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The two-particle momentum correlation function of a K�p pair from high-energy nuclear collisions is eval-
uated in the K̄N -⇡⌃-⇡⇤ coupled-channels framework. The effects of all coupled channels together with the
Coulomb potential and the threshold energy difference between K�p and K̄0n are treated completely for the
first time. Realistic potentials based on the chiral SU(3) dynamics are used which fit the available scattering
data. The recently measured correlation function is found to be well reproduced by allowing variations of the
source size and the relative weight of the source function of ⇡⌃ with respect to that of K̄N . The predicted K�p
correlation function from larger systems indicates that the investigation of its source size dependence is useful
in providing further constraints in the study of the K̄N interaction.

PACS numbers: 25.75.Gz, 21.30.Fe, 13.75.Ev

Introduction: Low-energy properties of the strong interac-
tion are governed by the symmetry breaking pattern of quan-
tum chromodynamics (QCD). In this context the antikaon
(K̄ ⇠ sū/sd̄) can be regarded as a Nambu-Goldstone boson
associated with the spontaneous breaking of three-flavor chi-
ral symmetry. However, its mass is more than three times
heavier than that of the pion. Thus, studies involving the an-
tikaon reflect the interplay between spontaneous and explicit
breakings of chiral symmetry in low-energy QCD.

The antikaon-nucleon (K̄N ) interaction at low energy is
strongly attractive. It is the main ingredient to generate the
⇤(1405) resonance as a K̄N quasi-bound state [1]. This ob-
servation inspired an intense discussion of possible K̄-nuclear
quasi-bound systems [2]. A possible candidate is recently re-
ported by the J-PARC E15 Collaboration [3].

Contrary to its importance in hadron physics and also in
nuclear many-body problems with strangeness, empirical in-
formation on the low-energy K̄N interaction is quite lim-
ited. The K�p scattering amplitude close to threshold is
accurately constrained by the measurement of the atomic
energy shift and width of K� hydrogen [4]. There exist
several K�p cross section data at relatively high momenta,
pLab(K�) > 100 MeV/c [5–12]. However, the uncertainties
of the cross sections from the bubble chamber measurements
are large, and almost no data exist in the low-momentum re-
gion, pLab(K�)  100 MeV/c.

One of the promising observables that provides stronger
constraints on the K̄N interaction is the two-particle K�p
momentum correlation function. It is defined as the two-
particle production probability normalized by the product of
single-particle production probabilities [13, 14]. Theoreti-
cally, the correlation function reflects the two-body interac-
tions through the wave function with a suitable boundary con-
dition. On the experimental side, correlation functions have

been measured recently in high-energy nuclear collisions for
p⇤ [15, 16], ⇤⇤ [16, 17], p⌅� [18], p⌦ [19], pK� [20], and
p⌃0 [21] pairs. These data have been used to constrain the
pairwise interactions [14, 22–26]. Recently the K�p correla-
tion function has been extracted from high-multiplicity events
of pp collisions [20]. The precision of these data is such that
even the K̄0n threshold cusp is visible. In addition the data
show a peak in the energy region of the ⇤(1520) resonance
which couples to the K̄N d-wave.

For the detailed analysis of the K�p strong interaction in
comparison with the high-precision data it is mandatory to
include the coupled-channels effects, the Coulomb interac-
tion in the K�p system, and the threshold energy differences
among the isospin multiplets in calculating the correlation
function. While theoretical studies of the K�p correlation
function have been reported in Refs. [14, 23, 25], there is so
far no work which takes account of all of these effects.

In the present article we investigate the K�p correlation
function by developing and using a proper coupled-channels
framework. Calculations are performed in the charge basis
with six channels (K�p, K̄0n, ⇡�⌃+, ⇡0⌃0, ⇡+⌃� and
⇡0⇤), and the coupled-channels version of the correlation
function formula [25, 27] is used. Coulomb interactions be-
tween charged particles are treated consistently. The thresh-
old energy differences among the various channels are taken
into account when solving the coupled-channels Schrödinger
equation. In practice we have adopted the realistic K̄N -⇡⌃-
⇡⇤ coupled-channels potential [28]. This potential is con-
structed starting from chiral SU(3) dynamics [29, 30] and con-
strained by fits to the existing K�p data. It will be demon-
strated that the K�p correlation function recently measured
by the ALICE collaboration [20] is well explained by our cal-
culations with reasonably tuned source size (R) and the source
weight in the ⇡⌃ channels (!⇡⌃). The effects of coupled

Physical Review Letters 124, 132501 (2020)

K�p correlation function from high-energy nuclear collisions and chiral SU(3) dynamics

Yuki Kamiya,1, ⇤ Tetsuo Hyodo,2, 3 Kenji Morita,4, 5 Akira Ohnishi,2 and Wolfram Weise6, 7

1
CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

2
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
3
Department of Physics, Tokyo Metropolitan University, Hachioji 192-0397, Japan

4
RIKEN Nishina Center, Wako 351-0198, Japan

5
National Institutes for Quantum and Radiological Science and Technology,

Rokkasho Fusion Institute, Rokkasho, Aomori, 039-3212, Japan
6
Physics Department, Technical University of Munich, D-85748 Garching, Germany

7
ExtreMe Matter Institute (EMMI) at GSI, D-64291 Darmstadt, Germany

(Dated: April 1, 2020)

The two-particle momentum correlation function of a K�p pair from high-energy nuclear collisions is eval-
uated in the K̄N -⇡⌃-⇡⇤ coupled-channels framework. The effects of all coupled channels together with the
Coulomb potential and the threshold energy difference between K�p and K̄0n are treated completely for the
first time. Realistic potentials based on the chiral SU(3) dynamics are used which fit the available scattering
data. The recently measured correlation function is found to be well reproduced by allowing variations of the
source size and the relative weight of the source function of ⇡⌃ with respect to that of K̄N . The predicted K�p
correlation function from larger systems indicates that the investigation of its source size dependence is useful
in providing further constraints in the study of the K̄N interaction.

PACS numbers: 25.75.Gz, 21.30.Fe, 13.75.Ev

Introduction: Low-energy properties of the strong interac-
tion are governed by the symmetry breaking pattern of quan-
tum chromodynamics (QCD). In this context the antikaon
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tum chromodynamics (QCD). In this context the antikaon
(K̄ ⇠ sū/sd̄) can be regarded as a Nambu-Goldstone boson
associated with the spontaneous breaking of three-flavor chi-
ral symmetry. However, its mass is more than three times
heavier than that of the pion. Thus, studies involving the an-
tikaon reflect the interplay between spontaneous and explicit
breakings of chiral symmetry in low-energy QCD.

The antikaon-nucleon (K̄N ) interaction at low energy is
strongly attractive. It is the main ingredient to generate the
⇤(1405) resonance as a K̄N quasi-bound state [1]. This ob-
servation inspired an intense discussion of possible K̄-nuclear
quasi-bound systems [2]. A possible candidate is recently re-
ported by the J-PARC E15 Collaboration [3].

Contrary to its importance in hadron physics and also in
nuclear many-body problems with strangeness, empirical in-
formation on the low-energy K̄N interaction is quite lim-
ited. The K�p scattering amplitude close to threshold is
accurately constrained by the measurement of the atomic
energy shift and width of K� hydrogen [4]. There exist
several K�p cross section data at relatively high momenta,
pLab(K�) > 100 MeV/c [5–12]. However, the uncertainties
of the cross sections from the bubble chamber measurements
are large, and almost no data exist in the low-momentum re-
gion, pLab(K�)  100 MeV/c.

One of the promising observables that provides stronger
constraints on the K̄N interaction is the two-particle K�p
momentum correlation function. It is defined as the two-
particle production probability normalized by the product of
single-particle production probabilities [13, 14]. Theoreti-
cally, the correlation function reflects the two-body interac-
tions through the wave function with a suitable boundary con-
dition. On the experimental side, correlation functions have

been measured recently in high-energy nuclear collisions for
p⇤ [15, 16], ⇤⇤ [16, 17], p⌅� [18], p⌦ [19], pK� [20], and
p⌃0 [21] pairs. These data have been used to constrain the
pairwise interactions [14, 22–26]. Recently the K�p correla-
tion function has been extracted from high-multiplicity events
of pp collisions [20]. The precision of these data is such that
even the K̄0n threshold cusp is visible. In addition the data
show a peak in the energy region of the ⇤(1520) resonance
which couples to the K̄N d-wave.

For the detailed analysis of the K�p strong interaction in
comparison with the high-precision data it is mandatory to
include the coupled-channels effects, the Coulomb interac-
tion in the K�p system, and the threshold energy differences
among the isospin multiplets in calculating the correlation
function. While theoretical studies of the K�p correlation
function have been reported in Refs. [14, 23, 25], there is so
far no work which takes account of all of these effects.

In the present article we investigate the K�p correlation
function by developing and using a proper coupled-channels
framework. Calculations are performed in the charge basis
with six channels (K�p, K̄0n, ⇡�⌃+, ⇡0⌃0, ⇡+⌃� and
⇡0⇤), and the coupled-channels version of the correlation
function formula [25, 27] is used. Coulomb interactions be-
tween charged particles are treated consistently. The thresh-
old energy differences among the various channels are taken
into account when solving the coupled-channels Schrödinger
equation. In practice we have adopted the realistic K̄N -⇡⌃-
⇡⇤ coupled-channels potential [28]. This potential is con-
structed starting from chiral SU(3) dynamics [29, 30] and con-
strained by fits to the existing K�p data. It will be demon-
strated that the K�p correlation function recently measured
by the ALICE collaboration [20] is well explained by our cal-
culations with reasonably tuned source size (R) and the source
weight in the ⇡⌃ channels (!⇡⌃). The effects of coupled

Physical Review Letters 124, 132501 (2020)

K�p correlation function from high-energy nuclear collisions and chiral SU(3) dynamics

Yuki Kamiya,1, ⇤ Tetsuo Hyodo,2, 3 Kenji Morita,4, 5 Akira Ohnishi,2 and Wolfram Weise6, 7

1
CAS Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China

2
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
3
Department of Physics, Tokyo Metropolitan University, Hachioji 192-0397, Japan

4
RIKEN Nishina Center, Wako 351-0198, Japan

5
National Institutes for Quantum and Radiological Science and Technology,

Rokkasho Fusion Institute, Rokkasho, Aomori, 039-3212, Japan
6
Physics Department, Technical University of Munich, D-85748 Garching, Germany

7
ExtreMe Matter Institute (EMMI) at GSI, D-64291 Darmstadt, Germany

(Dated: April 1, 2020)

The two-particle momentum correlation function of a K�p pair from high-energy nuclear collisions is eval-
uated in the K̄N -⇡⌃-⇡⇤ coupled-channels framework. The effects of all coupled channels together with the
Coulomb potential and the threshold energy difference between K�p and K̄0n are treated completely for the
first time. Realistic potentials based on the chiral SU(3) dynamics are used which fit the available scattering
data. The recently measured correlation function is found to be well reproduced by allowing variations of the
source size and the relative weight of the source function of ⇡⌃ with respect to that of K̄N . The predicted K�p
correlation function from larger systems indicates that the investigation of its source size dependence is useful
in providing further constraints in the study of the K̄N interaction.

PACS numbers: 25.75.Gz, 21.30.Fe, 13.75.Ev

Introduction: Low-energy properties of the strong interac-
tion are governed by the symmetry breaking pattern of quan-
tum chromodynamics (QCD). In this context the antikaon
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associated with the spontaneous breaking of three-flavor chi-
ral symmetry. However, its mass is more than three times
heavier than that of the pion. Thus, studies involving the an-
tikaon reflect the interplay between spontaneous and explicit
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⇤(1405) resonance as a K̄N quasi-bound state [1]. This ob-
servation inspired an intense discussion of possible K̄-nuclear
quasi-bound systems [2]. A possible candidate is recently re-
ported by the J-PARC E15 Collaboration [3].

Contrary to its importance in hadron physics and also in
nuclear many-body problems with strangeness, empirical in-
formation on the low-energy K̄N interaction is quite lim-
ited. The K�p scattering amplitude close to threshold is
accurately constrained by the measurement of the atomic
energy shift and width of K� hydrogen [4]. There exist
several K�p cross section data at relatively high momenta,
pLab(K�) > 100 MeV/c [5–12]. However, the uncertainties
of the cross sections from the bubble chamber measurements
are large, and almost no data exist in the low-momentum re-
gion, pLab(K�)  100 MeV/c.

One of the promising observables that provides stronger
constraints on the K̄N interaction is the two-particle K�p
momentum correlation function. It is defined as the two-
particle production probability normalized by the product of
single-particle production probabilities [13, 14]. Theoreti-
cally, the correlation function reflects the two-body interac-
tions through the wave function with a suitable boundary con-
dition. On the experimental side, correlation functions have
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p⇤ [15, 16], ⇤⇤ [16, 17], p⌅� [18], p⌦ [19], pK� [20], and
p⌃0 [21] pairs. These data have been used to constrain the
pairwise interactions [14, 22–26]. Recently the K�p correla-
tion function has been extracted from high-multiplicity events
of pp collisions [20]. The precision of these data is such that
even the K̄0n threshold cusp is visible. In addition the data
show a peak in the energy region of the ⇤(1520) resonance
which couples to the K̄N d-wave.

For the detailed analysis of the K�p strong interaction in
comparison with the high-precision data it is mandatory to
include the coupled-channels effects, the Coulomb interac-
tion in the K�p system, and the threshold energy differences
among the isospin multiplets in calculating the correlation
function. While theoretical studies of the K�p correlation
function have been reported in Refs. [14, 23, 25], there is so
far no work which takes account of all of these effects.

In the present article we investigate the K�p correlation
function by developing and using a proper coupled-channels
framework. Calculations are performed in the charge basis
with six channels (K�p, K̄0n, ⇡�⌃+, ⇡0⌃0, ⇡+⌃� and
⇡0⇤), and the coupled-channels version of the correlation
function formula [25, 27] is used. Coulomb interactions be-
tween charged particles are treated consistently. The thresh-
old energy differences among the various channels are taken
into account when solving the coupled-channels Schrödinger
equation. In practice we have adopted the realistic K̄N -⇡⌃-
⇡⇤ coupled-channels potential [28]. This potential is con-
structed starting from chiral SU(3) dynamics [29, 30] and con-
strained by fits to the existing K�p data. It will be demon-
strated that the K�p correlation function recently measured
by the ALICE collaboration [20] is well explained by our cal-
culations with reasonably tuned source size (R) and the source
weight in the ⇡⌃ channels (!⇡⌃). The effects of coupled
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associated with the spontaneous breaking of three-flavor chi-
ral symmetry. However, its mass is more than three times
heavier than that of the pion. Thus, studies involving the an-
tikaon reflect the interplay between spontaneous and explicit
breakings of chiral symmetry in low-energy QCD.

The antikaon-nucleon (K̄N ) interaction at low energy is
strongly attractive. It is the main ingredient to generate the
⇤(1405) resonance as a K̄N quasi-bound state [1]. This ob-
servation inspired an intense discussion of possible K̄-nuclear
quasi-bound systems [2]. A possible candidate is recently re-
ported by the J-PARC E15 Collaboration [3].

Contrary to its importance in hadron physics and also in
nuclear many-body problems with strangeness, empirical in-
formation on the low-energy K̄N interaction is quite lim-
ited. The K�p scattering amplitude close to threshold is
accurately constrained by the measurement of the atomic
energy shift and width of K� hydrogen [4]. There exist
several K�p cross section data at relatively high momenta,
pLab(K�) > 100 MeV/c [5–12]. However, the uncertainties
of the cross sections from the bubble chamber measurements
are large, and almost no data exist in the low-momentum re-
gion, pLab(K�)  100 MeV/c.

One of the promising observables that provides stronger
constraints on the K̄N interaction is the two-particle K�p
momentum correlation function. It is defined as the two-
particle production probability normalized by the product of
single-particle production probabilities [13, 14]. Theoreti-
cally, the correlation function reflects the two-body interac-
tions through the wave function with a suitable boundary con-
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been measured recently in high-energy nuclear collisions for
p⇤ [15, 16], ⇤⇤ [16, 17], p⌅� [18], p⌦ [19], pK� [20], and
p⌃0 [21] pairs. These data have been used to constrain the
pairwise interactions [14, 22–26]. Recently the K�p correla-
tion function has been extracted from high-multiplicity events
of pp collisions [20]. The precision of these data is such that
even the K̄0n threshold cusp is visible. In addition the data
show a peak in the energy region of the ⇤(1520) resonance
which couples to the K̄N d-wave.

For the detailed analysis of the K�p strong interaction in
comparison with the high-precision data it is mandatory to
include the coupled-channels effects, the Coulomb interac-
tion in the K�p system, and the threshold energy differences
among the isospin multiplets in calculating the correlation
function. While theoretical studies of the K�p correlation
function have been reported in Refs. [14, 23, 25], there is so
far no work which takes account of all of these effects.

In the present article we investigate the K�p correlation
function by developing and using a proper coupled-channels
framework. Calculations are performed in the charge basis
with six channels (K�p, K̄0n, ⇡�⌃+, ⇡0⌃0, ⇡+⌃� and
⇡0⇤), and the coupled-channels version of the correlation
function formula [25, 27] is used. Coulomb interactions be-
tween charged particles are treated consistently. The thresh-
old energy differences among the various channels are taken
into account when solving the coupled-channels Schrödinger
equation. In practice we have adopted the realistic K̄N -⇡⌃-
⇡⇤ coupled-channels potential [28]. This potential is con-
structed starting from chiral SU(3) dynamics [29, 30] and con-
strained by fits to the existing K�p data. It will be demon-
strated that the K�p correlation function recently measured
by the ALICE collaboration [20] is well explained by our cal-
culations with reasonably tuned source size (R) and the source
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respectively.

scribed in the form [20]

Cfit(q) = N [1 + � {C(q)� 1}] , (6)

where N is a normalization constant and � is the pair pu-
rity parameter, known also as the chaoticity parameter. The
pair purity parameter is experimentally determined through a
Monte Carlo simulation, �exp = 0.64± 0.06, so we allow for
variations of � within 1�. We fit the correlation function data
in the momentum range q < 120MeV/c, where the distortion
of the s-wave is considered to give the dominant contribution.

