7VvfeEKaNKO863tbS8srq2Xtuob25t7+zae/tdJTKJSQcLJmQ/RIowyklHU81IP5UEJSEjvXB8U/q9ByIVFfxeT1LiJ2jIaUwx0kYK7NPcC2MvFCxSk8R8uSdHojhbUAKnCOyG03SmgIvErUgDVGgH9pcXCZwlhGvMkFID10m1nyOpKWakqHuZIinCYzQkA0M5Sojy8+lNBTw2SgRjIc3jGk7V3x05SlS5oKlMkB6pea8U//MGmY6v/JzyNNOE49mgOGNQC1gGBCMqCdZsYgjCkppdIR4hibA2MdZNCO78yYuke950Db+7aLSuqzhq4BAcgRPggkvQAregDToAg0fwDF7Bm/VkvVjv1sesdMmqeg7AH1ifPxn4n4k=</latexit><latexit sha1_base64="/QsCFTKAkAyGn6z274eHA6RXgr0=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoSQICcYKFsYi0YfURJHjOK1Vx45sB6mK8g8s/AoLAwixsrDxNzhtBmg5kuWjc+7VvfeEKaNKO863tbS8srq2Xtuob25t7+zae/tdJTKJSQcLJmQ/RIowyklHU81IP5UEJSEjvXB8U/q9ByIVFfxeT1LiJ2jIaUwx0kYK7NPcC2MvFCxSk8R8uSdHojhbUAKnCOyG03SmgIvErUgDVGgH9pcXCZwlhGvMkFID10m1nyOpKWakqHuZIinCYzQkA0M5Sojy8+lNBTw2SgRjIc3jGk7V3x05SlS5oKlMkB6pea8U//MGmY6v/JzyNNOE49mgOGNQC1gGBCMqCdZsYgjCkppdIR4hibA2MdZNCO78yYuke950Db+7aLSuqzhq4BAcgRPggkvQAregDToAg0fwDF7Bm/VkvVjv1sesdMmqeg7AH1ifPxn4n4k=</latexit>

1.0
<latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit><latexit sha1_base64="N1HnvWtq0R7kucULQDBBsYWnyCY=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wtr6xuVXcLu3s7u0flA+PmjZODeMNFsvYtENquRSaN1Cg5O3EcKpCyVvh+HZWbz1xY0WsH3CS8J6iQy0iwSg66zHrhhEJqv60X674VX8usgpBDhXIVe+Xv7qDmKWKa2SSWtsJ/AR7GTUomOTTUje1PKFsTIe841BTxW0vmy88JWfOGZAoNu5pJHP390RGlbUTFbpORXFkl2sz879aJ8XoupcJnaTINVt8FKWSYExm15OBMJyhnDigzAi3K2EjaihDl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBgmd4hTfPeC/eu/exaC14+cwx/JH3+QOf74+f</latexit>

1.1
<latexit sha1_base64="65sQI2qBEhKdFnNoAG7RvHSrMcE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJBNZj2yxW/6s9FViHIoQK56v3yV3cQs1SiskxQYzqBn9heRrXlTOC01E0NJpSN6RA7DhWVaHrZfOEpOXPOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/JH3+QOhdI+g</latexit><latexit sha1_base64="65sQI2qBEhKdFnNoAG7RvHSrMcE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJBNZj2yxW/6s9FViHIoQK56v3yV3cQs1SiskxQYzqBn9heRrXlTOC01E0NJpSN6RA7DhWVaHrZfOEpOXPOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/JH3+QOhdI+g</latexit><latexit sha1_base64="65sQI2qBEhKdFnNoAG7RvHSrMcE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJBNZj2yxW/6s9FViHIoQK56v3yV3cQs1SiskxQYzqBn9heRrXlTOC01E0NJpSN6RA7DhWVaHrZfOEpOXPOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/JH3+QOhdI+g</latexit><latexit sha1_base64="65sQI2qBEhKdFnNoAG7RvHSrMcE=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJBNZj2yxW/6s9FViHIoQK56v3yV3cQs1SiskxQYzqBn9heRrXlTOC01E0NJpSN6RA7DhWVaHrZfOEpOXPOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HJhRAsn7wKzYtq4Pj+slK7yeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/JH3+QOhdI+g</latexit>

1.2
<latexit sha1_base64="UFps7Wd88dx0716CmEfZiynwHOg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGgUp32S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOi+Y+h</latexit><latexit sha1_base64="UFps7Wd88dx0716CmEfZiynwHOg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGgUp32S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOi+Y+h</latexit><latexit sha1_base64="UFps7Wd88dx0716CmEfZiynwHOg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGgUp32S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOi+Y+h</latexit><latexit sha1_base64="UFps7Wd88dx0716CmEfZiynwHOg=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInspuEfRY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGgUp32S2W/4s9FViHIoQy56v3SV3cQs1SiskxQYzqBn9heRrXlTOC02E0NJpSN6RA7DhWVaHrZfOEpOXfOgESxdk9ZMnd/T2RUGjORoeuU1I7Mcm1m/lfrpDa67mVcJalFxRYfRakgNiaz68mAa2RWTBxQprnblbAR1ZRZl1HRhRAsn7wKzWolcHx/Wa7d5HEU4BTO4AICuIIa3EEdGsBAwjO8wpunvRfv3ftYtK55+cwJ/JH3+QOi+Y+h</latexit>

1.3
<latexit sha1_base64="HTEI4PALjATLYvcT7RuKGPCGXeU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqJ5PeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+kfo+i</latexit><latexit sha1_base64="HTEI4PALjATLYvcT7RuKGPCGXeU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqJ5PeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+kfo+i</latexit><latexit sha1_base64="HTEI4PALjATLYvcT7RuKGPCGXeU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqJ5PeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+kfo+i</latexit><latexit sha1_base64="HTEI4PALjATLYvcT7RuKGPCGXeU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2VdBj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqJ5PeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vLiq16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+kfo+i</latexit>

1.4
<latexit sha1_base64="ip9SkptSI+T/pV3vVetveNjR2xc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJB9XLaL1f8qj8XWYUghwrkqvfLX91BzFKJyjJBjekEfmJ7GdWWM4HTUjc1mFA2pkPsOFRUoull84Wn5Mw5AxLF2j1lydz9PZFRacxEhq5TUjsyy7WZ+V+tk9roupdxlaQWFVt8FKWC2JjMricDrpFZMXFAmeZuV8JGVFNmXUYlF0KwfPIqNC+qgeP7y0rtJo+jCCdwCucQwBXU4A7q0AAGEp7hFd487b14797HorXg5TPH8Efe5w+mA4+j</latexit><latexit sha1_base64="ip9SkptSI+T/pV3vVetveNjR2xc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJB9XLaL1f8qj8XWYUghwrkqvfLX91BzFKJyjJBjekEfmJ7GdWWM4HTUjc1mFA2pkPsOFRUoull84Wn5Mw5AxLF2j1lydz9PZFRacxEhq5TUjsyy7WZ+V+tk9roupdxlaQWFVt8FKWC2JjMricDrpFZMXFAmeZuV8JGVFNmXUYlF0KwfPIqNC+qgeP7y0rtJo+jCCdwCucQwBXU4A7q0AAGEp7hFd487b14797HorXg5TPH8Efe5w+mA4+j</latexit><latexit sha1_base64="ip9SkptSI+T/pV3vVetveNjR2xc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJB9XLaL1f8qj8XWYUghwrkqvfLX91BzFKJyjJBjekEfmJ7GdWWM4HTUjc1mFA2pkPsOFRUoull84Wn5Mw5AxLF2j1lydz9PZFRacxEhq5TUjsyy7WZ+V+tk9roupdxlaQWFVt8FKWC2JjMricDrpFZMXFAmeZuV8JGVFNmXUYlF0KwfPIqNC+qgeP7y0rtJo+jCCdwCucQwBXU4A7q0AAGEp7hFd487b14797HorXg5TPH8Efe5w+mA4+j</latexit><latexit sha1_base64="ip9SkptSI+T/pV3vVetveNjR2xc=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCvZD2lKy6WwbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyaCG+v7315hbX1jc6u4XdrZ3ds/KB8eNU2caoYNFotYt0NqUHCFDcutwHaikcpQYCsc387qrSfUhsfqwU4S7Ek6VDzijFpnPWbdMCJB9XLaL1f8qj8XWYUghwrkqvfLX91BzFKJyjJBjekEfmJ7GdWWM4HTUjc1mFA2pkPsOFRUoull84Wn5Mw5AxLF2j1lydz9PZFRacxEhq5TUjsyy7WZ+V+tk9roupdxlaQWFVt8FKWC2JjMricDrpFZMXFAmeZuV8JGVFNmXUYlF0KwfPIqNC+qgeP7y0rtJo+jCCdwCucQwBXU4A7q0AAGEp7hFd487b14797HorXg5TPH8Efe5w+mA4+j</latexit>