In Fig. 2 the �2/d.o.f. distribution is plotted in the
(R,!⇡⌃) plane. A good fit (�2/d.o.f. . 1) is achieved in
the region from (R,!⇡⌃) = (0.6 fm, 0) to (1.1 fm, 5.0). The
source size R ' 1 fm is reasonable for pp collisions, while
!⇡⌃ should be consistent with the simple statistical model es-
timate within a factor of (2� 3). Thus we consider parameter
sets in this region with 0.5  !⇡⌃  5 as equally acceptable.
On the other hand, if we take the R = 1.18 fm as adopted
by the ALICE collaboration, !⇡⌃ & 8 gives a good fit, but
such large !⇡⌃ values appear to be significantly beyond the
statistical model estimate.

Figure 3 shows the fitted K�p correlation function with
R = 0.9 fm as an example of a result satisfying �2/d.o.f. <
1. The other parameters are chosen as

!⇡⌃ = 2.95, N = 1.13, � = 0.58, (7)

to give the minimum value of �2/d.o.f. = 0.58. The en-
hancement in the low-momentum range and the characteristic
cusp structure are evidently well reproduced. Recalling the
importance of the ⇡⌃ component in the K�p correlation as
shown in Fig. 1, the sizable value of !⇡⌃ indicates that the
contribution from the ⇡⌃ source is essential to reproduce the
data.
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FIG. 3. Correlation function with the best fit values of N , � and
!⇡⌃ at R = 0.9 fm (solid line). The result inculdong the ⇤(1520)
contribution is shown by the dotted line. The dashed line shows the
prediction with R = 1.6 fm. Its shaded area shows the uncertainty
with respect to the variation of !⇡⌃. For comparison, we also plot
the corresponding area for the case with R = 0.9 fm. The ALICE
data set is taken from Ref. [20].

The peak structure seen in Fig. 3 around q ⇠ 240 MeV/c
represents the ⇤(1520) resonance. The contribution from this
resonance can be simulated by a Breit-Wigner function:

Cres(q) =
b�2

(q2/2µK�p +mp +mK� � ER)2 + �2/4
, (8)

with parameters b, ER, and �. We can isolate the resonance
by subtracting Cfit(q) from the correlation data, using the pa-
rameters of Eq. (7) and R = 0.9 fm. The remaining struc-
ture in the interval 150 MeV/c < q < 300 MeV/c is then
fitted by Eq. (8). The resulting values of the resonance pa-
rameters are ER = 1520.9 MeV and � = 9.7 MeV, con-
sistent with the mass M⇤(1520) = 1517 ± 4 MeV and width
�⇤(1520) = 15+10

�8 MeV of ⇤(1520) listed in Ref. [37]. As
shown in Fig. 3, the sum of Cfit(q) and Cres(q) reproduces
the peak at q ⇠ 240 MeV very well.

Finally we give predictions for the K�p correlation func-
tion if extracted from larger systems. In pA and AA collisions
the source size is expected to be larger than the one in pp col-
lisions: R = (1-2) fm for high-multiplicity events in pA col-
lisions and R = (2-5) fm in AA collisions. In Fig. 3, we show
the theoretical correlation function, Eq. (6), at a system size of
R = 1.6 fm, using the same parameter set as before, Eq. (7),
for demonstration. In order to estimate the uncertainty coming
from the less well known !⇡⌃, we vary its value between 0.5
and 5.0. One expects that when the source size is increased,
the enhancement of the correlation function is limited to the
small q region and the K̄0n cusp becomes less pronounced.
The sensitivity to !⇡⌃ is weaker for the larger systems, for
which the contribution from the ⇡⌃ source is less important.

Summary: The K�p femtoscopic correlation function has
been analysed using the realistic coupled-channels potential
of Ref. [28]. This potential is constructed to reproduce the
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can

be
sim

ulated
by

a
B

reit-W
ignerfunction:

C
res (q)

=
b�

2

(q
2/2µ

K
�
p
+
m

p
+

m
K

�
�
E

R
)
2
+
�
2/4

,
(8)

w
ith

param
eters

b,
E

R
,and

�.
W

e
can

isolate
the

resonance
by

subtracting
C

fi
t (q)

from
the

correlation
data,using

the
pa-

ram
eters

of
Eq.(7)

and
R

=
0.9

fm
.

The
rem

aining
struc-

ture
in

the
interval

150
M
eV

/c
<

q
<

300
M
eV

/c
is

then
fitted

by
Eq.(8).

The
resulting

values
of

the
resonance

pa-
ram

eters
are

E
R

=
1520.9

M
eV

and
�

=
9.7

M
eV

,
con-

sistentw
ith

the
m

ass
M

⇤
(1

5
2
0
)
=

1517
±

4
M
eV

and
w

idth
�
⇤
(1

5
2
0
)
=

15
+
1
0

�
8

M
eV

of
⇤
(1520)

listed
in

R
ef.[37].

A
s

show
n

in
Fig.3,the

sum
of

C
fi
t (q)

and
C

res (q)
reproduces

the
peak

atq
⇠

240
M
eV

very
w

ell.
Finally

w
e

give
predictions

for
the

K
�
p

correlation
func-

tion
ifextracted

from
largersystem

s.In
pA

and
A
A

collisions
the

source
size

is
expected

to
be

largerthan
the

one
in

pp
col-

lisions:
R

=
(1-2)

fm
forhigh-m

ultiplicity
events

in
pA

col-
lisionsand

R
=

(2-5)
fm

in
A
A

collisions.In
Fig.3,w

e
show

the
theoreticalcorrelation

function,Eq.(6),ata
system

size
of

R
=

1.6
fm

,using
the

sam
e

param
etersetas

before,Eq.(7),
fordem

onstration.In
orderto

estim
ate

the
uncertainty

com
ing

from
the

less
w

ellknow
n
!
⇡
⌃ ,w

e
vary

its
value

betw
een

0.5
and

5.0.
O

ne
expects

thatw
hen

the
source

size
is

increased,
the

enhancem
entof

the
correlation

function
is

lim
ited

to
the

sm
all

q
region

and
the

K̄
0n

cusp
becom

es
less

pronounced.
The

sensitivity
to

!
⇡
⌃

is
w

eaker
for

the
larger

system
s,

for
w

hich
the

contribution
from

the
⇡
⌃

source
is

less
im

portant.
S

u
m

m
a

r
y
:

The
K

�
p

fem
toscopic

correlation
function

has
been

analysed
using

the
realistic

coupled-channels
potential

of
R

ef.[28].
This

potential
is

constructed
to

reproduce
the
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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-� 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
œ 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]]

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

! Many analyses based of Bayesian inference
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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’).
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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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from a second target, a slightly heavier pulsar with a white-dwarf companion.
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Comparison
œ 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]]

œ 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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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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Tidal deformabilities
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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 ⇤. 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
p
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 a↵ect the majority of the signal (modulo potential resonance e↵ects), 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 Telescope)

Masses  and  radii 

(NICER Telescope @ ISS)

X rays from hot spots on the 
surface of rotating neutron stars

5

Radio astronomy
(Effelsberg)
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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
<latexit sha1_base64="SAYOfzflWEyQJMA6TBx4Ep0V6Qo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFRKRWhdC0Y2bQgX7gCaEyWTSDp1kwsxEKKEu3fgrblwo4tY/cOffOG2z0OqBC4dz7uXee4KUUals+8soLS2vrK6V1ysbm1vbO+buXkfyTGDSxpxx0QuQJIwmpK2oYqSXCoLigJFuMLqa+t07IiTlya0ap8SL0SChEcVIack3Ye4GEWzCC+hY53bdTWNoW7ZTu2/6Lg+5mvhmVQszwL/EKUgVFGj55qcbcpzFJFGYISn7jp0qL0dCUczIpOJmkqQIj9CA9DVNUEykl88+mcAjrYQw4kJXouBM/TmRo1jKcRzozhipoVz0puJ/Xj9TUd3LaZJmiiR4vijKGFQcTmOBIRUEKzbWBGFB9a0QD5FAWOnwKjoEZ/Hlv6RzYjk1y7k5rTYuizjK4AAcgmPggDPQANegBdoAgwfwBF7Aq/FoPBtvxvu8tWQUM/vgF4yPby+Kl4E=</latexit>

M = 1.908± 0.016 M�

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

PSR J0740+6620

NEUTRON STARS : DATA BASE
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R = 12.71+1.14
�1.19 km

T.E. Riley et al.  (NICER),  Astroph. J. Lett. 887 (2019) L21

PSR J0030+0451

Masses of 
(Shapiro delay & radio observations)
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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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NEUTRON STARS : DATA  (contd.)

Very massive and fast rotating galactic neutron star
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œ Comparison between theory and experiment difficult because measurements

have complicated form

! Measurements cannot easily be parametrized, i.e. as a Gaussian
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œ 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’).

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

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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D. Choudhury et al. :  Astroph. J. Lett. 971 (2024) L20
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Simplest forms of exotic matter  
(kaon condensate, quark matter, …)

ruled out
8

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 di↵erences 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 di↵erent 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 di↵erential equations, the Tolman-
Oppenheimer-Volko↵ (TOV) equations:

@P (r)

@r
=� GN

r2
["(r) + P (r)]

⇥
m(r) + 4⇡r3P (r)

⇤

⇥
✓
1� 2GN m(r)

r

◆�1

, (1)

@m(r)

@r
=4⇡r2"(r) , (2)

where GN is the gravitational constant. Given an equa-
tion of state (EoS) P ("), i.e. pressure as a function of
energy density ", 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) = 4⇡
R R
0 dr r2"(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 e↵ect 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(") =
@P (")

@"
� 0 , (3)

from which the EoS is determined as

P (") =

Z "

0
d"0 c2s("

0) . (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/@" 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
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= 4⇡r2"(r)A. Akmal,  V.J. Pandharipande, 

D.G. Ravenhall
Phys. Rev. C58 (1998) 1804
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<latexit sha1_base64="2bDtofmcUcBQZ3rvxb8FyirYHrc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFN24KFewDmhAm00k7dJIJMxOhhuKvuHGhiFv/w51/47TNQlsPDBzOOZd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g7YSmSS0RQQXshtiRTlLaEszzWk3lRTHIaedcHQz9TsPVComkns9Tqkf40HCIkawNlJgH+VeGKGGJ0wINQJP9IWeBHbVqTkzoGXiFqQKBZqB/eX1BclimmjCsVI910m1n2OpGeF0UvEyRVNMRnhAe4YmOKbKz2fXT9CpUfooEtK8RKOZ+nsix7FS4zg0yRjroVr0puJ/Xi/T0ZWfsyTNNE3IfFGUcaQFmlaB+kxSovnYEEwkM7ciMsQSE20Kq5gS3MUvL5P2ec01/O6iWr8u6ijDMZzAGbhwCXW4hSa0gMAjPMMrvFlP1ov1bn3MoyWrmDmEP7A+fwAJHJTy</latexit><latexit sha1_base64="2bDtofmcUcBQZ3rvxb8FyirYHrc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFN24KFewDmhAm00k7dJIJMxOhhuKvuHGhiFv/w51/47TNQlsPDBzOOZd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g7YSmSS0RQQXshtiRTlLaEszzWk3lRTHIaedcHQz9TsPVComkns9Tqkf40HCIkawNlJgH+VeGKGGJ0wINQJP9IWeBHbVqTkzoGXiFqQKBZqB/eX1BclimmjCsVI910m1n2OpGeF0UvEyRVNMRnhAe4YmOKbKz2fXT9CpUfooEtK8RKOZ+nsix7FS4zg0yRjroVr0puJ/Xi/T0ZWfsyTNNE3IfFGUcaQFmlaB+kxSovnYEEwkM7ciMsQSE20Kq5gS3MUvL5P2ec01/O6iWr8u6ijDMZzAGbhwCXW4hSa0gMAjPMMrvFlP1ov1bn3MoyWrmDmEP7A+fwAJHJTy</latexit><latexit sha1_base64="2bDtofmcUcBQZ3rvxb8FyirYHrc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFN24KFewDmhAm00k7dJIJMxOhhuKvuHGhiFv/w51/47TNQlsPDBzOOZd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g7YSmSS0RQQXshtiRTlLaEszzWk3lRTHIaedcHQz9TsPVComkns9Tqkf40HCIkawNlJgH+VeGKGGJ0wINQJP9IWeBHbVqTkzoGXiFqQKBZqB/eX1BclimmjCsVI910m1n2OpGeF0UvEyRVNMRnhAe4YmOKbKz2fXT9CpUfooEtK8RKOZ+nsix7FS4zg0yRjroVr0puJ/Xi/T0ZWfsyTNNE3IfFGUcaQFmlaB+kxSovnYEEwkM7ciMsQSE20Kq5gS3MUvL5P2ec01/O6iWr8u6ijDMZzAGbhwCXW4hSa0gMAjPMMrvFlP1ov1bn3MoyWrmDmEP7A+fwAJHJTy</latexit><latexit sha1_base64="2bDtofmcUcBQZ3rvxb8FyirYHrc=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURQZdFN24KFewDmhAm00k7dJIJMxOhhuKvuHGhiFv/w51/47TNQlsPDBzOOZd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g7YSmSS0RQQXshtiRTlLaEszzWk3lRTHIaedcHQz9TsPVComkns9Tqkf40HCIkawNlJgH+VeGKGGJ0wINQJP9IWeBHbVqTkzoGXiFqQKBZqB/eX1BclimmjCsVI910m1n2OpGeF0UvEyRVNMRnhAe4YmOKbKz2fXT9CpUfooEtK8RKOZ+nsix7FS4zg0yRjroVr0puJ/Xi/T0ZWfsyTNNE3IfFGUcaQFmlaB+kxSovnYEEwkM7ciMsQSE20Kq5gS3MUvL5P2ec01/O6iWr8u6ijDMZzAGbhwCXW4hSa0gMAjPMMrvFlP1ov1bn3MoyWrmDmEP7A+fwAJHJTy</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>
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1

2

12

kaon 
condensate

   nucleons & hyperons purely “nuclear” 
EoS

nucleons & pions

8

quark  
matter

  (“hyperon puzzle”)

PSR J0952-0607

PSR J0348+0432 PSR J0740+6620

A. Sabatucci et al.
Phys. Rev.  D106 (2022) 083010

<latexit sha1_base64="vZf2i8KJrUWtXhP7+7xIAYL7rYw=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiWoAsYKFsYi0YfURJXjOK1Vx45sp1IVdWDhV1gYQIiVj2Djb3DaDNByJMtH59yre+8JEkaVdpxva219Y3Nru7RT3t3bPzi0j447SqQSkzYWTMhegBRhlJO2ppqRXiIJigNGusH4Nve7EyIVFfxBTxPix2jIaUQx0kYa2BUvECxU09h8WavmTZAkiaJM8PPZwK46dWcOuErcglRBgdbA/vJCgdOYcI0ZUqrvOon2MyQ1xYzMyl6qSILwGA1J31COYqL8bH7EDJ4ZJYSRkOZxDefq744MxSrf01TGSI/UspeL/3n9VEfXfkZ5kmrC8WJQlDKoBcwTgSGVBGs2NQRhSc2uEI+QRFib3MomBHf55FXSuai7l/XGfaPavCniKIEKOAU14IIr0AR3oAXaAINH8AxewZv1ZL1Y79bHonTNKnpOwB9Ynz9YaJiN</latexit>

P (")

<latexit sha1_base64="vZf2i8KJrUWtXhP7+7xIAYL7rYw=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJDKUiWoAsYKFsYi0YfURJXjOK1Vx45sp1IVdWDhV1gYQIiVj2Djb3DaDNByJMtH59yre+8JEkaVdpxva219Y3Nru7RT3t3bPzi0j447SqQSkzYWTMhegBRhlJO2ppqRXiIJigNGusH4Nve7EyIVFfxBTxPix2jIaUQx0kYa2BUvECxU09h8WavmTZAkiaJM8PPZwK46dWcOuErcglRBgdbA/vJCgdOYcI0ZUqrvOon2MyQ1xYzMyl6qSILwGA1J31COYqL8bH7EDJ4ZJYSRkOZxDefq744MxSrf01TGSI/UspeL/3n9VEfXfkZ5kmrC8WJQlDKoBcwTgSGVBGs2NQRhSc2uEI+QRFib3MomBHf55FXSuai7l/XGfaPavCniKIEKOAU14IIr0AR3oAXaAINH8AxewZv1ZL1Y79bHonTNKnpOwB9Ynz9YaJiN</latexit>

P (")



PHYSIK
DEPARTMENT

SOUND VELOCITY  and  EQUATION of STATE

    Key quantity :  Speed of Sound

displays characteristic signature of 
phase transition or crossover

Equation of State :

9

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!

0 500 1000 1500
ε [MeV fm−3]

0.00

0.25

0.50

0.75

1.00

c2 s

baryonic

crossover

phase transtion

Inference of the sound speed and related properties of neutron stars | Len Brandes 4/12

<latexit sha1_base64="HIzpQYqHQ8xLpV+Riou/lO2Zq+0=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMlOqy6MZlBfuAdiiZNNOGZpIhyQh16Je4caGIWz/FnX9j2s5CWw8EDuecy705YcKZNp737RQ2Nre2d4q7pb39g8Oye3Tc1jJVhLaI5FJ1Q6wpZ4K2DDOcdhNFcRxy2gknt3O/80iVZlI8mGlCgxiPBIsYwcZKA7ec9cMIESW1ljY3G7gVr+otgNaJn5MK5GgO3K/+UJI0psIQjrXu+V5iggwrwwins1I/1TTBZIJHtGepwDHVQbY4fIbOrTJEkVT2CYMW6u+JDMdaT+PQJmNsxnrVm4v/eb3URNdBxkSSGirIclGUcmQkmreAhkxRYvjUEkwUs7ciMsYKE2O7KtkS/NUvr5P2ZdWvV2v3tUrjJq+jCKdwBhfgwxU04A6a0AICKTzDK7w5T86L8+58LKMFJ585gT9wPn8AJWWTbA==</latexit>crossover

<latexit sha1_base64="isB6RCKbju0j+6o+XcTuhzSgmPc=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxCvZREinosevFYwX5AG8pms2mXbjZhdyOWUH+KFw+KePWPePPfuG1z0NYHA4/3ZpiZ5yecKe0431ZhbX1jc6u4XdrZ3ds/sA/LbRWnktAWiXksuz5WlDNBW5ppTruJpDjyOe3445uZ33mgUrFY3OtJQr0IDwULGcHaSAO7nPX9EFVdpdFTLAMqz6YDu+LUnDnQKnFzUoEczYH91Q9ikkZUaMKxUj3XSbSXYakZ4XRa6qeKJpiM8ZD2DBU4osrL5rdP0alRAhTG0pTQaK7+nshwpNQk8k1nhPVILXsz8T+vl+rwysuYSFJNBVksClOOdIxmQaCASUo0nxiCiWTmVkRGWGKiTVwlE4K7/PIqaZ/X3Ita/a5eaVzncRThGE6gCi5cQgNuoQktIPAIz/AKb9bUerHerY9Fa8HKZ47gD6zPH/y5k8c=</latexit>

(1st order)

<latexit sha1_base64="uMDXFhnJ27mSvwFBmF78gyIHieY=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUtRl0Y3LCvYBbSiT6aQdOpmEmRuhhLjwV9y4UMStn+HOv3HSZqGtBwYO59x7h3P8WHANjvNtlVZW19Y3ypuVre2d3T17/6Cto0RR1qKRiFTXJ5oJLlkLOAjWjRUjoS9Yx5/c5H7ngSnNI3kP05h5IRlJHnBKwEgD+yjt+wGOx+YEfgRFpOa5kQ3sqlNzZsDLxC1IFRVoDuyv/jCiScgkUEG07rlODF5KFHAqWFbpJ5rFhE7IiPUMlSRk2ktnATJ8apQhDiJlngQ8U39vpCTUehr6ZjIkMNaLXi7+5/USCK68lMs4ASbp/KMgERginLeBh1wxCmJqCKHKRKeYjokiFExnFVOCuxh5mbTPa+5FrX5XrzauizrK6BidoDPkokvUQLeoiVqIogw9o1f0Zj1ZL9a79TEfLVnFziH6A+vzBzF2ltA=</latexit>

phase transition

<latexit sha1_base64="Dl+tT7dqKmV/rzZVitnrerrvdM4=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHoxWMF+wFtLJvtpl262YTdiVBCf4YXD4p49dd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRSN+sFIWF981id9ktlt+LOQVaJl5My5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufPCXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2f9kIDRnKCeWUKaFvZWwEdWUoU2paEPwll9eJa1qxbus1O5r5fpNHkcBTuEMLsCDK6jDHTSgCQxieIZXeHPQeXHenY9F65qTz5zAHzifP8rMkPI=</latexit>

c2s
<latexit sha1_base64="DVZXF81Th7u6KFDLP7Y+EFwcfAI=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGRF0W3bisYB/QDiWTZtrQTDLkIdShX+LGhSJu/RR3/o1pOwttPXDhcM69yb0nSjnTxve/vcLa+sbmVnG7tLO7t1+uHBy2tLSK0CaRXKpOhDXlTNCmYYbTTqooTiJO29H4dua3H6nSTIoHM0lpmOChYDEj2DipXylnvShGwhJOpWBk2q9U/Zo/B1olQU6qkKPRr3z1BpLYhApDONa6G/ipCTOsDHNvTks9q2mKyRgPaddRgROqw2y++BSdOmWAYqlcCYPm6u+JDCdaT5LIdSbYjPSyNxP/87rWxNdhxkRqDRVk8VFsOTISzVJAA6YoMXziCCaKuV0RGWGFiXFZlVwIwfLJq6R1Xgsuaxf3F9X6TR5HEY7hBM4ggCuowx00oAkELDzDK7x5T96L9+59LFoLXj5zBH/gff4A61aTRg==</latexit>

nucleonic

<latexit sha1_base64="YXypfq/Si9BHU1DyK6YMGBJDxrU=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16ECOYByRJmJ73JkNmHM7PRsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7vFhwpW3728qtrK6tb+Q3C1vbO7t7xf2DhooSybDOIhHJlkcVCh5iXXMtsBVLpIEnsOkNr6d+c4RS8Si81+MY3YD2Q+5zRrWR3LTj+eSWPj2iEJNusWSX7RnIMnEyUoIMtW7xq9OLWBJgqJmgSrUdO9ZuSqXmTOCk0EkUxpQNaR/bhoY0QOWms6Mn5MQoPeJH0lSoyUz9PZHSQKlx4JnOgOqBWvSm4n9eO9H+pZvyME40hmy+yE8E0RGZJkB6XCLTYmwIZZKbWwkbUEmZNjkVTAjO4svLpHFWds7LlbtKqXqVxZGHIziGU3DgAqpwAzWoA4MHeIZXeLNG1ov1bn3MW3NWNnMIf2B9/gDBhJIb</latexit>

Maxwell

<latexit sha1_base64="eoN2ruTEFjSe9XTH91sSg+JXhHk=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LHvRYwX7AtpQkzbah2WRJskJZ+jO8eFDEq7/Gm//GtN2Dtj4YeLw3w8w8kghurO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3CDZMcMmallvBOolmOCaCtcn4dua3n5g2XMlHO0lYL8ZDySNOsXVSmHVJhO44IWbaL1f8qj8HWiVBTiqQo9Evf3UHiqYxk5YKbEwY+IntZVhbTgWblrqpYQmmYzxkoaMSx8z0svnJU3TmlAGKlHYlLZqrvycyHBsziYnrjLEdmWVvJv7nhamNrnsZl0lqmaSLRVEqkFVo9j8acM2oFRNHMNXc3YroCGtMrUup5EIIll9eJa2LanBZrT3UKvWbPI4inMApnEMAV1CHe2hAEygoeIZXePOs9+K9ex+L1oKXzxzDH3ifP/4GkRQ=</latexit>

Gibbs

<latexit sha1_base64="8zr4QMrJpWmocvWy3jgcr6lZP8U=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68NyLbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdceo00</latexit>

0.5
<latexit sha1_base64="tPveg5Rv5nWmh5lcp/CI0kqqHtU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeiF48V7Qe0oWy2m3bpZhN2J0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZemEph0PO+ncLa+sbmVnG7tLO7t39QPjxqmiTTjDdYIhPdDqnhUijeQIGSt1PNaRxK3gpHtzO/9cS1EYl6xHHKg5gOlIgEo2ilB9/1euWK53pzkFXi56QCOeq98le3n7As5gqZpMZ0fC/FYEI1Cib5tNTNDE8pG9EB71iqaMxNMJmfOiVnVumTKNG2FJK5+ntiQmNjxnFoO2OKQ7PszcT/vE6G0XUwESrNkCu2WBRlkmBCZn+TvtCcoRxbQpkW9lbChlRThjadkg3BX355lTQvXP/Srd5XK7WbPI4inMApnIMPV1CDO6hDAxgM4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gBWbI0w</latexit>

1.0
<latexit sha1_base64="jQaosVPNqeQrQ0x3q9XnSIkww6s=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68N2Lbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdeAI01</latexit>

1.5
<latexit sha1_base64="qC0qfI/yHI+ITxUj4KJhCViJFT0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPSUDbbTbt0sxt2J4VS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3ImKY4JI1kaNgnVQzkkSCtaPR/dxvj5k2XMknnKQsTMhA8phTglYKumOiWWq4ULJXrnhVbwF3nfg5qUCORq/81e0rmiVMIhXEmMD3UgynRCOngs1K3cywlNARGbDAUkkSZsLp4uSZe2GVvhsrbUuiu1B/T0xJYswkiWxnQnBoVr25+J8XZBjfhlMu0wyZpMtFcSZcVO78f7fPNaMoJpYQqrm91aVDoglFm1LJhuCvvrxOWldV/7pae6xV6nd5HEU4g3O4BB9uoA4P0IAmUFDwDK/w5qDz4rw7H8vWgpPPnMIfOJ8/vL2RkA==</latexit>ε

<latexit sha1_base64="xLH0Truu7nDLsJHuxYfGg2SlTAc=">AAAB/3icbVDLSsNQEL2pr1pfVcGNm2ARXGhJtKjLogtdVrAPSGO5uZ20l948uHcilpiFv+LGhSJu/Q13/o1pm4W2Hhg4nDPDzBwnFFyhYXxrubn5hcWl/HJhZXVtfaO4udVQQSQZ1FkgAtlyqALBfagjRwGtUAL1HAFNZ3A58pv3IBUP/FschmB7tOdzlzOKqdQp7lhthAeMr6DRPnS95C4+OknsQqdYMsrGGPosMTNSIhlqneJXuxuwyAMfmaBKWaYRoh1TiZwJSArtSEFI2YD2wEqpTz1Qdjy+P9H3U6Wru4FMy0d9rP6eiKmn1NBz0k6PYl9NeyPxP8+K0D23Y+6HEYLPJovcSOgY6KMw9C6XwFAMU0KZ5OmtOutTSRmmkY1CMKdfniWN47J5Wq7cVErViyyOPNkle+SAmOSMVMk1qZE6YeSRPJNX8qY9aS/au/Yxac1p2cw2+QPt8wcS/pV+</latexit>
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FIG. 3.2. Similar to Fig. 3.1: median and prior credible bands for the squared speed of sound,
c

2
s
, as a function of energy density, Á, are displayed for the improved version of the Segments

parametrization without assumed asymptotic behavior and two more free parameters. Figure taken
from Ref. [97].

is constrained by astrophysical data and thus limited by its emerging maximum central
energy density, Ác,max. The mass-radius trajectory deduced from each given EoS, with
or without a phase transition, terminates at this point. An EoS’s mass-radius sequence
normally ends after a first-order phase transition. As a consequence small sound speeds
appear with lower weight in the posteriors than in the priors.

3.3.2 Mass prior

Each EoS characterized by a parameter set ◊ supports neutron star masses between some
minimum mass Mmin and a respective maximum mass Mmax(◊). We follow Ref. [72] and
assume a flat prior distribution between Mmin and Mmax(◊):

p(M(◊)) =

Y
__]

__[

1

Mmax(◊)≠Mmin
if M œ [Mmin, Mmax(◊)] ,

0 else ,

(3.60)

with a minimum mass of Mmin = 0.5 M§. This introduces an Occam factor penalizing
EoSs that involve extreme masses beyond those supported by the astrophysical data.

The employment of a uniform mass prior di�ers from some previous works [67, 96, 140]
where a central pressure prior was used instead. In Ref. [86] the authors found just a
marginal distinction between a flat mass prior and a central pressures prior. However, the
uniform mass prior has the advantage that it permits a more direct comparison of our
results with other recent works (for example Refs. [72–74, 82, 84–86, 92–94]). Furthermore,
for future developments it o�ers the possibility of easily incorporating the mass population
of neutron stars. When the number of available data increases, failing to account for the
correct population model may cause a bias in the resulting posterior distribution [265],
such that the neutron star population may have to be inferred together with the posterior
[266]. Note that this would also allow to estimate the maximum supported mass Mmax

from the mass distribution of neutron stars [102].

3.3.3 Spectral parametrization

Following Ref. [127], to generate samples for our simulation-based inference analysis, we
start from the relativistic mean-field model GM1L [267], which describes neutron star
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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 di↵erent 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 di↵erent parametrisations for c2s(") inside neutron
stars: a skewed Gaussian function and piecewise seg-
mented linear interpolations. We prefer not to choose
parametrisations of P (") such as piecewise poly-
tropes. The reason is that such representations
can cause unphysical discontinuous e↵ects in the
speed of sound. In contrast, the parametrisa-
tions employed here are continuous in c2s("). They
dependent on sets ✓ of either six or eight parameters. A
comparative study using these two di↵erent 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 e↵ect 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 = "/(mNn0) where mN

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

c2s(x, ✓) = a1exp


�1

2

(x� a2)2

a23

�✓
1 + erf


a6p
2

x� a2
a3

�◆

+
1/3� a7

1 + exp [�a5(x� a4)]
+ a7 , (6)

with erf(z) = 2p
⇡

R 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 ✓ = (a1, . . . , a6) remain. When
c2s(x, ✓) 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
✓ = (c2s,i, "i). The squared speed of sound c2s(", ✓) is mod-
elled as a linear interpolation between these N points, i.e.
for " 2 ["i, "i+1] with i = 0, . . . , N :

c2s(", ✓) =
("i+1 � ")c2s,i + ("� "i)c2s,i+1

"i+1 � "i
. (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, "5) = (1/3, 10GeV fm�3). We
have checked that the results do not depend on the spe-
cific choice of "5 as long as its value is large enough.
The asymptotic end point at "5 = 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
su�cient 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 ✓ 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 ✓ can be computed using

Introduce general parametrization of sound velocity :  segment-wise representation
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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.
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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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Figure 2. Mass-radius prior distributions for the PP model (left panels) and CS model (right panels). The dark (light) blue
region and the inner (outer) curves encompass the 68% (95%) credible regions. The top panels compare the priors based on
the new �EFT calculations at N2LO (red) and N3LO (blue) from Keller et al. (2023) to those based on the �EFT calculations
from Hebeler et al. (2013) (dotted black). For the top panels, the �EFT bands are used up to 1.1n0. In the bottom panels, the
prior distributions are shown when using the new �EFT calculations up to 1.5n0.

This is automatically fulfilled for the new �EFT calculations up to 1.5n0. For the pressure as a function of the energy
density needed to solve the Tolman-Oppenheimer-Volko↵ (TOV) equations (to obtain mass and radius), we use the
same prescription for the polytropes up to the end of the �EFT band as for the PP model, and then integrate the
speed of sound squared dP/d" = c2s matching to the energy density and with " as a continuous variable for higher
densities. Note that for both the PP and CS models we have made the choice to sample uniformly in the space of
the EOS parameters. Finally, as previously described in Hebeler et al. (2013); Greif et al. (2019); Raaijmakers et al.
(2020), the PP and CS models explicitly allow for first-order phase transitions (with � = 0 in PP and a region of
c2s = 0 in CS).
Implementing the N2LO and N3LO �EFT bands generates the 68% and 95% credible region contours of the prior

distributions displayed in Fig. 2 for mass and radius and Fig. 3 for pressure and energy density. The upper panels
in both figures show the case when the new �EFT bands are used up to 1.1n0, as well as a comparison based on
the Hebeler et al. (2013) band (also up to 1.1n0), which was used in our previous EOS inference work (Raaijmakers
et al. 2019, 2020, 2021a). The lower panels display the prior distributions obtained when using the new �EFT bands
up to 1.5n0. All the priors and the resulting posteriors were calculated for neutron stars with masses M � 1.0 M�:
this is theoretically motivated by the description of the early evolution of a neutron star (Strobel et al. 1999) and in
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encompass the 68% (95%) credible regions using the N3LO �EFT band up to 1.5n0 and 1.1n0, respectively.

NICER and XMM data (with XMM being used to place constraints on the nonsource background): ST+PDT (68% CIs
M = 1.40+0.13

�0.12 M� and R = 11.71+0.88
�0.83 km) and PDT-U (68% CIs M = 1.70+0.18

�0.19 M� and R = 14.44+0.88
�1.05 km). PDT-U is

preferred by the Bayesian evidence, although Vinciguerra et al. (2024) caution that higher resolution runs are required
to check the robustness of the joint NICER-XMM runs. However, the ST+PDT results are more consistent with the
magnetic field geometry inferred for the gamma-ray emission for this source (Kalapotharakos et al. 2021, as discussed
in Vinciguerra et al. 2024) and the inferred mass and radius for this mode are most consistent with the new results
for J0437. For these reasons, we deem this at present—with all reserve and pending further analysis—to be the most
likely solution for J0030.
Therefore, the combination of posteriors from ST+PDT for J0030, with Salmi et al. (2024) for J0740 and Choudhury

et al. (2024) for J0437, as well as the GW data sets (Abbott et al. 2019, 2020) forms the “New” astrophysical scenario.
The impact of the other J0030 solutions is investigated in the Appendix. The GW results are unchanged compared to
the “Baseline” scenario since there are as yet no new mass-tidal deformability results to be included. Figure 4 shows
the di↵erent mass-radius posteriors used in the “Baseline” and “New” scenarios.

3. RESULTS: IMPACT OF NEW PRIOR DISTRIBUTIONS AND NEW ASTROPHYSICAL CONSTRAINTS

In this section, we investigate the combined impact of the new NICER results and the new N3LO �EFT results.
We first analyze the posterior inferences on the “Baseline” scenario to understand how constraining the N3LO �EFT
calculations are up to a given density. We first analyze the posterior inferences on the “Baseline” scenario to understand
the e↵ects of the di↵erent densities up to which the N3LO �EFT calculation is trusted. We then compare the inferences
on the “New” to the “Baseline” scenario, to study the impact of new astrophysical constraints on the inferred dense
matter EOS and neutron star properties. The results for the other �EFT bands and for the sensitivities to the J0030
results are given in the Appendix.
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magnetic field geometry inferred for the gamma-ray emission for this source (Kalapotharakos et al. 2021, as discussed
in Vinciguerra et al. 2024) and the inferred mass and radius for this mode are most consistent with the new results
for J0437. For these reasons, we deem this at present—with all reserve and pending further analysis—to be the most
likely solution for J0030.
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the di↵erent mass-radius posteriors used in the “Baseline” and “New” scenarios.
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In this section, we investigate the combined impact of the new NICER results and the new N3LO �EFT results.
We first analyze the posterior inferences on the “Baseline” scenario to understand how constraining the N3LO �EFT
calculations are up to a given density. We first analyze the posterior inferences on the “Baseline” scenario to understand
the e↵ects of the di↵erent densities up to which the N3LO �EFT calculation is trusted. We then compare the inferences
on the “New” to the “Baseline” scenario, to study the impact of new astrophysical constraints on the inferred dense
matter EOS and neutron star properties. The results for the other �EFT bands and for the sensitivities to the J0030
results are given in the Appendix.
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Figure 2. Mass-radius prior distributions for the PP model (left panels) and CS model (right panels). The dark (light) blue
region and the inner (outer) curves encompass the 68% (95%) credible regions. The top panels compare the priors based on
the new �EFT calculations at N2LO (red) and N3LO (blue) from Keller et al. (2023) to those based on the �EFT calculations
from Hebeler et al. (2013) (dotted black). For the top panels, the �EFT bands are used up to 1.1n0. In the bottom panels, the
prior distributions are shown when using the new �EFT calculations up to 1.5n0.