1.5
<latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit><latexit sha1_base64="AUIdnAlv52iH1/dHIx7KPr85geg=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdFj0YvHCrZW2lKyabYNTbJLMiuUpb/CiwdFvPpzvPlvTNs9aOsLgYd3ZsjMGyZSWPT9b6+wsrq2vlHcLG1t7+zulfcPmjZODeMNFsvYtEJquRSaN1Cg5K3EcKpCyR/C0c20/vDEjRWxvsdxwruKDrSIBKPorMesE0YkqF5MeuWKX/VnIssQ5FCBXPVe+avTj1mquEYmqbXtwE+wm1GDgkk+KXVSyxPKRnTA2w41Vdx2s9nCE3LinD6JYuOeRjJzf09kVFk7VqHrVBSHdrE2Nf+rtVOMrrqZ0EmKXLP5R1EqCcZkej3pC8MZyrEDyoxwuxI2pIYydBmVXAjB4snL0DyrBo7vziu16zyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh95nz+niI+k</latexit>

µ(ρ)
<latexit sha1_base64="LVs8jdixOquI7y4FRLn25Imj/t0=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjtUiUICcYKFsYi0YfURJXjOK1VO45sB6mK8g0s/AoLAwixMrHxNzhtBtpyJMtH59yre+8JEkaVdpwfa219Y3Nru7JT3d3bPzi0j467SqQSkw4WTMh+gBRhNCYdTTUj/UQSxANGesHktvB7j0QqKuIHPU2Iz9EophHFSBtpaDcyL4igFwgWqik3X+bxNK8vCHIs8kY+tGtO05kBrhK3JDVQoj20v71Q4JSTWGOGlBq4TqL9DElNMSN51UsVSRCeoBEZGBojTpSfzU7K4blRQhgJaV6s4Uz925Ehror9TCVHeqyWvUL8zxukOrr2MxonqSYxng+KUga1gEU+MKSSYM2mhiAsqdkV4jGSCGuTYtWE4C6fvEq6F03X8PvLWuumjKMCTsEZqAMXXIEWuANt0AEYPIEX8AberWfr1fqwPuela1bZcwIWYH39AsgDnss=</latexit><latexit sha1_base64="LVs8jdixOquI7y4FRLn25Imj/t0=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjtUiUICcYKFsYi0YfURJXjOK1VO45sB6mK8g0s/AoLAwixMrHxNzhtBtpyJMtH59yre+8JEkaVdpwfa219Y3Nru7JT3d3bPzi0j467SqQSkw4WTMh+gBRhNCYdTTUj/UQSxANGesHktvB7j0QqKuIHPU2Iz9EophHFSBtpaDcyL4igFwgWqik3X+bxNK8vCHIs8kY+tGtO05kBrhK3JDVQoj20v71Q4JSTWGOGlBq4TqL9DElNMSN51UsVSRCeoBEZGBojTpSfzU7K4blRQhgJaV6s4Uz925Ehror9TCVHeqyWvUL8zxukOrr2MxonqSYxng+KUga1gEU+MKSSYM2mhiAsqdkV4jGSCGuTYtWE4C6fvEq6F03X8PvLWuumjKMCTsEZqAMXXIEWuANt0AEYPIEX8AberWfr1fqwPuela1bZcwIWYH39AsgDnss=</latexit><latexit sha1_base64="LVs8jdixOquI7y4FRLn25Imj/t0=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjtUiUICcYKFsYi0YfURJXjOK1VO45sB6mK8g0s/AoLAwixMrHxNzhtBtpyJMtH59yre+8JEkaVdpwfa219Y3Nru7JT3d3bPzi0j467SqQSkw4WTMh+gBRhNCYdTTUj/UQSxANGesHktvB7j0QqKuIHPU2Iz9EophHFSBtpaDcyL4igFwgWqik3X+bxNK8vCHIs8kY+tGtO05kBrhK3JDVQoj20v71Q4JSTWGOGlBq4TqL9DElNMSN51UsVSRCeoBEZGBojTpSfzU7K4blRQhgJaV6s4Uz925Ehror9TCVHeqyWvUL8zxukOrr2MxonqSYxng+KUga1gEU+MKSSYM2mhiAsqdkV4jGSCGuTYtWE4C6fvEq6F03X8PvLWuumjKMCTsEZqAMXXIEWuANt0AEYPIEX8AberWfr1fqwPuela1bZcwIWYH39AsgDnss=</latexit><latexit sha1_base64="LVs8jdixOquI7y4FRLn25Imj/t0=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEjtUiUICcYKFsYi0YfURJXjOK1VO45sB6mK8g0s/AoLAwixMrHxNzhtBtpyJMtH59yre+8JEkaVdpwfa219Y3Nru7JT3d3bPzi0j467SqQSkw4WTMh+gBRhNCYdTTUj/UQSxANGesHktvB7j0QqKuIHPU2Iz9EophHFSBtpaDcyL4igFwgWqik3X+bxNK8vCHIs8kY+tGtO05kBrhK3JDVQoj20v71Q4JSTWGOGlBq4TqL9DElNMSN51UsVSRCeoBEZGBojTpSfzU7K4blRQhgJaV6s4Uz925Ehror9TCVHeqyWvUL8zxukOrr2MxonqSYxng+KUga1gEU+MKSSYM2mhiAsqdkV4jGSCGuTYtWE4C6fvEq6F03X8PvLWuumjKMCTsEZqAMXXIEWuANt0AEYPIEX8AberWfr1fqwPuela1bZcwIWYH39AsgDnss=</latexit>

[GeV]
<latexit sha1_base64="7+6jKmt81uNMbRoVFuz2UH/qoqc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KDHCrYW01A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0vLDy8M8POvGEquDau++2UVlbX1jfKm5Wt7Z3dver+QVsnmWLYYolIVCekGgWX2DLcCOykCmkcCnwIR9fT+sMTKs0TeW/GKQYxHUgecUaNtR7zbhj5N9gOJr1qza27M5Fl8AqoQaFmr/rV7Scsi1EaJqjWvuemJsipMpwJnFS6mcaUshEdoG9R0hh1kM82npAT6/RJlCj7pCEz9/dETmOtx3FoO2NqhnqxNjX/q/mZiS6DnMs0MyjZ/KMoE8QkZHo+6XOFzIixBcoUt7sSNqSKMmNDqtgQvMWTl6F9Vvcs353XGldFHGU4gmM4BQ8uoAG30IQWMJDwDK/w5mjnxXl3PuatJaeYOYQ/cj5/AF7IkLQ=</latexit><latexit sha1_base64="7+6jKmt81uNMbRoVFuz2UH/qoqc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KDHCrYW01A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0vLDy8M8POvGEquDau++2UVlbX1jfKm5Wt7Z3dver+QVsnmWLYYolIVCekGgWX2DLcCOykCmkcCnwIR9fT+sMTKs0TeW/GKQYxHUgecUaNtR7zbhj5N9gOJr1qza27M5Fl8AqoQaFmr/rV7Scsi1EaJqjWvuemJsipMpwJnFS6mcaUshEdoG9R0hh1kM82npAT6/RJlCj7pCEz9/dETmOtx3FoO2NqhnqxNjX/q/mZiS6DnMs0MyjZ/KMoE8QkZHo+6XOFzIixBcoUt7sSNqSKMmNDqtgQvMWTl6F9Vvcs353XGldFHGU4gmM4BQ8uoAG30IQWMJDwDK/w5mjnxXl3PuatJaeYOYQ/cj5/AF7IkLQ=</latexit><latexit sha1_base64="7+6jKmt81uNMbRoVFuz2UH/qoqc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KDHCrYW01A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0vLDy8M8POvGEquDau++2UVlbX1jfKm5Wt7Z3dver+QVsnmWLYYolIVCekGgWX2DLcCOykCmkcCnwIR9fT+sMTKs0TeW/GKQYxHUgecUaNtR7zbhj5N9gOJr1qza27M5Fl8AqoQaFmr/rV7Scsi1EaJqjWvuemJsipMpwJnFS6mcaUshEdoG9R0hh1kM82npAT6/RJlCj7pCEz9/dETmOtx3FoO2NqhnqxNjX/q/mZiS6DnMs0MyjZ/KMoE8QkZHo+6XOFzIixBcoUt7sSNqSKMmNDqtgQvMWTl6F9Vvcs353XGldFHGU4gmM4BQ8uoAG30IQWMJDwDK/w5mjnxXl3PuatJaeYOYQ/cj5/AF7IkLQ=</latexit><latexit sha1_base64="7+6jKmt81uNMbRoVFuz2UH/qoqc=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KDHCrYW01A220m7dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0vLDy8M8POvGEquDau++2UVlbX1jfKm5Wt7Z3dver+QVsnmWLYYolIVCekGgWX2DLcCOykCmkcCnwIR9fT+sMTKs0TeW/GKQYxHUgecUaNtR7zbhj5N9gOJr1qza27M5Fl8AqoQaFmr/rV7Scsi1EaJqjWvuemJsipMpwJnFS6mcaUshEdoG9R0hh1kM82npAT6/RJlCj7pCEz9/dETmOtx3FoO2NqhnqxNjX/q/mZiS6DnMs0MyjZ/KMoE8QkZHo+6XOFzIixBcoUt7sSNqSKMmNDqtgQvMWTl6F9Vvcs353XGldFHGU4gmM4BQ8uoAG30IQWMJDwDK/w5mjnxXl3PuatJaeYOYQ/cj5/AF7IkLQ=</latexit>