This is automatically fulfilled for the new �EFT calculations up to 1.5n0. For the pressure as a function of the energy
density needed to solve the Tolman-Oppenheimer-Volko↵ (TOV) equations (to obtain mass and radius), we use the
same prescription for the polytropes up to the end of the �EFT band as for the PP model, and then integrate the
speed of sound squared dP/d" = c2s matching to the energy density and with " as a continuous variable for higher
densities. Note that for both the PP and CS models we have made the choice to sample uniformly in the space of
the EOS parameters. Finally, as previously described in Hebeler et al. (2013); Greif et al. (2019); Raaijmakers et al.
(2020), the PP and CS models explicitly allow for first-order phase transitions (with � = 0 in PP and a region of
c2s = 0 in CS).
Implementing the N2LO and N3LO �EFT bands generates the 68% and 95% credible region contours of the prior

distributions displayed in Fig. 2 for mass and radius and Fig. 3 for pressure and energy density. The upper panels
in both figures show the case when the new �EFT bands are used up to 1.1n0, as well as a comparison based on
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et al. 2019, 2020, 2021a). The lower panels display the prior distributions obtained when using the new �EFT bands
up to 1.5n0. All the priors and the resulting posteriors were calculated for neutron stars with masses M � 1.0 M�:
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Figure 5. Mass-radius posterior distributions for the “Baseline” (upper panels) and “New” scenarios (lower panels) using
the PP model (left panels) and the CS model (right panels). The dark (light) green regions and the inner (outer) red curves
encompass the 68% (95%) credible regions using the N3LO �EFT band up to 1.5n0 and 1.1n0, respectively.

NICER and XMM data (with XMM being used to place constraints on the nonsource background): ST+PDT (68% CIs
M = 1.40+0.13

�0.12 M� and R = 11.71+0.88
�0.83 km) and PDT-U (68% CIs M = 1.70+0.18

�0.19 M� and R = 14.44+0.88
�1.05 km). PDT-U is

preferred by the Bayesian evidence, although Vinciguerra et al. (2024) caution that higher resolution runs are required
to check the robustness of the joint NICER-XMM runs. However, the ST+PDT results are more consistent with the
magnetic field geometry inferred for the gamma-ray emission for this source (Kalapotharakos et al. 2021, as discussed
in Vinciguerra et al. 2024) and the inferred mass and radius for this mode are most consistent with the new results
for J0437. For these reasons, we deem this at present—with all reserve and pending further analysis—to be the most
likely solution for J0030.
Therefore, the combination of posteriors from ST+PDT for J0030, with Salmi et al. (2024) for J0740 and Choudhury

et al. (2024) for J0437, as well as the GW data sets (Abbott et al. 2019, 2020) forms the “New” astrophysical scenario.
The impact of the other J0030 solutions is investigated in the Appendix. The GW results are unchanged compared to
the “Baseline” scenario since there are as yet no new mass-tidal deformability results to be included. Figure 4 shows
the di↵erent mass-radius posteriors used in the “Baseline” and “New” scenarios.

3. RESULTS: IMPACT OF NEW PRIOR DISTRIBUTIONS AND NEW ASTROPHYSICAL CONSTRAINTS

In this section, we investigate the combined impact of the new NICER results and the new N3LO �EFT results.
We first analyze the posterior inferences on the “Baseline” scenario to understand how constraining the N3LO �EFT
calculations are up to a given density. We first analyze the posterior inferences on the “Baseline” scenario to understand
the e↵ects of the di↵erent densities up to which the N3LO �EFT calculation is trusted. We then compare the inferences
on the “New” to the “Baseline” scenario, to study the impact of new astrophysical constraints on the inferred dense
matter EOS and neutron star properties. The results for the other �EFT bands and for the sensitivities to the J0030
results are given in the Appendix.
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2.2. New �EFT constraints and implementation

In previous works, the �EFT calculations needed to be combined with an empirical parameterization (Hebeler et al.
2013) to go from pure neutron matter to matter in beta equilibrium with a small proton fraction of ⇠ 5%. The
resulting pressure P as a function of density n is shown for the Hebeler et al. (2013) �EFT band in Fig. 1. As can be
seen, the pressure increases to a very good approximation linearly on this log-plot, so that within the �EFT band it
can be described by a single polytrope varying between the minimum and maximum extent of the pressure band.
Figure 1 also shows the new �EFT calculations at N2LO and N3LO from Keller et al. (2023), which are determined

directly in beta equilibrium without the need for an empirical parameterization. Since the bands extend to higher
densities n  1.5n0, these results also include the small contribution of muons (in addition to electrons) for the pressure
of neutron star matter in Fig. 1 (Keller 2023) (see, e.g., Essick et al. 2021 for the inclusion of muons). As is evident
from Fig. 1, the new N2LO and N3LO �EFT bands can also be e↵ectively parametrized with a single polytrope. This is
not surprising, because the density range over which we use �EFT is small (from 0.5�1.5n0). Moreover, around n0 the
density dependence of the pressure is dominated by three-nucleon interactions and in particular the large c3 coupling
contribution (see, e.g., Hebeler & Schwenk (2010); Tews et al. (2013)). Thus, variations of the �EFT interactions will
give similar density dependencies within the minimum and maximum of the �EFT band, and because of the limited
density range they can again be represented by a single polytrope.
In order to implement the new �EFT results into the NEoST framework, we therefore fit a single polytrope P (n) =

K (n/n0)� to the lower and upper pressure limits over the entire density range 0.5  n/n0  1.5. Here K is a constant
and � is the polytropic index. We find that the N2LO �EFT band is well reproduced by K 2 [1.814, 3.498]MeV fm�3

and � 2 [2.391, 3.002] and the N3LO �EFT band by K 2 [2.207, 3.056]MeV fm�3 and � 2 [2.361, 2.814]. As discussed
above, for densities below n  0.5n0, the BPS crust is used, with a log-linear interpolation to the first �EFT data
points at 0.5792n0 for the Hebeler et al. (2013) band. We have checked that this procedure also works for the new
�EFT results, which are also log-linearly interpolated to the BPS crust at 0.5792n0, ensuring that the pressure is never
decreasing between the BPS crust and the �EFT band. This matching between the BPS crust and the �EFT bands
is illustrated in Fig. 1.

2.3. New prior distributions

To generate the PP model, the three polytropic indices are varied within the ranges �1 2 [1, 4.5], �2 2 [0, 8],
and �3 2 [0.5, 8], where the first polytrope goes from 1.1n0 to n1 2 [1.5, 8.3]n0, the second segment from n1 to
n2 2 [1.5, 8.3]n0, and the third from n2 to the maximal central density, when the �EFT band is used up to 1.1n0 (for
details see Hebeler et al. 2013). When the �EFT band is extended to 1.5n0, the parameter ranges are accordingly
increased, such that �1 2 [0, 8], n1 2 [2, 8.3]n0, and n2 2 [2, 8.3]n0. Note that the first polytropic index was restricted
in Hebeler et al. (2013) to limit the EOS variation in the first segment just above the saturation density to reasonable
density dependencies. When using �EFT up to 1.5n0, we remove this limitation. For the EOS and neutron star
inference, the pressure as a function of energy density is calculated from the polytropes in number density or mass
density using thermodynamic relations (for details see Read et al. 2009).5

The speed of sound parameterization (CS) follows the model detailed in Greif et al. (2019), where c2s = dP/d", and

c2s(x)/c
2 = a1e

� 1
2 (x�a2)

2/a2
3 + a6 +

1

3
� a6

1 + e�a5(x�a4)
, (4)

with x = "/(mNn0) and the nucleon mass mN = 939.565MeV. The parameters a1 to a5 vary within the ranges of
a1 2 [0.1, 1.5], a2 2 [1.5, 12], a3 2 [0.075, 24], a4 2 [1.5, 37], a5 2 [0.1, 1], and a6 is fixed to continuously match to the
�EFT band polytrope. Further constraints are implemented to guarantee that only EOSs that are causal, 0  c2s  c2,
are included and that the speed of sound approaches the asymptotic value of c2s = 1/3c2 from below. Moreover, we
require the speed of sound up to 1.5n0 to not exceed a limit motivated by Fermi liquid theory (for details see Greif
et al. 2019):

c2s(1.5n0)/c
2  1

m2

N

�
3⇡2n

�2/3
. (5)

5 We note that as a result of the pressure and number density (or mass density) being the continuous variable in the PP model, the energy
density and the chemical potentials are not continuous at the transition between polytropes. However, this has a small e↵ect on bulk
properties, such as mass and radius. In Hebeler et al. (2013) we explored this explicitly for the crust to �EFT matching. Note that the
current choice also makes it possible to compare with our previous results. However, this can be improved in the future, e.g., using a
generalized piecewise polytropic parameterization (O’Boyle et al. 2020).
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In previous works, the �EFT calculations needed to be combined with an empirical parameterization (Hebeler et al.
2013) to go from pure neutron matter to matter in beta equilibrium with a small proton fraction of ⇠ 5%. The
resulting pressure P as a function of density n is shown for the Hebeler et al. (2013) �EFT band in Fig. 1. As can be
seen, the pressure increases to a very good approximation linearly on this log-plot, so that within the �EFT band it
can be described by a single polytrope varying between the minimum and maximum extent of the pressure band.
Figure 1 also shows the new �EFT calculations at N2LO and N3LO from Keller et al. (2023), which are determined

directly in beta equilibrium without the need for an empirical parameterization. Since the bands extend to higher
densities n  1.5n0, these results also include the small contribution of muons (in addition to electrons) for the pressure
of neutron star matter in Fig. 1 (Keller 2023) (see, e.g., Essick et al. 2021 for the inclusion of muons). As is evident
from Fig. 1, the new N2LO and N3LO �EFT bands can also be e↵ectively parametrized with a single polytrope. This is
not surprising, because the density range over which we use �EFT is small (from 0.5�1.5n0). Moreover, around n0 the
density dependence of the pressure is dominated by three-nucleon interactions and in particular the large c3 coupling
contribution (see, e.g., Hebeler & Schwenk (2010); Tews et al. (2013)). Thus, variations of the �EFT interactions will
give similar density dependencies within the minimum and maximum of the �EFT band, and because of the limited
density range they can again be represented by a single polytrope.
In order to implement the new �EFT results into the NEoST framework, we therefore fit a single polytrope P (n) =

K (n/n0)� to the lower and upper pressure limits over the entire density range 0.5  n/n0  1.5. Here K is a constant
and � is the polytropic index. We find that the N2LO �EFT band is well reproduced by K 2 [1.814, 3.498]MeV fm�3

and � 2 [2.391, 3.002] and the N3LO �EFT band by K 2 [2.207, 3.056]MeV fm�3 and � 2 [2.361, 2.814]. As discussed
above, for densities below n  0.5n0, the BPS crust is used, with a log-linear interpolation to the first �EFT data
points at 0.5792n0 for the Hebeler et al. (2013) band. We have checked that this procedure also works for the new
�EFT results, which are also log-linearly interpolated to the BPS crust at 0.5792n0, ensuring that the pressure is never
decreasing between the BPS crust and the �EFT band. This matching between the BPS crust and the �EFT bands
is illustrated in Fig. 1.

2.3. New prior distributions

To generate the PP model, the three polytropic indices are varied within the ranges �1 2 [1, 4.5], �2 2 [0, 8],
and �3 2 [0.5, 8], where the first polytrope goes from 1.1n0 to n1 2 [1.5, 8.3]n0, the second segment from n1 to
n2 2 [1.5, 8.3]n0, and the third from n2 to the maximal central density, when the �EFT band is used up to 1.1n0 (for
details see Hebeler et al. 2013). When the �EFT band is extended to 1.5n0, the parameter ranges are accordingly
increased, such that �1 2 [0, 8], n1 2 [2, 8.3]n0, and n2 2 [2, 8.3]n0. Note that the first polytropic index was restricted
in Hebeler et al. (2013) to limit the EOS variation in the first segment just above the saturation density to reasonable
density dependencies. When using �EFT up to 1.5n0, we remove this limitation. For the EOS and neutron star
inference, the pressure as a function of energy density is calculated from the polytropes in number density or mass
density using thermodynamic relations (for details see Read et al. 2009).5

The speed of sound parameterization (CS) follows the model detailed in Greif et al. (2019), where c2s = dP/d", and
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with x = "/(mNn0) and the nucleon mass mN = 939.565MeV. The parameters a1 to a5 vary within the ranges of
a1 2 [0.1, 1.5], a2 2 [1.5, 12], a3 2 [0.075, 24], a4 2 [1.5, 37], a5 2 [0.1, 1], and a6 is fixed to continuously match to the
�EFT band polytrope. Further constraints are implemented to guarantee that only EOSs that are causal, 0  c2s  c2,
are included and that the speed of sound approaches the asymptotic value of c2s = 1/3c2 from below. Moreover, we
require the speed of sound up to 1.5n0 to not exceed a limit motivated by Fermi liquid theory (for details see Greif
et al. 2019):
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5 We note that as a result of the pressure and number density (or mass density) being the continuous variable in the PP model, the energy
density and the chemical potentials are not continuous at the transition between polytropes. However, this has a small e↵ect on bulk
properties, such as mass and radius. In Hebeler et al. (2013) we explored this explicitly for the crust to �EFT matching. Note that the
current choice also makes it possible to compare with our previous results. However, this can be improved in the future, e.g., using a
generalized piecewise polytropic parameterization (O’Boyle et al. 2020).
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Figure 5. Mass-radius posterior distributions for the “Baseline” (upper panels) and “New” scenarios (lower panels) using
the PP model (left panels) and the CS model (right panels). The dark (light) green regions and the inner (outer) red curves
encompass the 68% (95%) credible regions using the N3LO �EFT band up to 1.5n0 and 1.1n0, respectively.

NICER and XMM data (with XMM being used to place constraints on the nonsource background): ST+PDT (68% CIs
M = 1.40+0.13

�0.12 M� and R = 11.71+0.88
�0.83 km) and PDT-U (68% CIs M = 1.70+0.18

�0.19 M� and R = 14.44+0.88
�1.05 km). PDT-U is

preferred by the Bayesian evidence, although Vinciguerra et al. (2024) caution that higher resolution runs are required
to check the robustness of the joint NICER-XMM runs. However, the ST+PDT results are more consistent with the
magnetic field geometry inferred for the gamma-ray emission for this source (Kalapotharakos et al. 2021, as discussed
in Vinciguerra et al. 2024) and the inferred mass and radius for this mode are most consistent with the new results
for J0437. For these reasons, we deem this at present—with all reserve and pending further analysis—to be the most
likely solution for J0030.
Therefore, the combination of posteriors from ST+PDT for J0030, with Salmi et al. (2024) for J0740 and Choudhury

et al. (2024) for J0437, as well as the GW data sets (Abbott et al. 2019, 2020) forms the “New” astrophysical scenario.
The impact of the other J0030 solutions is investigated in the Appendix. The GW results are unchanged compared to
the “Baseline” scenario since there are as yet no new mass-tidal deformability results to be included. Figure 4 shows
the di↵erent mass-radius posteriors used in the “Baseline” and “New” scenarios.

3. RESULTS: IMPACT OF NEW PRIOR DISTRIBUTIONS AND NEW ASTROPHYSICAL CONSTRAINTS

In this section, we investigate the combined impact of the new NICER results and the new N3LO �EFT results.
We first analyze the posterior inferences on the “Baseline” scenario to understand how constraining the N3LO �EFT
calculations are up to a given density. We first analyze the posterior inferences on the “Baseline” scenario to understand
the e↵ects of the di↵erent densities up to which the N3LO �EFT calculation is trusted. We then compare the inferences
on the “New” to the “Baseline” scenario, to study the impact of new astrophysical constraints on the inferred dense
matter EOS and neutron star properties. The results for the other �EFT bands and for the sensitivities to the J0030
results are given in the Appendix.
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to check the robustness of the joint NICER-XMM runs. However, the ST+PDT results are more consistent with the
magnetic field geometry inferred for the gamma-ray emission for this source (Kalapotharakos et al. 2021, as discussed
in Vinciguerra et al. 2024) and the inferred mass and radius for this mode are most consistent with the new results
for J0437. For these reasons, we deem this at present—with all reserve and pending further analysis—to be the most
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CSPosteriors

(choices too restrictive) 
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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>

n/n0

0 1 2
n/n0
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0.3

0.4

c2 s

N3LO
<latexit sha1_base64="ekbWeYP4ZlQFJaN6n1zDZX7yiCE=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVZNa1I1QdOOygn1AG8NkMm2HziPMTIQSWjf+ihsXirj1K9z5N07bLLT1wIXDOfdy7z1hTInSrvttLSwuLa+s5tby6xubW9v2zm5diUQiXEOCCtkMocKUcFzTRFPcjCWGLKS4Efavx37jAUtFBL/Tgxj7DHY56RAEtZECex8J3hGSQToKRcKjEQrUfenSOzkN7IJbdCdw5omXkQLIUA3sr3YkUMIw14hCpVqeG2s/hVITRPEw304UjiHqwy5uGcohw8pPJy8MnSOjRI65xBTXzkT9PZFCptSAhaaTQd1Ts95Y/M9rJbpz4aeEx4nGHE0XdRLqaOGM83AiIjHSdGAIRJKYWx3UgxIibVLLmxC82ZfnSb1U9M6K5dtyoXKVxZEDB+AQHAMPnIMKuAFVUAMIPIJn8ArerCfrxXq3PqatC1Y2swf+wPr8AeW2lxg=</latexit>

conformal bound c2s = 1/3

Perturbative QCD
œ Strong coupling decreases at high densities

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

œ Asymptotic boundary condition at n ª 50n0 and beyond

œ Speed of sound reaches conformal limit c
2
s = 1/3 from below
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<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>"

<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>"

<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
or
mal

bo
un

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>

n/n0

0 1 2
n/n0
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N3LO
<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>
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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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
are

computed, comparing the evidence for EoSs with a min-
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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-� deviation from the conformal bound. Furthermore, we found that the thermal

e↵ects are negligibly small, which suggests that the di↵erence 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

su�ciently 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 sti↵ picture for

QCD(-like) matter in the superfluid regime.

5
For 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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
are

computed, comparing the evidence for EoSs with a min-
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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>

⇤

<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
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<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>

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>
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm�3

.

"[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,asafunctionofenergydensity"asshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantsti↵eningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
"=0.5�0.9GeVfm�3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min0.1,quantifyingtheevidence
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belowc2

s,min0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
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Thereisextremeevidencethattheminimumsquared
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notdroptovaluessmallerthan0.1forneutronstarswith
massesM1.9M�.Thereisstrongevidencethatc2

s,min
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massM2.0M�.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
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2.31.452.16

TABLEVI.BayesfactorsB
c2
s,min>0.1

c2
s,min0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min0.1.TheBayesfactors

arecalculatedforagivenmaximumneutronstarmassM,i.e.
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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.