M0
<latexit sha1_base64="fj02DGJYIRodpLKKUD12oaGci/0=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YsXoYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjq6n9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAitz1/0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7SqPowhHcAynEMAF1OAG6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPFWiP7A==</latexit><latexit sha1_base64="fj02DGJYIRodpLKKUD12oaGci/0=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YsXoYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjq6n9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAitz1/0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7SqPowhHcAynEMAF1OAG6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPFWiP7A==</latexit><latexit sha1_base64="fj02DGJYIRodpLKKUD12oaGci/0=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YsXoYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjq6n9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAitz1/0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7SqPowhHcAynEMAF1OAG6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPFWiP7A==</latexit><latexit sha1_base64="fj02DGJYIRodpLKKUD12oaGci/0=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YsXoYKtlbaUbDrbhibZJckKZemv8OJBEa/+HG/+G9N2D9r6QuDhnRky84aJ4Mb6/rdXWFldW98obpa2tnd298r7B00Tp5phg8Ui1q2QGhRcYcNyK7CVaKQyFPgQjq6n9Ycn1IbH6t6OE+xKOlA84oxaZz1mnTAitz1/0itX/Ko/E1mGIIcK5Kr3yl+dfsxSicoyQY1pB35iuxnVljOBk1InNZhQNqIDbDtUVKLpZrOFJ+TEOX0Sxdo9ZcnM/T2RUWnMWIauU1I7NIu1qflfrZ3a6LKbcZWkFhWbfxSlgtiYTK8nfa6RWTF2QJnmblfChlRTZl1GJRdCsHjyMjTPqoHju/NK7SqPowhHcAynEMAF1OAG6tAABhKe4RXePO29eO/ex7y14OUzh/BH3ucPFWiP7A==</latexit>

Relativistic Fermi-Liquid Theory (contd.)

B. Friman,  W. W.     
 Rhys. Rev. C100 (2019) 065807     

Speed of sound

"squared sound velocity c^2 = dpêde"

c2@x_D := p'@xD ê 1000
c2@1.0D
Plot@c2@xD, 8x, 0.0, 1.4<D
Show@%, Frame Ø True,
FrameLabel Ø 8"energy density @GeVêfm^3D", "squared sound velocity c^2"< D

squared sound velocity c^2 = dpêde
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<latexit sha1_base64="oOJhRCUqR3k3D/urDuw/OdVgZv0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwY0lU0GVRRJcV7AOaWCaTSTt0kgkzE6GE9Cvc+CtuXCjiVnf+jZM2C209MMzhnHu59x4vZlQqy/o2SguLS8sr5dXK2vrG5pa5vdOSPBGYNDFnXHQ8JAmjEWkqqhjpxIKg0GOk7Q0vc7/9QISkPLpTo5i4IepHNKAYKS31zJrjcebLUai/1MGIwatsPB6njhfA7jVpOdjnCgbhfXp0krlZz6xaNWsCOE/sglRBgUbP/HJ8jpOQRAozJGXXtmLlpkgoihnJKk4iSYzwEPVJV9MIhUS66eSuDB5oxYcBF/pFCk7U3x0pCmW+uq4MkRrIWS8X//O6iQrO3ZRGcaJIhKeDgoRBxWEeEvSpIFixkSYIC6p3hXiABMJKR1nRIdizJ8+T1nHN1vz2tFq/KOIogz2wDw6BDc5AHdyABmgCDB7BM3gFb8aT8WK8Gx/T0pJR9OyCPzA+fwB3wKAS</latexit><latexit sha1_base64="oOJhRCUqR3k3D/urDuw/OdVgZv0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwY0lU0GVRRJcV7AOaWCaTSTt0kgkzE6GE9Cvc+CtuXCjiVnf+jZM2C209MMzhnHu59x4vZlQqy/o2SguLS8sr5dXK2vrG5pa5vdOSPBGYNDFnXHQ8JAmjEWkqqhjpxIKg0GOk7Q0vc7/9QISkPLpTo5i4IepHNKAYKS31zJrjcebLUai/1MGIwatsPB6njhfA7jVpOdjnCgbhfXp0krlZz6xaNWsCOE/sglRBgUbP/HJ8jpOQRAozJGXXtmLlpkgoihnJKk4iSYzwEPVJV9MIhUS66eSuDB5oxYcBF/pFCk7U3x0pCmW+uq4MkRrIWS8X//O6iQrO3ZRGcaJIhKeDgoRBxWEeEvSpIFixkSYIC6p3hXiABMJKR1nRIdizJ8+T1nHN1vz2tFq/KOIogz2wDw6BDc5AHdyABmgCDB7BM3gFb8aT8WK8Gx/T0pJR9OyCPzA+fwB3wKAS</latexit><latexit sha1_base64="oOJhRCUqR3k3D/urDuw/OdVgZv0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwY0lU0GVRRJcV7AOaWCaTSTt0kgkzE6GE9Cvc+CtuXCjiVnf+jZM2C209MMzhnHu59x4vZlQqy/o2SguLS8sr5dXK2vrG5pa5vdOSPBGYNDFnXHQ8JAmjEWkqqhjpxIKg0GOk7Q0vc7/9QISkPLpTo5i4IepHNKAYKS31zJrjcebLUai/1MGIwatsPB6njhfA7jVpOdjnCgbhfXp0krlZz6xaNWsCOE/sglRBgUbP/HJ8jpOQRAozJGXXtmLlpkgoihnJKk4iSYzwEPVJV9MIhUS66eSuDB5oxYcBF/pFCk7U3x0pCmW+uq4MkRrIWS8X//O6iQrO3ZRGcaJIhKeDgoRBxWEeEvSpIFixkSYIC6p3hXiABMJKR1nRIdizJ8+T1nHN1vz2tFq/KOIogz2wDw6BDc5AHdyABmgCDB7BM3gFb8aT8WK8Gx/T0pJR9OyCPzA+fwB3wKAS</latexit><latexit sha1_base64="oOJhRCUqR3k3D/urDuw/OdVgZv0=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwY0lU0GVRRJcV7AOaWCaTSTt0kgkzE6GE9Cvc+CtuXCjiVnf+jZM2C209MMzhnHu59x4vZlQqy/o2SguLS8sr5dXK2vrG5pa5vdOSPBGYNDFnXHQ8JAmjEWkqqhjpxIKg0GOk7Q0vc7/9QISkPLpTo5i4IepHNKAYKS31zJrjcebLUai/1MGIwatsPB6njhfA7jVpOdjnCgbhfXp0krlZz6xaNWsCOE/sglRBgUbP/HJ8jpOQRAozJGXXtmLlpkgoihnJKk4iSYzwEPVJV9MIhUS66eSuDB5oxYcBF/pFCk7U3x0pCmW+uq4MkRrIWS8X//O6iQrO3ZRGcaJIhKeDgoRBxWEeEvSpIFixkSYIC6p3hXiABMJKR1nRIdizJ8+T1nHN1vz2tFq/KOIogz2wDw6BDc5AHdyABmgCDB7BM3gFb8aT8WK8Gx/T0pJR9OyCPzA+fwB3wKAS</latexit>
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<latexit sha1_base64="lnqMJO7slaJCM+wyjFy9YZT/OZk=">AAACI3icbVBNS8NAEN34WetX1KOXxSJ4KkkRFEEoiuCxgv2AJobNZtMu3WTD7kYoIf/Fi3/FiwelePHgf3HTRtDWgWXfvDfDzDw/YVQqy/o0lpZXVtfWKxvVza3tnV1zb78jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dF3r3kQhJeXyvxglxIzSIaUgxUpryzIvM8UOIPfuhAS9h5iRIKIoYbDlct/2kjs9ZIMeR/jIHa/kmz3PPrFl1axpwEdglqIEyWp45cQKO04jECjMkZd+2EuVmxQjMSF51UkkShEdoQPoaxigi0s2mN+bwWDMBDLnQL1Zwyv7uyFAkiw11ZYTUUM5rBfmf1k9VeO5mNE5SRWI8GxSmDCoOC8NgQAXBio01QFhQvSvEQyQQVtrWqjbBnj95EXQadVvju9Na86q0owIOwRE4ATY4A01wC1qgDTB4Ai/gDbwbz8arMTE+ZqVLRtlzAP6E8fUNSIWkuQ==</latexit><latexit sha1_base64="lnqMJO7slaJCM+wyjFy9YZT/OZk=">AAACI3icbVBNS8NAEN34WetX1KOXxSJ4KkkRFEEoiuCxgv2AJobNZtMu3WTD7kYoIf/Fi3/FiwelePHgf3HTRtDWgWXfvDfDzDw/YVQqy/o0lpZXVtfWKxvVza3tnV1zb78jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dF3r3kQhJeXyvxglxIzSIaUgxUpryzIvM8UOIPfuhAS9h5iRIKIoYbDlct/2kjs9ZIMeR/jIHa/kmz3PPrFl1axpwEdglqIEyWp45cQKO04jECjMkZd+2EuVmxQjMSF51UkkShEdoQPoaxigi0s2mN+bwWDMBDLnQL1Zwyv7uyFAkiw11ZYTUUM5rBfmf1k9VeO5mNE5SRWI8GxSmDCoOC8NgQAXBio01QFhQvSvEQyQQVtrWqjbBnj95EXQadVvju9Na86q0owIOwRE4ATY4A01wC1qgDTB4Ai/gDbwbz8arMTE+ZqVLRtlzAP6E8fUNSIWkuQ==</latexit><latexit sha1_base64="lnqMJO7slaJCM+wyjFy9YZT/OZk=">AAACI3icbVBNS8NAEN34WetX1KOXxSJ4KkkRFEEoiuCxgv2AJobNZtMu3WTD7kYoIf/Fi3/FiwelePHgf3HTRtDWgWXfvDfDzDw/YVQqy/o0lpZXVtfWKxvVza3tnV1zb78jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dF3r3kQhJeXyvxglxIzSIaUgxUpryzIvM8UOIPfuhAS9h5iRIKIoYbDlct/2kjs9ZIMeR/jIHa/kmz3PPrFl1axpwEdglqIEyWp45cQKO04jECjMkZd+2EuVmxQjMSF51UkkShEdoQPoaxigi0s2mN+bwWDMBDLnQL1Zwyv7uyFAkiw11ZYTUUM5rBfmf1k9VeO5mNE5SRWI8GxSmDCoOC8NgQAXBio01QFhQvSvEQyQQVtrWqjbBnj95EXQadVvju9Na86q0owIOwRE4ATY4A01wC1qgDTB4Ai/gDbwbz8arMTE+ZqVLRtlzAP6E8fUNSIWkuQ==</latexit><latexit sha1_base64="lnqMJO7slaJCM+wyjFy9YZT/OZk=">AAACI3icbVBNS8NAEN34WetX1KOXxSJ4KkkRFEEoiuCxgv2AJobNZtMu3WTD7kYoIf/Fi3/FiwelePHgf3HTRtDWgWXfvDfDzDw/YVQqy/o0lpZXVtfWKxvVza3tnV1zb78jeSowaWPOuOj5SBJGY9JWVDHSSwRBkc9I1x9dF3r3kQhJeXyvxglxIzSIaUgxUpryzIvM8UOIPfuhAS9h5iRIKIoYbDlct/2kjs9ZIMeR/jIHa/kmz3PPrFl1axpwEdglqIEyWp45cQKO04jECjMkZd+2EuVmxQjMSF51UkkShEdoQPoaxigi0s2mN+bwWDMBDLnQL1Zwyv7uyFAkiw11ZYTUUM5rBfmf1k9VeO5mNE5SRWI8GxSmDCoOC8NgQAXBio01QFhQvSvEQyQQVtrWqjbBnj95EXQadVvju9Na86q0owIOwRE4ATY4A01wC1qgDTB4Ai/gDbwbz8arMTE+ZqVLRtlzAP6E8fUNSIWkuQ==</latexit>
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Landau parameters
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1