" [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 " 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 sti↵ening 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
" = 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,min0.1
, 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,min0.1

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,min0.1
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.
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sound velocity, c2s, as a function of energy density " as shown
in Fig. 3, i.e. including the previously available data and the
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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
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derlines the significant sti↵ening 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
" = 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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does not become smaller than 0.1 in neutron stars with
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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 =
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<latexit sha1_base64="8q22oBy8auBhRJoyh3AZ4M0ppFk=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswl0IahmwEWwSMB+QHGFvM5es2ds7dveEcATsbSwUsfUn2flv3HwUmvhg4PHeDDPzgkRwbVz321lb39jc2s7t5Hf39g8OC0fHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6xGV5rG8N+ME/YgOJA85o8ZK9XKvUHRL7gxklXgLUoQFar3CV7cfszRCaZigWnc8NzF+RpXhTOAk3001JpSN6AA7lkoaofaz2aETcm6VPgljZUsaMlN/T2Q00nocBbYzomaol72p+J/XSU147WdcJqlByeaLwlQQE5Pp16TPFTIjxpZQpri9lbAhVZQZm03ehuAtv7xKmuWSd1mq1CvF6t3TPI4cnMIZXIAHV1CFW6hBAxggPMMrvDkPzovz7nzMW9ecRYQn8AfO5w+nxI1I</latexit>

2
<latexit sha1_base64="A4HUvv/jz8zLH9tzW5YYVeNJPD4=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp0GtQzYCDYJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGNxO/+YhK81jem1GCfkT7koecUWOl2kW3UHRL7hRkmXhzUoQ5qt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/blkoaofaz6aFjcmqVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk147WdcJqlByWaLwlQQE5PJ16THFTIjRpZQpri9lbABVZQZm03ehuAtvrxMGucl77JUrpWLlbunWRw5OIYTOAMPrqACt1CFOjBAeIZXeHMenBfn3fmYta448wiP4A+czx+pSI1J</latexit>

3
<latexit sha1_base64="M5yB1fg+vesDMrTBOtq4GGB8Y48=">AAAB5HicbVA9SwNBEJ2LX/H8irY2i0GwCncSjGXARrCJYD4gOcLeZi5Zs7d37O4J4QjY21gotv4mO/+Nm49CEx8MPN6bYWZemAqujed9O4WNza3tneKuu7d/cHhUco9bOskUwyZLRKI6IdUouMSm4UZgJ1VI41BgOxzfzPz2EyrNE/lgJikGMR1KHnFGjZXuq/1S2at4c5B14i9JGZZo9EtfvUHCshilYYJq3fW91AQ5VYYzgVO3l2lMKRvTIXYtlTRGHeTzQ6fk3CoDEiXKljRkrv6eyGms9SQObWdMzUivejPxP6+bmeg6yLlMM4OSLRZFmSAmIbOvyYArZEZMLKFMcXsrYSOqKDM2G9eG4K++vE5alxX/qlIt1++eF2EU4RTO4AJ8qEEdbqEBTWCA8AJv8O48Oq/Ox6Kx4CzjO4E/cD5/AD9AjCA=</latexit>
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<latexit sha1_base64="y4yUQVSpdZq1X6I4X0QtH5wVp1o=">AAAB6HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx4EbwkYBZIhtDTqUna9PQM3T1CGALevXhQxKuf5M2/sbMcNPFBweO9KqrqBYng2rjut5NbWV1b38hvFra2d3b3ivsHDR2nimGdxSJWrYBqFFxi3XAjsJUopFEgsBkMbyZ+8xGV5rG8N6ME/Yj2JQ85o8ZKtYtuseSW3SnIMvHmpARzVLvFr04vZmmE0jBBtW57bmL8jCrDmcBxoZNqTCgb0j62LZU0Qu1n00PH5MQqPRLGypY0ZKr+nshopPUoCmxnRM1AL3oT8T+vnZrw2s+4TFKDks0WhakgJiaTr0mPK2RGjCyhTHF7K2EDqigzNpuCDcFbfHmZNM7K3mX5vHZeqtw9zeLIwxEcwyl4cAUVuIUq1IEBwjO8wpvz4Lw4787HrDXnzCM8hD9wPn8ArFCNSw==</latexit>

5
<latexit sha1_base64="rIO75gMz4MWhy+nOdXHWvBtNl4c=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXARrBJwHxAcoS9zVyyZm/v2N0TwhGwt7FQxNafZOe/cfNRaOKDgcd7M8zMCxLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91iMqzWN5b8YJ+hEdSB5yRo2V6pVeseSW3RnIKvEWpAQL1HrFr24/ZmmE0jBBte54bmL8jCrDmcBJoZtqTCgb0QF2LJU0Qu1ns0Mn5MwqfRLGypY0ZKb+nshopPU4CmxnRM1QL3tT8T+vk5rw2s+4TFKDks0XhakgJibTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqV8Wb8sVe+e5nHk4QRO4Rw8uIIq3EINGsAA4Rle4c15cF6cd+dj3ppzFhEewx84nz+t1I1M</latexit>
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<latexit sha1_base64="xzTkoxwTNlysegbtKn+jF8UAKuI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVUY8BL4KXiOYByRJmJ73JkNnZZWZWCEvAH/DiQRGvfpE3/8bJ46CJBQ1FVTfdXWEquDae9+0UVlbX1jeKm6Wt7Z3dvfL+QUMnmWJYZ4lIVCukGgWXWDfcCGylCmkcCmyGw+uJ33xEpXkiH8woxSCmfckjzqix0r3vet1yxXO9Kcgy8eekAnPUuuWvTi9hWYzSMEG1bvteaoKcKsOZwHGpk2lMKRvSPrYtlTRGHeTTU8fkxCo9EiXKljRkqv6eyGms9SgObWdMzUAvehPxP6+dmegqyLlMM4OSzRZFmSAmIZO/SY8rZEaMLKFMcXsrYQOqKDM2nZINwV98eZk0zlz/wj2/O69Ub59mcRThCI7hFHy4hCrcQA3qwKAPz/AKb45wXpx352PWWnDmER7CHzifP38hjbk=</latexit>
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<latexit sha1_base64="E9DbUHoP2dAMuXOYACGzkcbQ1vg=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4GmYkLseAF8FLRLNAMoSeTk/SpKdn6K4RQgj4A148KOLVL/Lm39hZDpr4oODxXhVV9cJUCoOe9+3kVlbX1jfym4Wt7Z3dveL+Qd0kmWa8xhKZ6GZIDZdC8RoKlLyZak7jUPJGOLie+I1Hro1I1AMOUx7EtKdEJBhFK9377nmnWPJcbwqyTPw5KcEc1U7xq91NWBZzhUxSY1q+l2IwohoFk3xcaGeGp5QNaI+3LFU05iYYTU8dkxOrdEmUaFsKyVT9PTGisTHDOLSdMcW+WfQm4n9eK8PoKhgJlWbIFZstijJJMCGTv0lXaM5QDi2hTAt7K2F9qilDm07BhuAvvrxM6meuf+GW78qlyu3TLI48HMExnIIPl1CBG6hCDRj04Ble4c2Rzovz7nzMWnPOPMJD+APn8weGtY2+</latexit>

1.5

<latexit sha1_base64="eFk46q3yr/6awEDica7a5xX4jGY=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkNQT0GvAheIpoHJEuYnfQmQ2Znl5lZIYSAP+DFgyJe/SJv/o2Tx0ETCxqKqm66u8JUcG0879vJra1vbG7ltws7u3v7B8XDo4ZOMsWwzhKRqFZINQousW64EdhKFdI4FNgMh9dTv/mISvNEPphRikFM+5JHnFFjpfuy63WLJc/1ZiCrxF+QEixQ6xa/Or2EZTFKwwTVuu17qQnGVBnOBE4KnUxjStmQ9rFtqaQx6mA8O3VCzqzSI1GibElDZurviTGNtR7Foe2MqRnoZW8q/ue1MxNdBWMu08ygZPNFUSaIScj0b9LjCpkRI0soU9zeStiAKsqMTadgQ/CXX14ljbLrX7iVu0qpevs0jyMPJ3AK5+DDJVThBmpQBwZ9eIZXeHOE8+K8Ox/z1pyziPAY/sD5/AGAp426</latexit>

2.0

<latexit sha1_base64="TvmzQemaHeKUfvN9dmsbfeVx15w=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZcFN4KbCvYBnaFkMmkbmmSGJFMoQ8EPceNCEbf+iTv/xkzbhbYeCDmccy85OVHKmTae9+2U1tY3NrfK25Wd3b39A/fwqKWTTBHaJAlPVCfCmnImadMww2knVRSLiNN2NLot/PaYKs0S+WgmKQ0FHkjWZwQbK/VcN4gSHuuJsFceiGzac6tezZsBrRJ/QaqwQKPnfgVxQjJBpSEca931vdSEOVaGEU6nlSDTNMVkhAe0a6nEguownyWfojOrxKifKHukQTP190aOhS7C2UmBzVAve4X4n9fNTP8mzJlMM0MlmT/UzzgyCSpqQDFTlBg+sQQTxWxWRIZYYWJsWRVbgr/85VXSuqj5V7XLh8tq/f5pXkcZTuAUzsGHa6jDHTSgCQTG8Ayv8Obkzovz7nzMR0vOosJj+APn8wd4/pSm</latexit>µ
<latexit sha1_base64="kwSpgutiKi0DyxFkuKMfxID1pGQ=">AAAB+3icbZBLSwMxFIUz9VXrq9alm2ARXJUZKeqy4ELBTQX7gHYomfROG5p5kNyRlmHAX+LGhSJu/SPu/Demj4W2Hgh8nHNDbo4XS6HRtr+t3Nr6xuZWfruws7u3f1A8LDV1lCgODR7JSLU9pkGKEBooUEI7VsACT0LLG11P89YjKC2i8AEnMbgBG4TCF5yhsXrFUtr1fNrpIowxvYFm5ma9Ytmu2DPRVXAWUCYL1XvFr24/4kkAIXLJtO44doxuyhQKLiErdBMNMeMjNoCOwZAFoN10tntGT43Tp36kzAmRztzfN1IWaD0JPDMZMBzq5Wxq/pd1EvSv3FSEcYIQ8vlDfiIpRnRaBO0LBRzlxADjSphdKR8yxTiaugqmBGf5y6vQPK84F5XqfbVcu3ua15Enx+SEnBGHXJIauSV10iCcjMkzeSVvVma9WO/Wx3w0Zy0qPCJ/ZH3+ADYYlQA=</latexit>

[GeV]

<latexit sha1_base64="h8vMgJMF2c6PQDTsoXJiP9QM5f0=">AAAB/HicbZDLSsNAFIZPvNZ6i3bpZrAIrmoiUl2WunFZwV6gDWEynbRDJ5MwMxFCqK/ixoUibn0Qd76N0zYLbf1h4OM/53DO/EHCmdKO822trW9sbm2Xdsq7e/sHh/bRcUfFqSS0TWIey16AFeVM0LZmmtNeIimOAk67weR2Vu8+UqlYLB50llAvwiPBQkawNpZvV/JBECIx9ZsXC/KdqW9XnZozF1oFt4AqFGr59tdgGJM0okITjpXqu06ivRxLzQin0/IgVTTBZIJHtG9Q4IgqL58fP0VnxhmiMJbmCY3m7u+JHEdKZVFgOiOsx2q5NjP/q/VTHd54ORNJqqkgi0VhypGO0SwJNGSSEs0zA5hIZm5FZIwlJtrkVTYhuMtfXoXOZc2t1+r3V9VGs4ijBCdwCufgwjU04A5a0AYCGTzDK7xZT9aL9W59LFrXrGKmAn9kff4AqyGUJw==</latexit>
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<latexit sha1_base64="bNyyTq4wXg5GF4sZXtpZumiy3LE=">AAACDXicbVDLSgMxFM3UV62vUZduglVwIWVGiroRCm4ENxXsAzrDkMmkbWiSGZKMWIaCazf+ihsXirh1786/MdN2oa0HLvdwzg2594QJo0o7zrdVWFhcWl4prpbW1jc2t+ztnaaKU4lJA8cslu0QKcKoIA1NNSPtRBLEQ0Za4eAy91t3RCoai1s9TIjPUU/QLsVIGymwD7wwZpEactMyj6fwAnoq5QGF9wH1jo0S0FFgl52KMwacJ+6UlMEU9cD+8qIYp5wIjRlSquM6ifYzJDXFjIxKXqpIgvAA9UjHUIE4UX42vmYED40SwW4sTQkNx+rvFxniKl/YTHKk+2rWy8X/vE6qu+d+RkWSaiLw5KNuyqCOYR4NjKgkWLOhIQhLanaFuI8kwtoEWDIhuLMnz5PmScU9rVRvquXa9cMkjiLYA/vgCLjgDNTAFaiDBsDgETyDV/BmPVkv1rv1MRktWNMId8EfWJ8/lMScUg==</latexit>
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<latexit sha1_base64="+WF4jRkmoh2+94tVxigwhin2zlU=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBxVBmpKgboejGZQXbCp2hZDJpG5pJhiQjlKEbN/6KGxeKuPUf3Pk3ZtpZaOuFkMM593DvPWHCqNKu+22VlpZXVtfK65WNza3tHXt3r61EKjFpYcGEvA+RIoxy0tJUM3KfSILikJFOOLrO9c4DkYoKfqfHCQliNOC0TzHShurZh34oWKTGsfky6juXvsOdxPEjodWkZ1fdmjstuAi8AlRBUc2e/WWMOI0J15ghpbqem+ggQ1JTzMik4qeKJAiP0IB0DeQoJirIpldM4LFhItgX0jyu4ZT97chQrPJFTWeM9FDNazn5n9ZNdf8iyChPUk04ng3qpwxqAfNIYEQlwZqNDUBYUrMrxEMkEdYmuIoJwZs/eRG0T2veWa1+W682roo4yuAAHIET4IFz0AA3oAlaAINH8AxewZv1ZL1Y79bHrLVkFZ598Keszx8jc5hZ</latexit>

i = n, p, . . .

Stiff equation of state

strongly repulsive  
correlations at work 
between baryons / quarks 
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<latexit sha1_base64="KF5Aqxt0/PeEKPh+OnyIITLGt1U=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCBymJSPVY9OKxgv2AJpTJdtMu3Wzi7kYpsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLOlHacb6uwsrq2vlHcLG1t7+zu2eX9lopTSWiTxDyWnQAU5UzQpmaa004iKUQBp+1gdD312w9UKhaLOz1OqB/BQLCQEdBG6tnlzAtCfJ+CHGHvdABq0rMrTtWZAS8TNycVlKPRs7+8fkzSiApNOCjVdZ1E+xlIzQink5KXKpoAGcGAdg0VEFHlZ7PTJ/jYKH0cxtKU0Him/p7IIFJqHAWmMwI9VIveVPzP66Y6vPQzJpJUU0Hmi8KUYx3jaQ64zyQlmo8NASKZuRWTIUgg2qRVMiG4iy8vk9ZZ1a1Va7fnlfpVHkcRHaIjdIJcdIHq6AY1UBMR9Iie0St6s56sF+vd+pi3Fqx85gD9gfX5A6tlk6M=</latexit>

quarkgas

<latexit sha1_base64="csqYsvX101K1pOqvThw5MnpC5oI=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQi0+OYF48T3AespaRpuoWlSUlScZT9K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXpowq7TjfVmVjc2t7p7pb29s/ODyyj+t9JTKJSQ8LJuQwRIowyklPU83IMJUEJSEjg3B6W/iDRyIVFfxBz1LiJ2jMaUwx0kYK7LoXChapWWKu3EuyoDMP7IbTdBaA68QtSQOU6Ab2lxcJnCWEa8yQUiPXSbWfI6kpZmRe8zJFUoSnaExGhnKUEOXni+xzeG6UCMZCmsM1XKi/N3KUqCKemUyQnqhVrxD/80aZjm/8nPI004Tj5UNxxqAWsCgCRlQSrNnMEIQlNVkhniCJsDZ11UwJ7uqX10n/sum2mq37q0a7U9ZRBafgDFwAF1yDNrgDXdADGDyBZ/AK3qy59WK9Wx/L0YpV7pyAP7A+fwCc3JTU</latexit>µB <latexit sha1_base64="csqYsvX101K1pOqvThw5MnpC5oI=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQi0+OYF48T3AespaRpuoWlSUlScZT9K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXpowq7TjfVmVjc2t7p7pb29s/ODyyj+t9JTKJSQ8LJuQwRIowyklPU83IMJUEJSEjg3B6W/iDRyIVFfxBz1LiJ2jMaUwx0kYK7LoXChapWWKu3EuyoDMP7IbTdBaA68QtSQOU6Ab2lxcJnCWEa8yQUiPXSbWfI6kpZmRe8zJFUoSnaExGhnKUEOXni+xzeG6UCMZCmsM1XKi/N3KUqCKemUyQnqhVrxD/80aZjm/8nPI004Tj5UNxxqAWsCgCRlQSrNnMEIQlNVkhniCJsDZ11UwJ7uqX10n/sum2mq37q0a7U9ZRBafgDFwAF1yDNrgDXdADGDyBZ/AK3qy59WK9Wx/L0YpV7pyAP7A+fwCc3JTU</latexit>µB

<latexit sha1_base64="YjONUE7mMyF47Gut8WFBwBvT138=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQQcqMSnVTKLpxJRXsA9phyKSZNjTJjElGKWM/xY0LRdz6Je78G9PHQlsPXDiccy/33hPEjCrtON9WZml5ZXUtu57b2Nza3rHzuw0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g8HV2G8+EKloJO70MCYeRz1BQ4qRNpJv54s3fggrp8eQ+/ewAp0j3y44JWcCuEjcGSmAGWq+/dXpRjjhRGjMkFJt14m1lyKpKWZklOskisQID1CPtA0ViBPlpZPTR/DQKF0YRtKU0HCi/p5IEVdqyAPTyZHuq3lvLP7ntRMdXngpFXGiicDTRWHCoI7gOAfYpZJgzYaGICypuRXiPpIIa5NWzoTgzr+8SBonJbdcKt+eFaqXsziyYB8cgCJwwTmogmtQA3WAwSN4Bq/gzXqyXqx362PamrFmM3vgD6zPH25pkYo=</latexit>

(Nf = 3,mq = 0)