3

(
pF
µ

)2 1 + F0

1 + 1
3F1
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baryon 
chemical 
potential

1 +
F1(ρ)

3
=

m∗(ρ)
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1 + F0(ρ) =
pF m∗(ρ)

π2

∂2E(ρ)
∂ρ2
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m∗(ρ)
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K(ρ)
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incompressibility

ρ/ρ0
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<latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit><latexit sha1_base64="qCRBw6/eS/sQ48pj3q1SMe5Ssqg=">AAAB7nicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYwX5Au5Rsmm1Ds8mSzApl6Y/w4kERr/4eb/4b03YP2vpC4OGdGTLzRqkUFn3/21tb39jc2i7tlHf39g8OK0fHLaszw3iTaalNJ6KWS6F4EwVK3kkNp0kkeTsa383q7SdurNDqEScpDxM6VCIWjKKz2nkvikkw7Veqfs2fi6xCUEAVCjX6la/eQLMs4QqZpNZ2Az/FMKcGBZN8Wu5llqeUjemQdx0qmnAb5vN1p+TcOQMSa+OeQjJ3f0/kNLF2kkSuM6E4ssu1mflfrZthfBPmQqUZcsUWH8WZJKjJ7HYyEIYzlBMHlBnhdiVsRA1l6BIquxCC5ZNXoXVZCxw/XFXrt0UcJTiFM7iAAK6hDvfQgCYwGMMzvMKbl3ov3rv3sWhd84qZE/gj7/MHwxqPLQ==</latexit>

2
<latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit><latexit sha1_base64="aOpc5zH43zntzAQuhnjm9FB5K9I=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FSSIuix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0O7XvMtP1xVG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8Sfjy4=</latexit>

3
<latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit><latexit sha1_base64="9wEZsNcOdpuOpqnPMHsItjbo0FU=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSFfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUguZ4Nqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfriqNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8Ykjy8=</latexit>
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<latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit><latexit sha1_base64="tWk9QW02b7QDXayPy39ikvQxPMA=">AAAB7nicbZBNS8NAEIYn9avWr6hHL4tF8FQSKeix6MVjBfsBbSib7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYXFh7emWFn3jCVwqDnfTuljc2t7Z3ybmVv/+DwyD0+aZsk04y3WCIT3Q2p4VIo3kKBkndTzWkcSt4JJ3fzeueJayMS9YjTlAcxHSkRCUbRWp28H0akPhu4Va/mLUTWwS+gCoWaA/erP0xYFnOFTFJjer6XYpBTjYJJPqv0M8NTyiZ0xHsWFY25CfLFujNyYZ0hiRJtn0KycH9P5DQ2ZhqHtjOmODartbn5X62XYXQT5EKlGXLFlh9FmSSYkPntZCg0ZyinFijTwu5K2JhqytAmVLEh+Ksnr0P7quZbfqhXG7dFHGU4g3O4BB+uoQH30IQWMJjAM7zCm5M6L86787FsLTnFzCn8kfP5A8epjzA=</latexit> 5

<latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit><latexit sha1_base64="+jvSrrcMCBG8fz7y92Ct2VUAn6U=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSUfRY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8kujzE=</latexit>

6
<latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit><latexit sha1_base64="nKDDChkeTrJ9BVuKCfytI2guNCs=">AAAB7nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfVY9OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LQ5aOsLCw/vzLAzb5AIro3rfjultfWNza3ydmVnd2//oHp41NZxqhi2WCxi1Q2oRsEltgw3AruJQhoFAjvB5C6vd55QaR7LRzNN0I/oSPKQM2qs1cn6QUiuZoNqza27c5FV8AqoQaHmoPrVH8YsjVAaJqjWPc9NjJ9RZTgTOKv0U40JZRM6wp5FSSPUfjZfd0bOrDMkYazsk4bM3d8TGY20nkaB7YyoGevlWm7+V+ulJrzxMy6T1KBki4/CVBATk/x2MuQKmRFTC5QpbnclbEwVZcYmVLEheMsnr0L7ou5ZfrisNW6LOMpwAqdwDh5cQwPuoQktYDCBZ3iFNydxXpx352PRWnKKmWP4I+fzB8qzjzI=</latexit>

700
<latexit sha1_base64="Ez64DPhWEanJc2DPhwKCDclM3FQ=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPVY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1Uhtd9zKuktSiYouPolQQG5PZ9WTANTIrJg4o09ztStiIasqsy6joQgiWT16F5mUlcHx/Va7d5HEU4BTO4AICqEIN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGsJY+n</latexit><latexit sha1_base64="Ez64DPhWEanJc2DPhwKCDclM3FQ=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPVY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1Uhtd9zKuktSiYouPolQQG5PZ9WTANTIrJg4o09ztStiIasqsy6joQgiWT16F5mUlcHx/Va7d5HEU4BTO4AICqEIN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGsJY+n</latexit><latexit sha1_base64="Ez64DPhWEanJc2DPhwKCDclM3FQ=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPVY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1Uhtd9zKuktSiYouPolQQG5PZ9WTANTIrJg4o09ztStiIasqsy6joQgiWT16F5mUlcHx/Va7d5HEU4BTO4AICqEIN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGsJY+n</latexit><latexit sha1_base64="Ez64DPhWEanJc2DPhwKCDclM3FQ=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPVY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1Uhtd9zKuktSiYouPolQQG5PZ9WTANTIrJg4o09ztStiIasqsy6joQgiWT16F5mUlcHx/Va7d5HEU4BTO4AICqEIN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGsJY+n</latexit>

750
<latexit sha1_base64="Puev0oQlG1YQ5lPy7DECZIqMSYM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozotRl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrj6zBjMkktlWTxUZxyZBWaXY8GTFNi+cQBJpq5XREZYY2JdRmVXAjB8smr0LqoBo7vLyv1mzyOIpzAKZxDADWowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+zw4+s</latexit><latexit sha1_base64="Puev0oQlG1YQ5lPy7DECZIqMSYM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozotRl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrj6zBjMkktlWTxUZxyZBWaXY8GTFNi+cQBJpq5XREZYY2JdRmVXAjB8smr0LqoBo7vLyv1mzyOIpzAKZxDADWowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+zw4+s</latexit><latexit sha1_base64="Puev0oQlG1YQ5lPy7DECZIqMSYM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozotRl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrj6zBjMkktlWTxUZxyZBWaXY8GTFNi+cQBJpq5XREZYY2JdRmVXAjB8smr0LqoBo7vLyv1mzyOIpzAKZxDADWowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+zw4+s</latexit><latexit sha1_base64="Puev0oQlG1YQ5lPy7DECZIqMSYM=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozotRl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrj6zBjMkktlWTxUZxyZBWaXY8GTFNi+cQBJpq5XREZYY2JdRmVXAjB8smr0LqoBo7vLyv1mzyOIpzAKZxDADWowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+zw4+s</latexit>