<latexit sha1_base64="abBQjqbxz0j0Vy/cWU4bKI+v/4E=">AAACJHicbVDLSgMxFM3UV62vUZdugkVwVWZEqiBCqRuXFewDOmXIpGkbmkmGJFMow3yMG3/FjQsfuHDjt5hpR9DWCyGHc+69yTlBxKjSjvNpFVZW19Y3ipulre2d3T17/6ClRCwxaWLBhOwESBFGOWlqqhnpRJKgMGCkHYxvMr09IVJRwe/1NCK9EA05HVCMtKF8+8oLBOuraWiuxAtjvw6vYeJFSGqKmDdBkkSKMsE9Ydb88JD79TT17bJTcWYFl4GbgzLIq+Hbb15f4DgkXGOGlOq6TqR7SbYTM5KWvFiRCOExGpKugRyFRPWSmckUnhimDwdCmsM1nLG/JxIUqsyH6QyRHqlFLSP/07qxHlz2EsqjWBOO5w8NYga1gFlisE8lwZpNDUBYUvNXiEdIIqxNriUTgrtoeRm0ziputVK9Oy/X6nkcRXAEjsEpcMEFqIFb0ABNgMEDeAIv4NV6tJ6td+tj3lqw8plD8Kesr28eeKZb</latexit>

µB =
@"

@nB

Quark gas ruled out 
at densities

<latexit sha1_base64="92oba9nUj01UygE5JgZTpr7qPp8=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQksipbosdeOygn1AE8JkMmmHTiZhZiKU0J0bf8WNC0Xc+gvu/BsnbRbaemCYwzn3cu89fsKoVJb1bZRWVtfWN8qbla3tnd09c/+gK+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fJP7vQciJI35vZokxI3QkNOQYqS05JnHjh+zQE4i/WXcazmSRrB+0XDOuWdNK55ZtWrWDHCZ2AWpggJtz/xyghinEeEKMyTlwLYS5WZIKIoZmVacVJIE4TEakoGmHEVEutnsjik81UoAw1joxxWcqb87MhTJfFVdGSE1koteLv7nDVIVXrsZ5UmqCMfzQWHKoIphHgoMqCBYsYkmCAuqd4V4hATCSkeXh2AvnrxMupc1u1Fr3NWrzVYRRxkcgRNwBmxwBZrgFrRBB2DwCJ7BK3gznowX4934mJeWjKLnEPyB8fkDeXyYZw==</latexit>

nB ⇠ 4 � 6n0
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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 ", 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
di↵erent parametrisations and accordingly di↵erent 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,min0.1
for di↵erent

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,min0.05
, 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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Density profiles of neutron stars

Central core densities  
in neutron stars  
are NOT extreme

PHYSIK
DEPARTMENT

 (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

PHYSIK
DEPARTMENT

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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
are

computed, comparing the evidence for EoSs with a min-

<latexit sha1_base64="QGybWva/+0Nsi9y4HRSCU3v3ZPU=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY9OKxgv2Adi3ZNNuGZpMlyVbK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDvzW2OqNJPiwUxi6kd4IFjICDZWeqyXu2OsaKwZl+K8Vyy5FXcOtEq8jJQgQ71X/Or2JUkiKgzhWOuO58bGT7EyjHA6LXQTTWNMRnhAO5YKHFHtp/Orp+jMKn0USmVLGDRXf0+kONJ6EgW2M8JmqJe9mfif10lMeO2nTMSJoYIsFoUJR0aiWQSozxQlhk8swUQxeysiQ6wwMTaogg3BW355lTQvKt5lpXpfLdVusjjycAKnUAYPrqAGd1CHBhBQ8Ayv8OY8OS/Ou/OxaM052cwx/IHz+QMqXJJP</latexit>

P (")

<latexit sha1_base64="2nD93c2jRKJ6FWUAUIBnmA54pSE=">AAACE3icbVC7SgNBFJ2NrxhfUUubxSCIRdjVoJZBGxshgnlAdg2zk7vJkNkHM3fFsOw/2PgrNhaK2NrY+TdOHoUmHhg4c865zNzjxYIrtKxvI7ewuLS8kl8trK1vbG4Vt3caKkokgzqLRCRbHlUgeAh15CigFUuggSeg6Q0uR37zHqTiUXiLwxjcgPZC7nNGUUud4pEjwMd26iA8YHoNjcyJdH5y9YPs7iRzJO/10S10iiWrbI1hzhN7Skpkilqn+OV0I5YEECITVKm2bcXoplQiZwKygpMoiCkb0B60NQ1pAMpNxztl5oFWuqYfSX1CNMfq74mUBkoNA08nA4p9NeuNxP+8doL+uZvyME4QQjZ5yE+EiZE5KsjscgkMxVATyiTXfzVZn0rKUNc4KsGeXXmeNI7L9mm5clMpVS+mdeTJHtknh8QmZ6RKrkiN1Akjj+SZvJI348l4Md6Nj0k0Z0xndskfGJ8/r8afSQ==</latexit>
MeV

fm3

�

<latexit sha1_base64="7WVEZroAOEhRKeyMw3cuzqJzwAQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6rXjxWsR/YLiWbZtvQbLIkWaEs/RdePCji1X/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWiCG0SyaXqBFhTzgRtGmY47cSK4ijgtB2MbzK//USVZlI8mElM/QgPBQsZwcZKj2kvCNFV435a6pcrbtWdAS0TLycVyNHol796A0mSiApDONa667mx8VOsDCOcTku9RNMYkzEe0q6lAkdU++ns4ik6scoAhVLZEgbN1N8TKY60nkSB7YywGelFLxP/87qJCS/9lIk4MVSQ+aIw4chIlL2PBkxRYvjEEkwUs7ciMsIKE2NDykLwFl9eJq2zqnderd3VKvXrPI4iHMExnIIHF1CHW2hAEwgIeIZXeHO08+K8Ox/z1oKTzxzCHzifP1oLkBA=</latexit>

APR

<latexit sha1_base64="DRaAAucgzXEl5U7ww/C0Eqi/1WA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHxXjLo=</latexit>

1
<latexit sha1_base64="PNIH3ODgJD9c7W13cUsHuKA0K8o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoJ4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNSr9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flaqNaqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB33bjLs=</latexit>

2
<latexit sha1_base64="xEMwumy3qQ+WOfCYNDxpTna5KpU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexqUE8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6pe9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpHlR9q7KlXqlVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD39fjLw=</latexit>

3
<latexit sha1_base64="uADts9qy6BMZhUYNznve61VGZSI=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVBIp6kkKXjxWsB/QhrLZTtq1m03Y3Qgl9Bd48aB49Td589+4bXPQ1gcDj/dmmJkXpoJr43nfTmljc2t7p7zr7u0fHB5V3OO2TjLFsMUSkahuSDUKLrFluBHYTRXSOBTYCSd3c7/zjErzRD6aaYpBTEeSR5xRY6WH+qBS9WreAmSd+AWpQoHmoPLVHyYsi1EaJqjWPd9LTZBTZTgTOHP7mcaUsgkdYc9SSWPUQb44dEbOrTIkUaJsSUMW6u+JnMZaT+PQdsbUjPWqNxf/83qZiW6CnMs0MyjZclGUCWISMv+aDLlCZsTUEsoUt7cSNqaKMmOzcW0I/urL66R9WfOvavVq47YIowyncAYX4MM1NOAemtACBggv8AbvzpPz6nwsG0tOMXECf+B8/gAWcYuT</latexit>

4
<latexit sha1_base64="6zP0HM+kwIRzC9A8n5xFmbsm+Mk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfJwk4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S97xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEN/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOi7F2VK/VKqXqbxZGHEziFc/DgGqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4JnjL4=</latexit>

5
<latexit sha1_base64="mvutkLEXGsvk8Q5mAKB6wTcIM5o=">AAACAXicbVBNS8MwGE79nPOr6kXwEhyCp9nKUE8y8OJxgvuAtZQ0TbewNClJKowyL/4VLx4U8eq/8Oa/Md160M0Hkjw8z/uS933ClFGlHefbWlpeWV1br2xUN7e2d3btvf2OEpnEpI0FE7IXIkUY5aStqWakl0qCkpCRbji6KfzuA5GKCn6vxynxEzTgNKYYaSMF9qEXChapcWKe3JNDcVZcgTMJ7JpTd6aAi8QtSQ2UaAX2lxcJnCWEa8yQUn3XSbWfI6kpZmRS9TJFUoRHaED6hnKUEOXn0w0m8MQoEYyFNIdrOFV/d+QoUcWQpjJBeqjmvUL8z+tnOr7yc8rTTBOOZx/FGYNawCIOGFFJsGZjQxCW1MwK8RBJhLUJrWpCcOdXXiSd87p7UW/cNWrN6zKOCjgCx+AUuOASNMEtaIE2wOARPINX8GY9WS/Wu/UxK12yyp4D8AfW5w/x45cz</latexit>

⇢/⇢0

<latexit sha1_base64="YUTv8dlgiDxopWLQ9hBWuWP7C2o=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqs5IUZcFN7qrYB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaWehrQcSDufcy733hAln2rjut1NaW9/Y3CpvV3Z29/YPqodHHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp91wcpv73SeqNJPi0UwTGsR4JFjECDZW8vtqLC/yb+AOqjW37s6BVolXkBoUaA2qX/2hJGlMhSEca+17bmKCDCvDCKezSj/VNMFkgkfUt1TgmOogm688Q2dWGaJIKvuEQXP1d0eGY62ncWgrY2zGetnLxf88PzXRTZAxkaSGCrIYFKUcGYny+9GQKUoMn1qCiWJ2V0TGWGFibEoVG4K3fPIq6VzWvat646FRa94XcZThBE7hHDy4hibcQQvaQEDCM7zCm2OcF+fd+ViUlpyi5xj+wPn8AdgzkQA=</latexit>

⇢/⇢0

<latexit sha1_base64="G/NemGWtb5RrIoOYc+fOaCky5fY=">AAAB/3icbVDLSsNQEL2pr1pfVcGNm2ARXGhJtKjLgghuhAr2AWksN7eT9tKbB/dOxBKz8FfcuFDErb/hzr8xbbPQ1gMDh3NmmJnjhIIrNIxvLTc3v7C4lF8urKyurW8UN7caKogkgzoLRCBbDlUguA915CigFUqgniOg6QwuRn7zHqTigX+LwxBsj/Z87nJGMZU6xR2rjfCA8TU02oeul9zFRyeJXegUS0bZGEOfJWZGSiRDrVP8ancDFnngIxNUKcs0QrRjKpEzAUmhHSkIKRvQHlgp9akHyo7H9yf6fqp0dTeQafmoj9XfEzH1lBp6TtrpUeyraW8k/udZEbrndsz9MELw2WSRGwkdA30Uht7lEhiKYUookzy9VWd9KinDNLJRCOb0y7OkcVw2T8uVm0qpepnFkSe7ZI8cEJOckSq5IjVSJ4w8kmfySt60J+1Fe9c+Jq05LZvZJn+gff4AHVGVhw==</latexit>

[MeV fm�3]

<latexit sha1_base64="y41vOtXxheugy3cf5OnS8ukJ5Og=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4TMQ9IljA76U3GzM4uM7NCWPIFXjwo4tUv8Ru8+TdOHgdNLGgoqrrp7goSwbVx3W8nt7a+sbmV3y7s7O7tHxQPj5o6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1M/dYjKs1jeW/GCfoRHUgeckaNlepur1hyy+4MZJV4C1KCBWq94le3H7M0QmmYoFp3PDcxfkaV4UzgpNBNNSaUjegAO5ZKGqH2s9mhE3JmlT4JY2VLGjJTf09kNNJ6HAW2M6JmqJe9qfif10lNeO1nXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStW7z3kceTiBUzgHD66gCrdQgwYwQHiCF3h1Hpxn5815n7fmnEWEx/AHzscPudeNjQ==</latexit>

0

<latexit sha1_base64="pCl/AgcV2Jz7sULVdhaUoF5RSm0=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSoseAF49xyQLJEHo6NUmTnp6hu0cIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV1nCqGDRaLWLUDqlFwiQ3DjcB2opBGgcBWMLqe+q1HVJrH8sGME/QjOpA85IwaK917rtsrltyyOwNZJd6ClGCBeq/41e3HLI1QGiao1h3PTYyfUWU4EzgpdFONCWUjOsCOpZJGqP1sduqEnFmlT8JY2ZKGzNTfExmNtB5Hge2MqBnqZW8q/ud1UhNe+RmXSWpQsvmiMBXExGT6N+lzhcyIsSWUKW5vJWxIFWXGplOwIXjLL6+S5kXZq5Yrt5VS7e5zHkceTuAUzsGDS6jBDdShAQwG8AQv8OoI59l5c97nrTlnEeEx/IHz8QOXRo4C</latexit>

100

<latexit sha1_base64="qCd7BNx4UX2T8bVzpTgVPG76s2M=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMhqMeAF49xyQLJEHo6NUmTnp6hu0cIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV1nCqGDRaLWLUDqlFwiQ3DjcB2opBGgcBWMLqe+q1HVJrH8sGME/QjOpA85IwaK91XXLdXLLlldwaySrwFKcEC9V7xq9uPWRqhNExQrTuemxg/o8pwJnBS6KYaE8pGdIAdSyWNUPvZ7NQJObNKn4SxsiUNmam/JzIaaT2OAtsZUTPUy95U/M/rpCa88jMuk9SgZPNFYSqIicn0b9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZuyhXb6ul2t3nPI48nMApnIMHl1CDG6hDAxgM4Ale4NURzrPz5rzPW3POIsJj+APn4weYzI4D</latexit>

200

<latexit sha1_base64="w6X/BQqAHRl6ptXJNrwe8DMVaYA=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMa1GPAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+aUo4E</latexit>

300

<latexit sha1_base64="26bhU1iOumSWiVH2uPwtr2eBozw=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSoseAF49xyQLJEHo6PUmTnp6hu0YIQz7BiwdFvPohfoM3/8bOctDEBwWP96qoqhckUhh03W8nt7a+sbmV3y7s7O7tHxQPj5omTjXjDRbLWLcDargUijdQoOTtRHMaBZK3gtH11G89cm1ErB5wnHA/ogMlQsEoWum+4rq9YsktuzOQVeItSAkWqPeKX91+zNKIK2SSGtPx3AT9jGoUTPJJoZsanlA2ogPesVTRiBs/m506IWdW6ZMw1rYUkpn6eyKjkTHjKLCdEcWhWfam4n9eJ8Xwys+ESlLkis0XhakkGJPp36QvNGcox5ZQpoW9lbAh1ZShTadgQ/CWX14lzYuyVy1Xbiul2t3nPI48nMApnIMHl1CDG6hDAxgM4Ale4NWRzrPz5rzPW3POIsJj+APn4web2I4F</latexit>

400

<latexit sha1_base64="F+kB3xHD6eXP7e5pJ+jA82MUGJc=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMSl2PAi8e4ZIFkCD2dmqRJT8/Q3SOEIZ/gxYMiXv0Qv8Gbf2NnOWjig4LHe1VU1QsSwbVx3W8nt7K6tr6R3yxsbe/s7hX3Dxo6ThXDOotFrFoB1Si4xLrhRmArUUijQGAzGF5P/OYjKs1j+WBGCfoR7UseckaNle7PXbdbLLlldwqyTLw5KcEctW7xq9OLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObFKj4SxsiUNmaq/JzIaaT2KAtsZUTPQi95E/M9rpya88jMuk9SgZLNFYSqIicnkb9LjCpkRI0soU9zeStiAKsqMTadgQ/AWX14mjbOyd1Gu3FZK1bvPWRx5OIJjOAUPLqEKN1CDOjDowxO8wKsjnGfnzXmfteaceYSH8AfOxw+dXo4G</latexit>

500

<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
("
)

<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
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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
di↵erent parametrizations and accordingly di↵erent 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,min0.1
for di↵erent

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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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,min0.1
for di↵erent

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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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
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for di↵erent

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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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,min0.1
for di↵erent

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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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-
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, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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,min0.1
for di↵erent

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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a

12
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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
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the core of neutron stars with mass M  2.0M� is fairly
unlikely based on the current data. With the new in-
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the Bayes factors in Fig. 6 further increase such that the
evidence against small sound speeds inside even heavier
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evidence for maximum masses smaller than M . 1.9M�,
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, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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the following competing scenarios: a) minimum squared speed
of sound (following a maximum), with c2s,min larger than 0.1,
excluding a strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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
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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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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
di↵erent parametrizations and accordingly di↵erent 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
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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,min0.05
, are

larger especially at small maximum masses, but lead to
similar evidence classifications.

The huge multitude of equations-of-state in the pos-
terior are described on average by 4.2 segments. In
fact it turns out that around four segments are su�-
cient to cover the entire set of astrophysical data and
theory constraints, in agreement with the findings of
Ref. [17, 32]. With up to three more segments available,
the parametrization employed in the present work allows
for additional flexibility to describe complex phases. We
find similar Bayes factors compared to our previous work
in Ref. [16], where less general parametrizations have
been used. This indicates that our results are not in-
fluenced by details of the parametrization.

In addition to setting constraints for a strong first-
order phase transition in the core of neutron stars, the
Bayes factors in Fig. 6 also limit the likelihood for the
appearance of a pronounced continuous crossover with
c2s  0.1. A softer crossover is still possible within
neutron stars with masses up to M . 2.1M� and be-
yond. This includes EoSs featuring quark-hadron con-
tinuity [48, 87] or percolation scenarios [88]. Moreover,
small sound speeds c2s < 0.1 in the cores of neutron stars
with even higher masses, M & 2.2M�, less constrained
by the currently available astrophysical data, cannot be
firmly excluded. Similarly, a phase transition with Gibbs
(rather than Maxwell) construction [89] does not neces-
sarily result in a drop of the sound speed to c2s ⇠ 0 and
can also not be ruled out.

By analysing minima occuring at densities beyond the
maximum of the speed of sound, n(c2s,min) > n(c2s,max),
we are restricting ourselves to setting constraints for
strong first-order phase transitions in the deep core of
neutron stars. From the behaviour of the sound speed in
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FIG. 6. Bayes factors Bc2s,min>0.1

c2s,min0.1
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 strong first-order phase transition with Maxwell
construction; 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
mass is used. For illustration the evidence classification from
Refs. [57, 58] is indicated by dashed grey lines and annotated
on the right hand side.