800
<latexit sha1_base64="pxEf5e3fbWB+FMRCb4mUEmML/ps=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPZY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1UhtVexlXSWpRscVHUSqIjcnsejLgGpkVEweUae52JWxENWXWZVR0IQTLJ69C87ISOL6/Ktdu8jgKcApncAEBXEMN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGtrI+o</latexit><latexit sha1_base64="pxEf5e3fbWB+FMRCb4mUEmML/ps=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPZY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1UhtVexlXSWpRscVHUSqIjcnsejLgGpkVEweUae52JWxENWXWZVR0IQTLJ69C87ISOL6/Ktdu8jgKcApncAEBXEMN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGtrI+o</latexit><latexit sha1_base64="pxEf5e3fbWB+FMRCb4mUEmML/ps=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPZY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1UhtVexlXSWpRscVHUSqIjcnsejLgGpkVEweUae52JWxENWXWZVR0IQTLJ69C87ISOL6/Ktdu8jgKcApncAEBXEMN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGtrI+o</latexit><latexit sha1_base64="pxEf5e3fbWB+FMRCb4mUEmML/ps=">AAAB8HicbZBNSwMxEIZn/az1q+rRS7AInsquCPZY9OKxgv2QtpRsOtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpC4OGdGTLzhongxvr+t7e2vrG5tV3YKe7u7R8clo6OmyZONcMGi0Ws2yE1KLjChuVWYDvRSGUosBWOb2f11hNqw2P1YCcJ9iQdKh5xRq2zHrNuGJGq70/7pbJf8eciqxDkUIZc9X7pqzuIWSpRWSaoMZ3AT2wvo9pyJnBa7KYGE8rGdIgdh4pKNL1svvCUnDtnQKJYu6csmbu/JzIqjZnI0HVKakdmuTYz/6t1UhtVexlXSWpRscVHUSqIjcnsejLgGpkVEweUae52JWxENWXWZVR0IQTLJ69C87ISOL6/Ktdu8jgKcApncAEBXEMN7qAODWAg4Rle4c3T3ov37n0sWte8fOYE/sj7/AGtrI+o</latexit>

850
<latexit sha1_base64="WDFVxAtoAXF7+LTANfn2DDrtkAE=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozothl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrjWpgxmaSWSrL4KE45sgrNrkcDpimxfOIAE83croiMsMbEuoxKLoRg+eRVaF1UA8f3l5X6TR5HEU7gFM4hgGuowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+1So+t</latexit><latexit sha1_base64="WDFVxAtoAXF7+LTANfn2DDrtkAE=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozothl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrjWpgxmaSWSrL4KE45sgrNrkcDpimxfOIAE83croiMsMbEuoxKLoRg+eRVaF1UA8f3l5X6TR5HEU7gFM4hgGuowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+1So+t</latexit><latexit sha1_base64="WDFVxAtoAXF7+LTANfn2DDrtkAE=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozothl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrjWpgxmaSWSrL4KE45sgrNrkcDpimxfOIAE83croiMsMbEuoxKLoRg+eRVaF1UA8f3l5X6TR5HEU7gFM4hgGuowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+1So+t</latexit><latexit sha1_base64="WDFVxAtoAXF7+LTANfn2DDrtkAE=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozothl0Y3LCvYi7VAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzRwlnxvr+t1dYW9/Y3Cpul3Z29/YPyodHLaNSTWiTKK50J8KGciZp0zLLaSfRFIuI03Y0vp3V209UG6bkg50kNBR4KFnMCLbOesx6UYxqV/60X674VX8utApBDhXI1eiXv3oDRVJBpSUcG9MN/MSGGdaWEU6npV5qaILJGA9p16HEgpowmy88RWfOGaBYafekRXP390SGhTETEblOge3ILNdm5n+1bmrjWpgxmaSWSrL4KE45sgrNrkcDpimxfOIAE83croiMsMbEuoxKLoRg+eRVaF1UA8f3l5X6TR5HEU7gFM4hgGuowx00oAkEBDzDK7x52nvx3r2PRWvBy2eO4Y+8zx+1So+t</latexit>

900
<latexit sha1_base64="IKpv1IBhM/DdJWSVU7mFszb2iYU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVBvRS8eK9haaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3uFldW19Y3iZmlre2d3r7x/0DRxqhk2WCxi3QqpQcEVNiy3AluJRipDgQ/h6GZaf3hCbXis7u04wa6kA8Ujzqh11mPWCSNy5fuTXrniV/2ZyDIEOVQgV71X/ur0Y5ZKVJYJakw78BPbzai2nAmclDqpwYSyER1g26GiEk03my08ISfO6ZMo1u4pS2bu74mMSmPGMnSdktqhWaxNzf9q7dRGl92MqyS1qNj8oygVxMZkej3pc43MirEDyjR3uxI2pJoy6zIquRCCxZOXoXlWDRzfnVdq13kcRTiCYziFAC6gBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/yPn8ArzOPqQ==</latexit><latexit sha1_base64="IKpv1IBhM/DdJWSVU7mFszb2iYU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVBvRS8eK9haaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3uFldW19Y3iZmlre2d3r7x/0DRxqhk2WCxi3QqpQcEVNiy3AluJRipDgQ/h6GZaf3hCbXis7u04wa6kA8Ujzqh11mPWCSNy5fuTXrniV/2ZyDIEOVQgV71X/ur0Y5ZKVJYJakw78BPbzai2nAmclDqpwYSyER1g26GiEk03my08ISfO6ZMo1u4pS2bu74mMSmPGMnSdktqhWaxNzf9q7dRGl92MqyS1qNj8oygVxMZkej3pc43MirEDyjR3uxI2pJoy6zIquRCCxZOXoXlWDRzfnVdq13kcRTiCYziFAC6gBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/yPn8ArzOPqQ==</latexit><latexit sha1_base64="IKpv1IBhM/DdJWSVU7mFszb2iYU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVBvRS8eK9haaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3uFldW19Y3iZmlre2d3r7x/0DRxqhk2WCxi3QqpQcEVNiy3AluJRipDgQ/h6GZaf3hCbXis7u04wa6kA8Ujzqh11mPWCSNy5fuTXrniV/2ZyDIEOVQgV71X/ur0Y5ZKVJYJakw78BPbzai2nAmclDqpwYSyER1g26GiEk03my08ISfO6ZMo1u4pS2bu74mMSmPGMnSdktqhWaxNzf9q7dRGl92MqyS1qNj8oygVxMZkej3pc43MirEDyjR3uxI2pJoy6zIquRCCxZOXoXlWDRzfnVdq13kcRTiCYziFAC6gBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/yPn8ArzOPqQ==</latexit><latexit sha1_base64="IKpv1IBhM/DdJWSVU7mFszb2iYU=">AAAB8HicbZBNSwMxEIZn61etX1WPXoJF8FR2RVBvRS8eK9haaUvJprNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0vBB7emSEzb5gIbqzvf3uFldW19Y3iZmlre2d3r7x/0DRxqhk2WCxi3QqpQcEVNiy3AluJRipDgQ/h6GZaf3hCbXis7u04wa6kA8Ujzqh11mPWCSNy5fuTXrniV/2ZyDIEOVQgV71X/ur0Y5ZKVJYJakw78BPbzai2nAmclDqpwYSyER1g26GiEk03my08ISfO6ZMo1u4pS2bu74mMSmPGMnSdktqhWaxNzf9q7dRGl92MqyS1qNj8oygVxMZkej3pc43MirEDyjR3uxI2pJoy6zIquRCCxZOXoXlWDRzfnVdq13kcRTiCYziFAC6gBrdQhwYwkPAMr/Dmae/Fe/c+5q0FL585hD/yPn8ArzOPqQ==</latexit>

m∗(ρ) =
√
p2
F +M2(ρ)

<latexit sha1_base64="OENsgnhqO7bgdJ2RjApbRwcjads="></latexit><latexit sha1_base64="OENsgnhqO7bgdJ2RjApbRwcjads="></latexit><latexit sha1_base64="OENsgnhqO7bgdJ2RjApbRwcjads="></latexit><latexit sha1_base64="OENsgnhqO7bgdJ2RjApbRwcjads="></latexit>

m∗
<latexit sha1_base64="JsYjQN3PaQvaGyD/x2qzgvJL12c=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiiIsyI4Iui25cVrAXaceSSTNtaC5DkhHK0Kdw40IRtz6OO9/GtJ2Ftv4Q+PjPOeScP0o4M9b3v73Cyura+kZxs7S1vbO7V94/aBqVakIbRHGl2xE2lDNJG5ZZTtuJplhEnLai0c203nqi2jAl7+04oaHAA8liRrB11kPWjWIkHs8mvXLFr/ozoWUIcqhArnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAOw4lFtSE2WzhCTpxTh/FSrsnLZq5vycyLIwZi8h1CmyHZrE2Nf+rdVIbX4UZk0lqqSTzj+KUI6vQ9HrUZ5oSy8cOMNHM7YrIEGtMrMuo5EIIFk9ehuZ5NXB8d1GpXedxFOEIjuEUAriEGtxCHRpAQMAzvMKbp70X7937mLcWvHzmEP7I+/wBO6SQBQ==</latexit><latexit sha1_base64="JsYjQN3PaQvaGyD/x2qzgvJL12c=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiiIsyI4Iui25cVrAXaceSSTNtaC5DkhHK0Kdw40IRtz6OO9/GtJ2Ftv4Q+PjPOeScP0o4M9b3v73Cyura+kZxs7S1vbO7V94/aBqVakIbRHGl2xE2lDNJG5ZZTtuJplhEnLai0c203nqi2jAl7+04oaHAA8liRrB11kPWjWIkHs8mvXLFr/ozoWUIcqhArnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAOw4lFtSE2WzhCTpxTh/FSrsnLZq5vycyLIwZi8h1CmyHZrE2Nf+rdVIbX4UZk0lqqSTzj+KUI6vQ9HrUZ5oSy8cOMNHM7YrIEGtMrMuo5EIIFk9ehuZ5NXB8d1GpXedxFOEIjuEUAriEGtxCHRpAQMAzvMKbp70X7937mLcWvHzmEP7I+/wBO6SQBQ==</latexit><latexit sha1_base64="JsYjQN3PaQvaGyD/x2qzgvJL12c=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiiIsyI4Iui25cVrAXaceSSTNtaC5DkhHK0Kdw40IRtz6OO9/GtJ2Ftv4Q+PjPOeScP0o4M9b3v73Cyura+kZxs7S1vbO7V94/aBqVakIbRHGl2xE2lDNJG5ZZTtuJplhEnLai0c203nqi2jAl7+04oaHAA8liRrB11kPWjWIkHs8mvXLFr/ozoWUIcqhArnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAOw4lFtSE2WzhCTpxTh/FSrsnLZq5vycyLIwZi8h1CmyHZrE2Nf+rdVIbX4UZk0lqqSTzj+KUI6vQ9HrUZ5oSy8cOMNHM7YrIEGtMrMuo5EIIFk9ehuZ5NXB8d1GpXedxFOEIjuEUAriEGtxCHRpAQMAzvMKbp70X7937mLcWvHzmEP7I+/wBO6SQBQ==</latexit><latexit sha1_base64="JsYjQN3PaQvaGyD/x2qzgvJL12c=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiiIsyI4Iui25cVrAXaceSSTNtaC5DkhHK0Kdw40IRtz6OO9/GtJ2Ftv4Q+PjPOeScP0o4M9b3v73Cyura+kZxs7S1vbO7V94/aBqVakIbRHGl2xE2lDNJG5ZZTtuJplhEnLai0c203nqi2jAl7+04oaHAA8liRrB11kPWjWIkHs8mvXLFr/ozoWUIcqhArnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAOw4lFtSE2WzhCTpxTh/FSrsnLZq5vycyLIwZi8h1CmyHZrE2Nf+rdVIbX4UZk0lqqSTzj+KUI6vQ9HrUZ5oSy8cOMNHM7YrIEGtMrMuo5EIIFk9ehuZ5NXB8d1GpXedxFOEIjuEUAriEGtxCHRpAQMAzvMKbp70X7937mLcWvHzmEP7I+/wBO6SQBQ==</latexit>

[MeV]
<latexit sha1_base64="g3A5S2fvL12ti8pFKCgO7QYvfb4=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGBrMQ1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBumgmvjut9OaWV1bX2jvFnZ2t7Z3avuH7R1kimGLZaIRHVCqlFwiS3DjcBOqpDGocCHcHQ9rT88odI8kfdmnGIQ04HkEWfUWOsx74aRf4vtYNKr1ty6OxNZBq+AGhRq9qpf3X7CshilYYJq7XtuaoKcKsOZwEmlm2lMKRvRAfoWJY1RB/ls4wk5sU6fRImyTxoyc39P5DTWehyHtjOmZqgXa1Pzv5qfmegyyLlMM4OSzT+KMkFMQqbnkz5XyIwYW6BMcbsrYUOqKDM2pIoNwVs8eRnaZ3XP8t15rXFVxFGGIziGU/DgAhpwA01oAQMJz/AKb452Xpx352PeWnKKmUP4I+fzB2f4kLo=</latexit><latexit sha1_base64="g3A5S2fvL12ti8pFKCgO7QYvfb4=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGBrMQ1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBumgmvjut9OaWV1bX2jvFnZ2t7Z3avuH7R1kimGLZaIRHVCqlFwiS3DjcBOqpDGocCHcHQ9rT88odI8kfdmnGIQ04HkEWfUWOsx74aRf4vtYNKr1ty6OxNZBq+AGhRq9qpf3X7CshilYYJq7XtuaoKcKsOZwEmlm2lMKRvRAfoWJY1RB/ls4wk5sU6fRImyTxoyc39P5DTWehyHtjOmZqgXa1Pzv5qfmegyyLlMM4OSzT+KMkFMQqbnkz5XyIwYW6BMcbsrYUOqKDM2pIoNwVs8eRnaZ3XP8t15rXFVxFGGIziGU/DgAhpwA01oAQMJz/AKb452Xpx352PeWnKKmUP4I+fzB2f4kLo=</latexit><latexit sha1_base64="g3A5S2fvL12ti8pFKCgO7QYvfb4=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGBrMQ1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBumgmvjut9OaWV1bX2jvFnZ2t7Z3avuH7R1kimGLZaIRHVCqlFwiS3DjcBOqpDGocCHcHQ9rT88odI8kfdmnGIQ04HkEWfUWOsx74aRf4vtYNKr1ty6OxNZBq+AGhRq9qpf3X7CshilYYJq7XtuaoKcKsOZwEmlm2lMKRvRAfoWJY1RB/ls4wk5sU6fRImyTxoyc39P5DTWehyHtjOmZqgXa1Pzv5qfmegyyLlMM4OSzT+KMkFMQqbnkz5XyIwYW6BMcbsrYUOqKDM2pIoNwVs8eRnaZ3XP8t15rXFVxFGGIziGU/DgAhpwA01oAQMJz/AKb452Xpx352PeWnKKmUP4I+fzB2f4kLo=</latexit><latexit sha1_base64="g3A5S2fvL12ti8pFKCgO7QYvfb4=">AAAB8XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OJFqGBrMQ1ls520SzebsLsRSui/8OJBEa/+G2/+G7dtDtr6wsLDOzPszBumgmvjut9OaWV1bX2jvFnZ2t7Z3avuH7R1kimGLZaIRHVCqlFwiS3DjcBOqpDGocCHcHQ9rT88odI8kfdmnGIQ04HkEWfUWOsx74aRf4vtYNKr1ty6OxNZBq+AGhRq9qpf3X7CshilYYJq7XtuaoKcKsOZwEmlm2lMKRvRAfoWJY1RB/ls4wk5sU6fRImyTxoyc39P5DTWehyHtjOmZqgXa1Pzv5qfmegyyLlMM4OSzT+KMkFMQqbnkz5XyIwYW6BMcbsrYUOqKDM2pIoNwVs8eRnaZ3XP8t15rXFVxFGGIziGU/DgAhpwA01oAQMJz/AKb452Xpx352PeWnKKmUP4I+fzB2f4kLo=</latexit>

Landau 
effective 

mass

<latexit sha1_base64="KGrSHswdR6KkA889BOzt47htIe8=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpCiWpom6EoiBulAr2AU0aJtNJO3TycGYilNA/cOOvuHGhiFu37vwbp20W2nrgwuGce7n3HjdiVEjD+NYyM7Nz8wvZxdzS8srqmr6+URNhzDGp4pCFvOEiQRgNSFVSyUgj4gT5LiN1t3cx9OsPhAsaBneyHxHbR52AehQjqSRH3/Vb+wWLd8M9eAYtcc9lEjmXrRI8gNfOTas09gaOnjeKxghwmpgpyYMUFUf/stohjn0SSMyQEE3TiKSdIC4pZmSQs2JBIoR7qEOaigbIJ8JORv8M4I5S2tALuapAwpH6eyJBvhB931WdPpJdMekNxf+8Ziy9UzuhQRRLEuDxIi9mUIZwGA5sU06wZH1FEOZU3QpxF3GEpYowp0IwJ1+eJrVS0TwuHt4e5cvnaRxZsAW2QQGY4ASUwRWogCrA4BE8g1fwpj1pL9q79jFuzWjpzCb4A+3zBzmHmkU=</latexit>

m∗(ρ) =
√

p2F +M2
N (ρ)

<latexit sha1_base64="N2R84wzBFm9VVJhIwJfuR3YIcqM="></latexit>

c2s =
∂P

∂ε

5 6

<latexit sha1_base64="YUsBR1LxqSqSDe83UnSd6PSu7BA=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmkqAKGCtYGItEH1ITRY7jtlYdO7KdSlXUP2DhV1gYQIiVlY2/wWkzlJYjWT46517de0+YMKq04/xYK6tr6xubpa3y9s7u3r59cNhSIpWYNLFgQnZCpAijnDQ11Yx0EklQHDLSDod3ud8eEamo4I96nBA/Rn1OexQjbaTAPvNCwSI1js2XeSMkSaIoE/xijgfOJLArTtWZAi4TtyAVUKAR2N9eJHAaE64xQ0p1XSfRfoakppiRSdlLFUkQHqI+6RrKUUyUn03vmcBTo0SwJ6R5XMOpOt+RoVjlK5vKGOmBWvRy8T+vm+rejZ9RnqSacDwb1EsZ1ALm4cCISoI1GxuCsKRmV4gHSCKsTYRlE4K7ePIyaV1W3atq7aFWqd8WcZTAMTgB58AF16AO7kEDNAEGT+AFvIF369l6tT6sz1npilX0HIE/sL5+AbTjnbc=</latexit>