Fig. 3, a minimum appearing at a density lower than that
of the maximum seems to be only conceivable at small
energy densities, " ⇠ 250� 350MeV fm�3, i.e. at baryon
densities n . 2n0. However, such a behaviour is consid-
ered extremely unlikely based on well established nuclear
phenomenology which favours a continuously increasing
c2s in that range of low densities such as demonstrated
by the ChEFT approach [34, 35, 72]. With this in mind,
we proceed in the next section to quantify the evidence
for the possible occurrence of a phase transition strong
enough to lead to a disconnected mass-radius relation.

D. �Twin-star” scenarios

Among the multitudes of possible equations of state in
the prior, 3.5% have a disconnected mass-radius relation
with more than one stable branch and hence represent a
possible twin-star scenario. To quantify the evidence for
such a scenario, we compute Bayes factors BNbranches=1

Nbranches>1
comparing the marginalized likelihoods of EoSs with a
single connected mass-radius relation to EoSs with mul-
tiple stable branches. The resulting Bayes factor of
well over 900 demonstrates extreme evidence against a
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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 di↵erence 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 (") the trace anomaly
measure � can be computed, given by the normalized
trace of the energy momentum tensor Tµ⌫ :

� =
gµ⌫Tµ⌫

3"
=

1

3
� P

"
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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/" as a function
of energy density ".

the trace anomaly measure decreases with increasing en-
ergy density until at " ⇠ 700MeV fm�3, the median
of � turns negative. At even higher energy densities,
" & 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 "c,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 " ⇠ 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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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 ", 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, ⇤, as a function of neutron star mass M in
units of the solar mass M�. At each " or M , there exist 95% and 68% posterior credible intervals for c2s("), P (") or R(M),
⇤(M). These intervals are connected to obtain the posterior credible bands. Similarly, the medians of the posterior probability
distributions at each " 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. ⇤(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 ⇤(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,min0.1
are

computed, comparing the evidence for EoSs with a min-
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of which are not included in the Bayesian analysis. ⇤(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 ⇤(1.4M�) at the 90%
level extracted from GW170817 [82] (blue).
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INTERMEDIATE  SUMMARY

Bayesian inference analysis 
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cs > 1/
p
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

even stiffer equation of state required than previously expected

almost constant neutron star radii  for all masses
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Part Two
Phenomenology, Models

and 
Possible Dense Matter Scenarios
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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 sti↵ 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 e↵ective degrees
of freedom. The rapid growth of c2s found in QHC21 is
unlikely to be achieved by nucleonic models, di↵erentiat-
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 e↵ects
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 e↵ects 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, ⇢ = 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, ", is scaled by a factor 1 + ⌘ at
fixed n, then P and µB are similarly scaled. But at fixed µB , the
scaling of P has the opposite sign: �P |µ

B
= �⌘".
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Outlook :  How Bayes-inferred baryon chemical potential 
can help improving EoS models

Example:  QHC equation of state from QHC18 to QHC21

G. Baym,  T. Hatsuda,  T Kojo,  
P.D. Powell,  Y. Song,  T. Takatsuka 

Rept. Prog. Phys.  81 (2018) 056902

QHC18

QHC21
T. Kojo, G. Baym, T. Hatsuda
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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.

" [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 " 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 sti↵ening 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
" = 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,min0.1
, 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,min0.1

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,min0.1
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.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm�3

.

"[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,asafunctionofenergydensity"asshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantsti↵eningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
"=0.5�0.9GeVfm�3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.
Thereisextremeevidencethattheminimumsquared

soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM1.9M�.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM2.0M�.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM2.1M�.

B
c2
s,min>0.1

c2
s,min0.1

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,min0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min0.1.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.

" [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 " 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 sti↵ening 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
" = 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,min0.1
, 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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the minimum speed of sound up to the corresponding maxi-
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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.

" [GeV fm�3] c2s P [MeV fm�3] n/n0 µ [GeV]
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TABLE V. Tabulated values of the median for the squared
sound velocity, c2s, as a function of energy density " as shown
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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.
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derlines the significant sti↵ening 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
" = 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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<latexit sha1_base64="arZV/aoj2cy85h2mFRAdewb0kWs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWMF+wFtKJvtpF262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WDmSToR3QoecgZNVbqZL0gJFVv2i+V3Yo7B1klXk7KkKPRL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5vfOyXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmT1PBlwhM2JiCWWK21sJG1FFmbERFW0I3vLLq6RVrXi1Su3+sly/yeMowCmcwQV4cAV1uIMGNIGBgGd4hTfn0Xlx3p2PReuak8+cwB84nz85lI90</latexit>

21

<latexit sha1_base64="8I3Zd6cNgWiiF3winmT7MauW9Gk=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0siUl2WunFZwT6gDWUyvWmHTiZhZiLEUPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee/yYM6Ud59sqrKyurW8UN0tb2zu7e/b+QUtFiaTQpBGPZMcnCjgT0NRMc+jEEkjoc2j745up334AqVgk7nUagxeSoWABo0QbqW8fZT0/wHWSgjpnIgApYTDp22Wn4syAl4mbkzLK0ejbX71BRJMQhKacKNV1nVh7GZGaUQ6TUi9REBM6JkPoGipICMrLZtdP8KlRBjiIpCmh8Uz9PZGRUKk09E1nSPRILXpT8T+vm+jg2suYiBMNgs4XBQnHOsLTKPCASaCap4YQKpm5FdMRkYRqE1jJhOAuvrxMWhcVt1qp3l2Wa/U8jiI6RifoDLnoCtXQLWqgJqLoET2jV/RmPVkv1rv1MW8tWPnMIfoD6/MHUfuVKg==</latexit>

Bayes� inferred <latexit sha1_base64="csqYsvX101K1pOqvThw5MnpC5oI=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQi0+OYF48T3AespaRpuoWlSUlScZT9K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXpowq7TjfVmVjc2t7p7pb29s/ODyyj+t9JTKJSQ8LJuQwRIowyklPU83IMJUEJSEjg3B6W/iDRyIVFfxBz1LiJ2jMaUwx0kYK7LoXChapWWKu3EuyoDMP7IbTdBaA68QtSQOU6Ab2lxcJnCWEa8yQUiPXSbWfI6kpZmRe8zJFUoSnaExGhnKUEOXni+xzeG6UCMZCmsM1XKi/N3KUqCKemUyQnqhVrxD/80aZjm/8nPI004Tj5UNxxqAWsCgCRlQSrNnMEIQlNVkhniCJsDZ11UwJ7uqX10n/sum2mq37q0a7U9ZRBafgDFwAF1yDNrgDXdADGDyBZ/AK3qy59WK9Wx/L0YpV7pyAP7A+fwCc3JTU</latexit>µB



<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
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FORM FACTORS of the NUCLEON
<latexit sha1_base64="e4EeS6udAOjrr38kv8qOTmxt2Co="></latexit>

Gi(q
2) = Gi(0) +

q2

⇡

Z 1

t0

dt
ImGi(t)

t(t � q2 � i✏)

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>

hr2i i =
6

Gi(0)

dGi(q2)

dq2

���
q2=0

=
6

⇡

Z 1

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>

hr2i i = hr2i icloud + hr2i icore =
6

⇡

Z tc

t0

dt

t2
Si(t) +

Z 1

tc

dt

t2
Si(t)

�

Delineation of 
<latexit sha1_base64="8VO7JPOUAAC0n9oXrSRg0Vx2lg0=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJqUoQKowVLIxFog+pjSrHcVqrjpPaTqUq6p+wMIAQK3/Cxt/gtBmg5UiWj865Vz4+fsKZ0o7zbZU2Nre2d8q7lb39g8Mj+/ikreJUEtoiMY9l18eKciZoSzPNaTeRFEc+px1/fJ/7nSmVisXiSc8S6kV4KFjICNZGGth23495oGaRubLJZDIf2FWn5iyA1olbkCoUaA7sr34QkzSiQhOOleq5TqK9DEvNCKfzSj9VNMFkjIe0Z6jAEVVetkg+RxdGCVAYS3OERgv190aGI5WHM5MR1iO16uXif14v1eGtlzGRpJoKsnwoTDnSMcprQAGTlGg+MwQTyUxWREZYYqJNWRVTgrv65XXSvqq59Vr98brauCvqKMMZnMMluHADDXiAJrSAwBSe4RXerMx6sd6tj+VoySp2TuEPrM8fcQSUNA==</latexit>qqqvalence quark (         ) CORE

mesonic ( multi      ) CLOUD
<latexit sha1_base64="htthPcufxwxCQluTpovnhr+O5RM=">AAAB/nicbVBPS8MwHE3nvzn/VcWTl+AQPI1WZHocevE4wc3BWkaapltYmnRJKoxS8Kt48aCIVz+HN7+N6daDbj4Iebz3+5GXFySMKu0431ZlZXVtfaO6Wdva3tnds/cPukqkEpMOFkzIXoAUYZSTjqaakV4iCYoDRh6C8U3hPzwSqajg93qaED9GQ04jipE20sA+8gLBQjWNzZV5AZLZJJ/kA7vuNJwZ4DJxS1IHJdoD+8sLBU5jwjVmSKm+6yTaz5DUFDOS17xUkQThMRqSvqEcxUT52Sx+Dk+NEsJISHO4hjP190aGYlUkNJMx0iO16BXif14/1dGVn1GepJpwPH8oShnUAhZdwJBKgjWbGoKwpCYrxCMkEdamsZopwV388jLpnjfcZqN5d1FvXZd1VMExOAFnwAWXoAVuQRt0AAYZeAav4M16sl6sd+tjPlqxyp1D8AfW5w98sZZ+</latexit>

q̄q
and 

<latexit sha1_base64="9e+Hdj7qpWciBPht4ZibiIBTVKk=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAGVCUVKowVDDAWiT6kJlSOe9NadR7YDlIV5Q9Y+BUWBhBiZWXjb3DaDtByJMtH59yre+/xYs6ksqxvY2FxaXlltbBWXN/Y3No2d3abMkoEhQaNeCTaHpHAWQgNxRSHdiyABB6Hlje8zP3WAwjJovBWjWJwA9IPmc8oUVrqmkeOF/GeHAX6S1WXYkeyAO6xnTknqeP5+Aqad5Wsa5assjUGnif2lJTQFPWu+eX0IpoEECrKiZQd24qVmxKhGOWQFZ1EQkzokPSho2lIApBuOr4nw4da6WE/EvqFCo/V3x0pCWS+sq4MiBrIWS8X//M6ifLP3ZSFcaIgpJNBfsKxinAeDu4xAVTxkSaECqZ3xXRABKFKR1jUIdizJ8+TZqVsV8vVm9NS7WIaRwHtowN0jGx0hmroGtVRA1H0iJ7RK3oznowX4934mJQuGNOePfQHxucPV3ScNQ==</latexit>

tc ' 1GeV2

Detailed spectral analysis of accurately determined empirical form factors
N. Kaiser,  W. W.  :  Phys. Rev.  C110 (2024) 015202
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FORM FACTORS of the NUCLEON  (contd.)

form factor empirical rms radii extracted core radii
<latexit sha1_base64="5gnL73omhZQvqdH2vvL+dVLmAEU=">AAAB+3icbVDNS8MwHE39nPOrzqOX4BA8jVZkehx6EU8T3AesdaRpuoWlSUlScZT+K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXJIwq7Tjf1srq2vrGZmWrur2zu7dvH9S6SqQSkw4WTMh+gBRhlJOOppqRfiIJigNGesHkuvB7j0QqKvi9nibEj9GI04hipI00tGteIFioprG5stsHL6H50K47DWcGuEzcktRBifbQ/vJCgdOYcI0ZUmrgOon2MyQ1xYzkVS9VJEF4gkZkYChHMVF+NsuewxOjhDAS0hyu4Uz9vZGhWBXxzGSM9FgteoX4nzdIdXTpZ5QnqSYczx+KUga1gEURMKSSYM2mhiAsqckK8RhJhLWpq2pKcBe/vEy6Zw232WjenddbV2UdFXAEjsEpcMEFaIEb0AYdgMETeAav4M3KrRfr3fqYj65Y5c4h+APr8weZPJTS</latexit>

J⇡(cloud)

isoscalar  
electric

isovector 
electric

isovector 
axial

mass

<latexit sha1_base64="/zIKyHreaSQOnUpvKwMh+C7F8Fw=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFqJuSFKkuiyK6rGgf0KZhMpm0QyeZODMRSsjGX3HjQhG3foY7/8ZJm4W2HhjmcM693HuPG1EipGl+a4Wl5ZXVteJ6aWNza3tH391rCxZzhFuIUca7LhSYkhC3JJEUdyOOYeBS3HHHl5nfecRcEBbey0mE7QAOQ+ITBKWSHP2g7zLqiUmgvuTauRrcVR4GtZPU0ctm1ZzCWCRWTsogR9PRv/oeQ3GAQ4koFKJnmZG0E8glQRSnpX4scATRGA5xT9EQBljYyfSA1DhWimf4jKsXSmOq/u5IYCCyHVVlAOVIzHuZ+J/Xi6V/bickjGKJQzQb5MfUkMzI0jA8wjGSdKIIRJyoXQ00ghwiqTIrqRCs+ZMXSbtWterV+u1puXGRx1EEh+AIVIAFzkAD3IAmaAEEUvAMXsGb9qS9aO/ax6y0oOU9++APtM8fFfWWFQ==</latexit>

GS
E(q2)

<latexit sha1_base64="956Mb0mNzZCUMlygDRgzY28V3yA=">AAACAHicbVDLSsNAFJ34rPUVdeHCTbAIdVOSItVlUUSXFewD2jRMJtN26GQmzkyEErLxV9y4UMStn+HOv3HSZqGtB4Y5nHMv997jR5RIZdvfxtLyyuraemGjuLm1vbNr7u23JI8Fwk3EKRcdH0pMCcNNRRTFnUhgGPoUt/3xVea3H7GQhLN7NYmwG8IhIwOCoNKSZx72fE4DOQn1l9x41/1W+aFfPU09s2RX7CmsReLkpARyNDzzqxdwFIeYKUShlF3HjpSbQKEIojgt9mKJI4jGcIi7mjIYYukm0wNS60QrgTXgQj+mrKn6uyOBocx21JUhVCM572Xif143VoMLNyEsihVmaDZoEFNLcStLwwqIwEjRiSYQCaJ3tdAICoiUzqyoQ3DmT14krWrFqVVqd2el+mUeRwEcgWNQBg44B3VwCxqgCRBIwTN4BW/Gk/FivBsfs9IlI+85AH9gfP4AGpOWGA==</latexit>

GV
E (q2)

<latexit sha1_base64="QsCIVCL+YBMB3IjPz25PaIg1hZE=">AAAB/nicbVDNS8MwHE3n15xfVfHkpTiEeRntkOlx6kGPE9wHbLWkabqFpUlNUmGUgf+KFw+KePXv8OZ/Y7r1oJsPQh7v/X7k5fkxJVLZ9rdRWFpeWV0rrpc2Nre2d8zdvbbkiUC4hTjloutDiSlhuKWIorgbCwwjn+KOP7rK/M4jFpJwdqfGMXYjOGAkJAgqLXnmQd/nNJDjSF/ptXdRebivnUw8s2xX7SmsReLkpAxyND3zqx9wlESYKUShlD3HjpWbQqEIonhS6icSxxCN4AD3NGUwwtJNp/En1rFWAivkQh+mrKn6eyOFkcwS6skIqqGc9zLxP6+XqPDcTQmLE4UZmj0UJtRS3Mq6sAIiMFJ0rAlEguisFhpCAZHSjZV0Cc78lxdJu1Z16tX67Wm5cZnXUQSH4AhUgAPOQAPcgCZoAQRS8AxewZvxZLwY78bHbLRg5Dv74A+Mzx+onZVM</latexit>

GA(q2)

<latexit sha1_base64="HEEERMbXaZtae0tFqUttsc/gdT0=">AAACIHicbVDLTgIxFO3gC/GFunTTSIy4ITPEgBsTogtdYsIrYWDSKQUa2s7YdkzIwKe48VfcuNAY3enXWB4LBW9y05Nz7m17jh8yqrRtf1mJldW19Y3kZmpre2d3L71/UFNBJDGp4oAFsuEjRRgVpKqpZqQRSoK4z0jdH1xP9PoDkYoGoqKHIWlx1BO0SzHShvLSRdcPWEcNuTniG49n79v5M3gJXYZEjxEYno5gxXN51DYNR6Erp/zYS2fsnD0tuAycOciAeZW99KfbCXDEidCYIaWajh3qVoykptjcl3IjRUKEB6hHmgYKxIlqxVODY3himA7sBtK00HDK/t6IEVcTD2aSI91Xi9qE/E9rRrp70YqpCCNNBJ491I0Y1AGcpAU7VBKs2dAAhCU1f4W4jyTC2mSaMiE4i5aXQS2fcwq5wt15pnQ1jyMJjsAxyAIHFEEJ3IIyqAIMHsEzeAVv1pP1Yr1bH7PRhDXfOQR/yvr+AeeTotk=</latexit>

Gm(q2) = hp0|Tµ
µ |pi

<latexit sha1_base64="O722PJDy3ng5xMD8H6iH1wqJ5Kg=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJhSpBqDBWsDAWiT6kNlSO47RWnTiynUpV1D9hYQAhVv6Ejb/BaTNAy5EsH51zr3x8/IQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRW4lUEtoiggvZ9bGinMW0pZnmtJtIiiOf044/vsv9zoRKxUT8qKcJ9SI8jFnICNZGGth23xc8UNPIXJn7dDEb2FWn5syBVolbkCoUaA7sr34gSBrRWBOOleq5TqK9DEvNCKezSj9VNMFkjIe0Z2iMI6q8bJ58hs6MEqBQSHNijebq740MRyoPZyYjrEdq2cvF/7xeqsMbL2Nxkmoak8VDYcqRFiivAQVMUqL51BBMJDNZERlhiYk2ZVVMCe7yl1dJ+7Lm1mv1h6tq47aoowwncArn4MI1NOAemtACAhN4hld4szLrxXq3PhajJavYOYY/sD5/AIrvk50=</latexit>