ε/ε0

<latexit sha1_base64="2ePGpHkEks0ebYeDm26Z8q20wp4=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZSZIuqy6MZlBfuAdiyZTKYNzSRDkikMQ7vxV9y4UMStf+HOvzFtZ6GtBy4czrk3uff4MaNKO863tbK6tr6xWdgqbu/s7u3bB4dNJRKJSQMLJmTbR4owyklDU81IO5YERT4jLX94O/VbIyIVFfxBpzHxItTnNKQYaSP17OOs64ewbN7jwWREmMBUp+eP1XHPLjkVZwa4TNyclECOes/+6gYCJxHhGjOkVMd1Yu1lSGqKGRkXu4kiMcJD1CcdQzmKiPKy2QVjeGaUAIZCmuIaztTfExmKlEoj33RGSA/UojcV//M6iQ6vvYzyONGE4/lHYcKgFnAaBwyoJFiz1BCEJTW7QjxAEmFtQiuaENzFk5dJs1pxLyvu/UWpdpPHUQAn4BSUgQuuQA3cgTpoAAwm4Bm8gjfryXqx3q2PeeuKlc8cgT+wPn8AWYaW1A==</latexit>

(sound velocity)2

Bayesian  
Inference

Quark-Meson 
Coupling  

model

Deep Neural 
Network

(incl. 
Hyperons)

L. Brandes, 
N. Kaiser, W.W.

(2023)

Y. Fujimoto,
K. Fukushima,

K. Murase 
(2020)

<latexit sha1_base64="ZlbGXfNKWVkMYuBfbsoKpx81m04=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSbDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqlev1h5qlcZtHkcRzuAcLsGDa2jAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDGBo82</latexit>

1

<latexit sha1_base64="OjWGg5hXpx4w1f1DngiKcpdlKdM=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4sWykqMeiF48V7Ae0a8mm2TY0m12TbKEs+zu8eFDEqz/Gm//GtN2Dtj4YeLw3w8w8PxZcG9f9dlZW19Y3Ngtbxe2d3b390sFhU0eJoqxBIxGptk80E1yyhuFGsHasGAl9wVr+6Hbqt8ZMaR7JBzOJmReSgeQBp8RYyUu7foCw+5ie4yzrlcpuxZ0BLROckzLkqPdKX91+RJOQSUMF0bqD3dh4KVGGU8GyYjfRLCZ0RAasY6kkIdNeOjs6Q6dW6aMgUrakQTP190RKQq0noW87Q2KGetGbiv95ncQE117KZZwYJul8UZAIZCI0TQD1uWLUiIklhCpub0V0SBShxuZUtCHgxZeXSfOigi8r1ftquXaTx1GAYziBM8BwBTW4gzo0gMITPMMrvDlj58V5dz7mrStOPnMEf+B8/gCTeJFW</latexit>

10−1

<latexit sha1_base64="oocjuybOHXOVWNP3HNfAbKiPD2I=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyUpRT0WvXisYD+gjWWz3bRLN5u4uymUkN/hxYMiXv0x3vw3btMctPXBwOO9GWbmeRFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRXGktAWCXkoux5WlDNBW5ppTruRpDjwOO14k9u535lSqVgoHvQsom6AR4L5jGBtJDfpez5y7Mfkopamg3LFrtoZ0CpxclKBHM1B+as/DEkcUKEJx0r1HDvSboKlZoTTtNSPFY0wmeAR7RkqcECVm2RHp+jMKEPkh9KU0ChTf08kOFBqFnimM8B6rJa9ufif14u1f+0mTESxpoIsFvkxRzpE8wTQkElKNJ8Zgolk5lZExlhiok1OJROCs/zyKmnXqs5ltX5frzRu8jiKcAKncA4OXEED7qAJLSDwBM/wCm/W1Hqx3q2PRWvBymeO4Q+szx+U/pFX</latexit>

10−2

<latexit sha1_base64="rrQW76wIfeXFtKHafd1uDWp/3IE=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBiyXRoh6LXjxWsB/QxrLZbtqlm03c3RRKyO/w4kERr/4Yb/4bN20O2vpg4PHeDDPzvIgzpW372yqsrK6tbxQ3S1vbO7t75f2DlgpjSWiThDyUHQ8rypmgTc00p51IUhx4nLa98W3mtydUKhaKBz2NqBvgoWA+I1gbyU16no8c+zE5u0jTfrliV+0Z0DJxclKBHI1++as3CEkcUKEJx0p1HTvSboKlZoTTtNSLFY0wGeMh7RoqcECVm8yOTtGJUQbID6UpodFM/T2R4ECpaeCZzgDrkVr0MvE/rxtr/9pNmIhiTQWZL/JjjnSIsgTQgElKNJ8agolk5lZERlhiok1OJROCs/jyMmmdV53Lau2+Vqnf5HEU4QiO4RQcuII63EEDmkDgCZ7hFd6sifVivVsf89aClc8cwh9Ynz+WhJFY</latexit>

10−3

<latexit sha1_base64="XlIwvPH4mlYIAOQvtTUTnJxoXWk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhETNBuWKW3UXIOvEy0kFcjQH5a/+MGZpxBUySY3peW6CfkY1Cib5rNRPDU8om9AR71mqaMSNny3OnZELqwxJGGtbCslC/T2R0ciYaRTYzoji2Kx6c/E/r5dieONnQiUpcsWWi8JUEozJ/HcyFJozlFNLKNPC3krYmGrK0CZUsiF4qy+vk/ZV1atXaw+1SuM2j6MIZ3AOl+DBNTTgHprQAgYTeIZXeHMS58V5dz6WrQUnnzmFP3A+fwAixo9z</latexit>n

<latexit sha1_base64="z159/Q/kxvcOKb+gQLskDbUTpyU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSEGYnvcmQ2dlhZlYISz7CiwdFvPo93vwbJ8keNLGgoajqprsrVIIb6/vfXmFtfWNzq7hd2tnd2z8oHx41TZJqhg2WiES3Q2pQcIkNy63AttJI41BgKxzfzfzWE2rDE/loJwp7MR1KHnFGrZNaWTeMiJr2yxW/6s9BVkmQkwrkqPfLX91BwtIYpWWCGtMJfGV7GdWWM4HTUjc1qCgb0yF2HJU0RtPL5udOyZlTBiRKtCtpyVz9PZHR2JhJHLrOmNqRWfZm4n9eJ7XRTS/jUqUWJVssilJBbEJmv5MB18ismDhCmebuVsJGVFNmXUIlF0Kw/PIqaV5Ug6vq5cNlpXabx1GEEziFcwjgGmpwD3VoAIMxPMMrvHnKe/HevY9Fa8HLZ47hD7zPHyXQj3U=</latexit>p

<latexit sha1_base64="Ci0+47liiEMYXTTF3+lOgXG9LHY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1Fipk/WDkOBsUK64VXcBsk68nFQgR3NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz1JJI9R+tjh3Ri6sMiRhrGxJQxbq74mMRlpPo8B2RtSM9ao3F//zeqkJb/yMyyQ1KNlyUZgKYmIy/50MuUJmxNQSyhS3txI2pooyYxMq2RC81ZfXSfuq6tWrtYdapXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifPxUZj2o=</latexit>e

<latexit sha1_base64="+TwuQGWv5ePka+72g4nOMykxsys=">AAAB+3icbVBLSwMxGMzWV62vtR69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJimXZv+LFgyJe/SPe/Ddm2z1o60DIMPN9ZDJRwqg2nvftVNbWNza3qtu1nd29/QP3sN7VMlWYdLBkUvUjpAmjgnQMNYz0E0UQjxjpRdPbwu89EqWpFA9mlpCQo7GgI4qRsdLQrWdBJFmsZ9xeWcDTPB+6Da/pzQFXiV+SBijRHrpfQSxxyokwmCGtB76XmDBDylDMSF4LUk0ShKdoTAaWCsSJDrN59hyeWiWGI6nsEQbO1d8bGeK6SGcnOTITvewV4n/eIDWj6zCjIkkNEXjx0Chl0EhYFAFjqgg2bGYJworarBBPkELY2LpqtgR/+curpHve9C+bF/cXjdZNWUcVHIMTcAZ8cAVa4A60QQdg8ASewSt4c3LnxXl3PhajFafcOQJ/4Hz+ACF/lSk=</latexit>µ
<latexit sha1_base64="BdbKZ0aOJF09xMPDb1dq3TuPsfI=">AAAB/3icbVDNS8MwHE39nPOrKnjxEhyCp9HKUI9DLx48THAfsJaRpukWliYlSYVRe/Bf8eJBEa/+G978b0y3HnTzByGP936PvLwgYVRpx/m2lpZXVtfWKxvVza3tnV17b7+jRCoxaWPBhOwFSBFGOWlrqhnpJZKgOGCkG4yvC737QKSigt/rSUL8GA05jShG2lAD+zDzAsFCNYnNlXm3xhmiPB/YNafuTAcuArcENVBOa2B/eaHAaUy4xgwp1XedRPsZkppiRvKqlyqSIDxGQ9I3kKOYKD+b5s/hiWFCGAlpDtdwyv52ZChWRUKzGSM9UvNaQf6n9VMdXfoZ5UmqCcezh6KUQS1gUQYMqSRYs4kBCEtqskI8QhJhbSqrmhLc+S8vgs5Z3T2vN+4ateZVWUcFHIFjcApccAGa4Aa0QBtg8AiewSt4s56sF+vd+pitLlml5wD8GevzB+mNlrA=</latexit>

Λ

<latexit sha1_base64="D0r8gxWG4Qje9/u0qVzqFTePKoo=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSC1WCKmCsYGEsEn1ITagcx2mtOnZkO0glivgrLAwgxMr/YOPf4LQdoOUky6e775PPFySMKu0431ZpaXllda28XtnY3NresXf32kqkEpMWFkzIboAUYZSTlqaakW4iCYoDRjrB6LrwOw9EKir4nR4nxI/RgNOIYqSN1LcPMi8QLFTj2FyZ16X3p3net6tOzZkALhJ3Rqpghmbf/vJCgdOYcI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZyhHMVF+Nkmfw2OjhDAS0hyu4UT9vZGhWBX5zGSM9FDNe4X4n9dLdXTpZ5QnqSYcTx+KUga1gEUVMKSSYM3GhiAsqckK8RBJhLUprGJKcOe/vEjaZzX3vFa/rVcbV7M6yuAQHIET4IIL0AA3oAlaAINH8AxewZv1ZL1Y79bHdLRkzXb2wR9Ynz8a65Wn</latexit>

Ξ−

<latexit sha1_base64="jqUA6mlS0eUuokh11inS9oxcZyU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSdDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqlev1h5qlcZtHkcRzuAcLsGDa2jAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDEgY81</latexit>

0
<latexit sha1_base64="ZlbGXfNKWVkMYuBfbsoKpx81m04=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhMSbDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8MbPhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqlev1h5qlcZtHkcRzuAcLsGDa2jAPTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gDGBo82</latexit>

1
<latexit sha1_base64="/IqjWjDoitsrAUtf2UPpcsVHvMc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhKQ2G5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68Ttq1qndVrT/UK43bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHHi483</latexit>

2
<latexit sha1_base64="T0wKj0cE3o9RyTHHKw40DU+Ucsw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ildtYLQnI57ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8SloXVe+qWnuoVeq3eRxFOIFTOAcPrqEO99CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QPJEI84</latexit>

3
<latexit sha1_base64="h72xOkrrQXEbuJgfLlwFH7Yu/FY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnawfhKQ2G5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68TtpXVa9erT3UKo3bPI4inME5XIIH19CAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AHKlY85</latexit>

4
<latexit sha1_base64="iMvgb5KKrc3fz2+PXKDgVsl14Rc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfByDXjxGMA9IljA76U2GzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSO+sFIbmc9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+bnTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14Y2fcZmkBiVbLApTQUxMZr+TAVfIjJhYQpni9lbCRlRRZmxCJRuCt/zyKmldVL2rau2hVqnf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w/MGo86</latexit>

5

<latexit sha1_base64="H4HLi9FVtIoAyO9wTnrJGqQ6hIs=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIUZdFNy4r2Ac0IUwm03boZCbMTIQS8hFu/BU3LhRx68Kdf+OkzUJbLwxzOOce7r0nTBhV2nG+rcrK6tr6RnWztrW9s7tn7x90lUglJh0smJD9ECnCKCcdTTUj/UQSFIeM9MLJTaH3HohUVPB7PU2IH6MRp0OKkTZUYJ9lXihYpKax+TJPjkVAc08YyyKf54FddxrOrOAycEtQB2W1A/vLiwROY8I1Zkipgesk2s+Q1BQzkte8VJEE4QkakYGBHMVE+dnsqByeGCaCQyHN4xrO2N+ODMWqWM90xkiP1aJWkP9pg1QPr/yM8iTVhOP5oGHKoBawSAhGVBKs2dQAhCU1u0I8RhJhbXKsmRDcxZOXQfe84V40mnfNeuu6jKMKjsAxOAUuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxbK1bpOQR/yvr8AdzyoJo=</latexit>ρi

ρ

<latexit sha1_base64="dZKKaeiomHeVeSDIYZp5pgaIpac=">AAACEHicbVC7TsMwFHV4lvIKMLJYVAimkqAKGCtYGItEH1ITRY7jtlYdO7IdpCrKJ7DwKywMIMTKyMbf4LQZoOVIlo/OuVf33hMmjCrtON/W0vLK6tp6ZaO6ubW9s2vv7XeUSCUmbSyYkL0QKcIoJ21NNSO9RBIUh4x0w/FN4XcfiFRU8Hs9SYgfoyGnA4qRNlJgn2ReKFikJrH5Mk+ORH42rwROngd2zak7U8BF4pakBkq0AvvLiwROY8I1Zkipvusk2s+Q1BQzkle9VJEE4TEakr6hHMVE+dn0oBweGyWCAyHN4xpO1d8dGYpVsaCpjJEeqXmvEP/z+qkeXPkZ5UmqCcezQYOUQS1gkQ6MqCRYs4khCEtqdoV4hCTC2mRYNSG48ycvks553b2oN+4ateZ1GUcFHIIjcApccAma4Ba0QBtg8AiewSt4s56sF+vd+piVLlllzwH4A+vzB8PmnlA=</latexit>

ρ/ρ0

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="nYI82FO6NEUtQmwwq0G2Y/M48Nw=">AAAB/XicbVA7T8MwGHTKq5RXeGwsFhUSU0kQKoxVWRiLRB9SG0WO47RWHTuyHaQSVfwVFgYQYuV/sPFvcNoM0HKS5dPd98nnCxJGlXacb6u0srq2vlHerGxt7+zu2fsHHSVSiUkbCyZkL0CKMMpJW1PNSC+RBMUBI91gfJP73QciFRX8Xk8S4sVoyGlEMdJG8u2jQSBYqCaxuTLuN8+570x9u+rUnBngMnELUgUFWr79NQgFTmPCNWZIqb7rJNrLkNQUMzKtDFJFEoTHaEj6hnIUE+Vls/RTeGqUEEZCmsM1nKm/NzIUqzygmYyRHqlFLxf/8/qpjq69jPIk1YTj+UNRyqAWMK8ChlQSrNnEEIQlNVkhHiGJsDaFVUwJ7uKXl0nnoubWa/W7y2qjWdRRBsfgBJwBF1yBBrgFLdAGGDyCZ/AK3qwn68V6tz7moyWr2DkEf2B9/gCAXpVE</latexit>

nB/n0

<latexit sha1_base64="G2zlll76GYhy6nBhJzeFSjmpMf8=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqgShwliVhbFI9CG1UeQ4TmvVsSPbQaqiDCz8CgsDCLHyEWz8DU6bAVquZPnonHN17z1BwqjSjvNtra1vbG5tV3aqu3v7B4f20XFPiVRi0sWCCTkIkCKMctLVVDMySCRBccBIP5jeFHr/gUhFBb/Xs4R4MRpzGlGMtKF8uzYKBAvVLDZflnGfjoSxQ+6389y3607DmRdcBW4J6qCsjm9/jUKB05hwjRlSaug6ifYyJDXFjOTVUapIgvAUjcnQQI5iorxsfkQOzwwTwkhI87iGc/Z3R4ZiVexpnDHSE7WsFeR/2jDV0bWXUZ6kmnC8GBSlDGoBi0RgSCXBms0MQFhSsyvEEyQR1ia3qgnBXT55FfQuGm6z0by7rLfaZRwVUAOn4By44Aq0wC3ogC7A4BE8g1fwZj1ZL9a79bGwrlllzwn4U9bnD60smMQ=</latexit> ni

nB
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Strangeness  CONCLUSIONS  and  OUTLOOK

Key to strangeness in neutron stars :

 even stiffer than previously expected 

balance between hyperon-nuclear 2- and 3-body forces

PHYSIK
DEPARTMENT

overbinding in hypernuclei by two-body interactions  
compensated by repulsive hyperon-nuclear three-body forces

Equation-of-state of neutron star matter :
<latexit sha1_base64="3/ioNbNgB1zwHDJNo4MFVstWdbQ=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUkGGmFnVZdOOmUME+oFNKJs20oclkTDJiGfoBbvwVNy4UcesHuPNvTNtZaOuBwOGcc7m5x48YVdpxvq3M0vLK6lp2PbexubW9k9/daygRS0zqWDAhWz5ShNGQ1DXVjLQiSRD3GWn6w6uJ37wnUlER3upRRDoc9UMaUIy0kbr5QuL5ASxWuwlHD2PoKcrJHSzZp95JteuJntDHY5NybGcKuEjclBRAilo3/+X1BI45CTVmSKm260S6kyCpKWZknPNiRSKEh6hP2oaGiBPVSabHjOGRUXowENK8UMOp+nsiQVypEfdNkiM9UPPeRPzPa8c6uOgkNIxiTUI8WxTEDGoBJ83AHpUEazYyBGFJzV8hHiCJsDb95UwJ7vzJi6RRst0zu3xTLlQu0zqy4AAcgiJwwTmogGtQA3WAwSN4Bq/gzXqyXqx362MWzVjpzD74A+vzB6hcmh0=</latexit>

(Mmax ! 2.3M!)

increasingly repulsive hyperon-nuclear many-body forces  
can prevent appearance of hyperons in neutron star cores

Further insights and constraints expected :

expanded high-statistics YN two-body data base
improved high-resolution hypernuclear spectroscopy
growing quantity and quality of astrophysical data 
focus on EoS and speed of sound in neutron stars