1�

<latexit sha1_base64="O722PJDy3ng5xMD8H6iH1wqJ5Kg=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJhSpBqDBWsDAWiT6kNlSO47RWnTiynUpV1D9hYQAhVv6Ejb/BaTNAy5EsH51zr3x8/IQzpR3n2yqtrW9sbpW3Kzu7e/sH9uFRW4lUEtoiggvZ9bGinMW0pZnmtJtIiiOf044/vsv9zoRKxUT8qKcJ9SI8jFnICNZGGth23xc8UNPIXJn7dDEb2FWn5syBVolbkCoUaA7sr34gSBrRWBOOleq5TqK9DEvNCKezSj9VNMFkjIe0Z2iMI6q8bJ58hs6MEqBQSHNijebq740MRyoPZyYjrEdq2cvF/7xeqsMbL2Nxkmoak8VDYcqRFiivAQVMUqL51BBMJDNZERlhiYk2ZVVMCe7yl1dJ+7Lm1mv1h6tq47aoowwncArn4MI1NOAemtACAhN4hld4szLrxXq3PhajJavYOYY/sD5/AIrvk50=</latexit>

1�

<latexit sha1_base64="t7l3M9vnegv/g2XoxehQ4cVluS8=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRZBEMqMSHVZdOOygn1AO5ZMJtOGZiZDkimUoX/ixoUibv0Td/6NmXYW2nog5HDOveTk+AlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjthKpJLRFBBey62NFOYtpSzPNaTeRFEc+px1/fJf7nQmVion4UU8T6kV4GLOQEayNNLDtvi94oKaRuTL36WI2sKtOzZkDrRK3IFUo0BzYX/1AkDSisSYcK9VznUR7GZaaEU5nlX6qaILJGA9pz9AYR1R52Tz5DJ0ZJUChkObEGs3V3xsZjlQezkxGWI/UspeL/3m9VIc3XsbiJNU0JouHwpQjLVBeAwqYpETzqSGYSGayIjLCEhNtyqqYEtzlL6+S9mXNrdfqD1fVxm1RRxlO4BTOwYVraMA9NKEFBCbwDK/wZmXWi/VufSxGS1axcwx/YH3+AIflk5s=</latexit>

1+

<latexit sha1_base64="MidwOspNr46gdSdZP6HdzJicKso=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRZBEMqMSHVZdOOygn1AO5ZMJtOGZiZDkimUoX/ixoUibv0Td/6NmXYW2nog5HDOveTk+AlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjthKpJLRFBBey62NFOYtpSzPNaTeRFEc+px1/fJf7nQmVion4UU8T6kV4GLOQEayNNLDtvi94oKaRuTLn6WI2sKtOzZkDrRK3IFUo0BzYX/1AkDSisSYcK9VznUR7GZaaEU5nlX6qaILJGA9pz9AYR1R52Tz5DJ0ZJUChkObEGs3V3xsZjlQezkxGWI/UspeL/3m9VIc3XsbiJNU0JouHwpQjLVBeAwqYpETzqSGYSGayIjLCEhNtyqqYEtzlL6+S9mXNrdfqD1fVxm1RRxlO4BTOwYVraMA9NKEFBCbwDK/wZmXWi/VufSxGS1axcwx/YH3+AIZek5o=</latexit>

0+
<latexit sha1_base64="PSBF6MG+jF/9dli+WY7Y4+u6lU4="></latexit>

hr2mi1/2core = 0.48 ± 0.05 fm

<latexit sha1_base64="kC6v+6TDRa/ctcJIeRLKKKq2Kyc="></latexit>

hr2Si1/2 = 0.78 ± 0.01 fm

<latexit sha1_base64="r7v/FlMk543W3cIKSUfz8Zdtxfw="></latexit>

hr2V i1/2 = 0.90 ± 0.01 fm

<latexit sha1_base64="VXfXJkXs3kdwOJuhw14PqvR2t6w="></latexit>

hr2Ai1/2 = 0.67 ± 0.01 fm

D. Kharzeev :  Phys. Rev. D104 (2021) 054015

<latexit sha1_base64="C10lJmnhV4rINwwNUr6m/T+kBpk=">AAAB/nicbVBLSwMxGMz6rPW1Kp68LBahXspukeqx6EGPFewD2nXJZtM2NI81yQplKfhXvHhQxKu/w5v/xmy7B20dCBlmvo9MJowpUdp1v62l5ZXVtfXCRnFza3tn197bbymRSISbSFAhOyFUmBKOm5poijuxxJCFFLfD0VXmtx+xVETwOz2Osc/ggJM+QVAbKbAPe6GgkRozc6XXASs/3FdPJ4FdcivuFM4i8XJSAjkagf3ViwRKGOYaUahU13Nj7adQaoIonhR7icIxRCM4wF1DOWRY+ek0/sQ5MUrk9IU0h2tnqv7eSCFTWUIzyaAeqnkvE//zuonuX/gp4XGiMUezh/oJdbRwsi6ciEiMNB0bApEkJquDhlBCpE1jRVOCN//lRdKqVrxapXZ7Vqpf5nUUwBE4BmXggXNQBzegAZoAgRQ8g1fwZj1ZL9a79TEbXbLynQPwB9bnD+xVlXg=</latexit>

Gm(q2)

<latexit sha1_base64="aO7KOfpE7IXNj7rWF+/uFf5dvp8="></latexit>

(hr2Ai1/2 = 0.68 ± 0.11 fm)
R.J. Hill et al. : Rep. Prog. Phys. 81 (2018) 096301

Y.H. Lin,  H.-W. Hammer,  U.-G. Meißner   
 PRL 128 (2022) 052002

<latexit sha1_base64="4qKCrDqLdDJ+xDVE1nT5gMpeR1s="></latexit>

hr2mi1/2 = 0.55 ± 0.03 fm
<latexit sha1_base64="NY54iB9wPFj4Sj9G2VsSfC6hW8M="></latexit>

hr2mi1/2 = 0.53 ± 0.04 fm
S. Adhikari et al. :  arXiv:2304.03845

N. Kaiser,  W. W.  :  Phys. Rev.  C110 (2024) 015202

<latexit sha1_base64="K9yhRed1cPkf0qz9BNfUEVX/X3A="></latexit>

hr2Si1/2core = 0.50 ± 0.01 fm

<latexit sha1_base64="O+sG7I2vDzhGN6NbNTXcdIlYb6M="></latexit>

hr2Ai1/2core = 0.53 ± 0.02 fm
<latexit sha1_base64="HfABeaBEq6cdStWa0WQ/YlB+iFY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuglJ0eqy6MZlBfuAJpTJZNIOnUnCzEQoobjxV9y4UMStX+HOv3HSZqGtB4Y5nHMv997jJ4xKZdvfRmlldW19o7xZ2dre2d0z9w86Mk4FJm0cs1j0fCQJoxFpK6oY6SWCIO4z0vXHN7nffSBC0ji6V5OEeBwNIxpSjJSWBuZRzfVjFsgJ119mWxduwqFt1adnA7NqW/YMcJk4BamCAq2B+eUGMU45iRRmSMq+YyfKy5BQFDMyrbipJAnCYzQkfU0jxIn0stkJU3iqlQCGsdAvUnCm/u7IEJf5krqSIzWSi14u/uf1UxVeeRmNklSRCM8HhSmDKoZ5HjCggmDFJpogLKjeFeIREggrnVpFh+AsnrxMOnXLaViNu/Nq87qIowyOwQmoAQdcgia4BS3QBhg8gmfwCt6MJ+PFeDc+5qUlo+g5BH9gfP4ANyWWCA==</latexit>

(0.5 ± 0.2)

<latexit sha1_base64="iMlk+mum/933XL9PZT7I0EKLHNY="></latexit>

hr2V icore ' 0 (±0.02) fm2 !!

PHYSIK
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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>

hr2Si1/2core ' hr2Ai1/2core ' hr2mi1/2core ⌘ 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⇤
⇡(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
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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
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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 mp ' 411 (red), 570 (green), 701 (blue) MeV. (Right) Corresponding scattering phase
shifts as a function of energy. Figures are taken from [48].

-500

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 0  0.5  1  1.5  2  2.5

V
C

(r
; 

3
S

1
-3

D
1
) 

[M
e

V
]

r [fm]

-40

-20

 0

 20

 40

 60

 80

 0  0.5  1  1.5  2  2.5

m
π
=411 MeV

m
π
=570 MeV

m
π
=700 MeV

-140

-120

-100

-80

-60

-40

-20

 0

 20

 0  0.5  1  1.5  2  2.5

V
T
(r

; 
3
S

1
-3

D
1
) 

[M
e

V
]

r [fm]

m
π
=411 MeV

m
π
=570 MeV

m
π
=700 MeV

Fig. 2 The NN potential in the 3S1 �3 D1 channel, obtained from (2+1)-flavor lattice QCD at
mp ' 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 (mp ,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 (mp ,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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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
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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
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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

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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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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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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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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Mean-field approximation (MF) : 
chiral first-order phase transition   
at baryon densities
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72 3.5. RESULTS

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,‰(‰) 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 m‡ or � is kept
as before.
Using the empirical value of the surface tension, the mass of the ‡-field increases to
m‡ = 954.2 MeV. If this mass is kept at its value given in Tab. 3.1, the surface tension
decreases to � = 0.67 MeVfm≠2.
In general, for mfi æ 0 the chiral crossover becomes a second-order phase transition, after
which the order parameter ‡ (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
‡-field has decreased to ffi = 86 MeV.
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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
‡-field has decreased to ffi = 86 MeV.
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FIG.12.Posterior95%and68%crediblebandsandmedians
forthebaryonchemicalpotentialµasafunctionofbaryon
densityninunitsofthenuclearsaturationdensity,n0=
0.16fm�3

.

"[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,asafunctionofenergydensity"asshown

inFig.3,i.e.includingthepreviouslyavailabledataandthe
newinformationfromPSRJ0952-0607.Basedonthesevalues
thepressureiscomputedaswellasthebaryondensityn(in
unitsofthenuclearsaturationdensityn0)andthebaryon
chemicalpotentialµ.

Acomparisonofthistablewiththecorresponding
tableinAppendixCofRef.[16]isinstructiveasitun-
derlinesthesignificantsti↵eningoftheEoSthatemerges

whenthenewPSRJ0952-0607dataareincorporated
togetherwiththeupdatedimplementationsofChEFT
andpQCDconstraints.Forexample,intherange
"=0.5�0.9GeVfm�3thepressurehasincreasedby
typicallyaboutonethirdascomparedtotheprevious
resultsinRef.[16].

APPENDIXC:BAYESFACTORTABULAR

Akeyresultofthepresentworkisthesystematics

oftheBayesfactorB
c
2
s,min>0.1

c2
s,min0.1,quantifyingtheevidence

againstadroppingofthesquaredsoundspeedtovalues
belowc2

s,min0.1,asafunctionofthemaximummass
inneutronstars.Forafurtherdocumentationofthese
resultsatableofnumericalvaluesisusefultounderscore
theincreaseofthisevidencewhenthenewinformation
fromPSRJ0952-0607isincorporated.
Thereisextremeevidencethattheminimumsquared

soundspeed,afterexceedingtheconformallimit,does
notdroptovaluessmallerthan0.1forneutronstarswith
massesM1.9M�.Thereisstrongevidencethatc2

s,min
doesnotbecomesmallerthan0.1inneutronstarswith
massM2.0M�.TheBayesfactorsincreasefurther
withtheinclusionoftheblackwidow(BW)massdata.
Withthisnewempiricalinformationthereisstrongevi-
denceagainstsmallsoundspeedsc2

s,min<0.1insideneu-
tronstarsevenuptomassesM2.1M�.

B
c2
s,min>0.1

c2
s,min0.1

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,min0.1comparingEoSsamples

withthefollowingcompetingscenarios:a)minimumsquared
speedofsound(followingamaximum),withc

2
s,minlargerthan

0.1,excludingafirst-orderphasetransitionwithMaxwellcon-
struction;versusb)EoSwithc

2
s,min0.1.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.

" [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 " 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 sti↵ening 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
" = 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,min0.1
, 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,min0.1

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,min0.1
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.

" [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 " 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 sti↵ening 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
" = 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,min0.1
, 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,min0.1

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,min0.1
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.

[1] P. B. Demorest, T. Pennucci, S. M. Ransom, M. S. E.
Roberts, and J. W. T. Hessels, Nature 467, 1081 (2010).

[2] E. Fonseca et al., Astrophys. J. 832, 167 (2016).
[3] Z. Arzoumanian et al., Astrophys. J. Suppl. 235, 37

(2018).
[4] J. Antoniadis et al., Science 340, 1233232 (2013).

[5] H. T. Cromartie et al., Nat. Astron. 4, 72 (2020).
[6] E. Fonseca et al., Astrophys. J. Lett. 915, L12 (2021).
[7] T. E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).
[8] T. E. Riley et al., Astrophys. J. Lett. 918, L27 (2021).
[9] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019).

[10] M. C. Miller et al., Astrophys. J. Lett. 918, L28 (2021).

18

0 2 4 6
n/n0

1000

1500

2000

µ
[M

eV
]

Previous + BW

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.

" [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 " 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 sti↵ening 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
" = 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
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c2s,min0.1
, 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.
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DENSE BARYONIC MATTER  in  NEUTRON STARS 
as a  RELAVISTIC FERMI LIQUID
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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
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Variation of the energy (T = 0)
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X

pp0

Fpp0�np�np0 + . . .
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quasiparticle 
energy

quasiparticle interaction
"p =

�E

�np
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Fpp0 = V
�2E

�np�np0
= fpp0 + gpp0 � · �0
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Landau effective mass

np = ⇥(µ� "p)
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F` = N(0) f`
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Density of states 
at the Fermi surfacem⇤ =

q
p2F +M2(⇢)
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Landau parameters

fpp0 =
1X

`=0

f` P`(cos ✓pp0)
<latexit sha1_base64="ntbSaJsdXu7iI7SbEyDwwQ1qi8o=">AAACKHicbVDLSgMxFM3Ud31VXboJFrGClBkRdCMW3bisYFXo1CGT3mlDM5khuSOUoZ/jxl9xI6JIt36J6WPh60DI4Zx7SO4JUykMuu7QKczMzs0vLC4Vl1dW19ZLG5s3Jsk0hwZPZKLvQmZACgUNFCjhLtXA4lDCbdi7GPm3D6CNSNQ19lNoxayjRCQ4QysFpbMoyNN0b0BPqW+yOMh9kPLUHdz7QkXYp1EwEvyD+viu+DwxPnYB2SS2H5TKbtUdg/4l3pSUyRT1oPTqtxOexaCQS2ZM03NTbOVMo+ASBkU/M5Ay3mMdaFqqWAymlY8XHdBdq7RplGh7FNKx+j2Rs9iYfhzayZhh1/z2RuJ/XjPD6KSVC5VmCIpPHooySTGho9ZoW2jgKPuWMK6F/SvlXaYZR9tt0Zbg/V75L7k5rHqWXx2Va+fTOhbJNtkhFeKRY1Ijl6ROGoSTR/JM3si78+S8OB/OcDJacKaZLfIDzucXvAWmZA==</latexit><latexit sha1_base64="ntbSaJsdXu7iI7SbEyDwwQ1qi8o=">AAACKHicbVDLSgMxFM3Ud31VXboJFrGClBkRdCMW3bisYFXo1CGT3mlDM5khuSOUoZ/jxl9xI6JIt36J6WPh60DI4Zx7SO4JUykMuu7QKczMzs0vLC4Vl1dW19ZLG5s3Jsk0hwZPZKLvQmZACgUNFCjhLtXA4lDCbdi7GPm3D6CNSNQ19lNoxayjRCQ4QysFpbMoyNN0b0BPqW+yOMh9kPLUHdz7QkXYp1EwEvyD+viu+DwxPnYB2SS2H5TKbtUdg/4l3pSUyRT1oPTqtxOexaCQS2ZM03NTbOVMo+ASBkU/M5Ay3mMdaFqqWAymlY8XHdBdq7RplGh7FNKx+j2Rs9iYfhzayZhh1/z2RuJ/XjPD6KSVC5VmCIpPHooySTGho9ZoW2jgKPuWMK6F/SvlXaYZR9tt0Zbg/V75L7k5rHqWXx2Va+fTOhbJNtkhFeKRY1Ijl6ROGoSTR/JM3si78+S8OB/OcDJacKaZLfIDzucXvAWmZA==</latexit><latexit sha1_base64="ntbSaJsdXu7iI7SbEyDwwQ1qi8o=">AAACKHicbVDLSgMxFM3Ud31VXboJFrGClBkRdCMW3bisYFXo1CGT3mlDM5khuSOUoZ/jxl9xI6JIt36J6WPh60DI4Zx7SO4JUykMuu7QKczMzs0vLC4Vl1dW19ZLG5s3Jsk0hwZPZKLvQmZACgUNFCjhLtXA4lDCbdi7GPm3D6CNSNQ19lNoxayjRCQ4QysFpbMoyNN0b0BPqW+yOMh9kPLUHdz7QkXYp1EwEvyD+viu+DwxPnYB2SS2H5TKbtUdg/4l3pSUyRT1oPTqtxOexaCQS2ZM03NTbOVMo+ASBkU/M5Ay3mMdaFqqWAymlY8XHdBdq7RplGh7FNKx+j2Rs9iYfhzayZhh1/z2RuJ/XjPD6KSVC5VmCIpPHooySTGho9ZoW2jgKPuWMK6F/SvlXaYZR9tt0Zbg/V75L7k5rHqWXx2Va+fTOhbJNtkhFeKRY1Ijl6ROGoSTR/JM3si78+S8OB/OcDJacKaZLfIDzucXvAWmZA==</latexit><latexit sha1_base64="ntbSaJsdXu7iI7SbEyDwwQ1qi8o=">AAACKHicbVDLSgMxFM3Ud31VXboJFrGClBkRdCMW3bisYFXo1CGT3mlDM5khuSOUoZ/jxl9xI6JIt36J6WPh60DI4Zx7SO4JUykMuu7QKczMzs0vLC4Vl1dW19ZLG5s3Jsk0hwZPZKLvQmZACgUNFCjhLtXA4lDCbdi7GPm3D6CNSNQ19lNoxayjRCQ4QysFpbMoyNN0b0BPqW+yOMh9kPLUHdz7QkXYp1EwEvyD+viu+DwxPnYB2SS2H5TKbtUdg/4l3pSUyRT1oPTqtxOexaCQS2ZM03NTbOVMo+ASBkU/M5Ay3mMdaFqqWAymlY8XHdBdq7RplGh7FNKx+j2Rs9iYfhzayZhh1/z2RuJ/XjPD6KSVC5VmCIpPHooySTGho9ZoW2jgKPuWMK6F/SvlXaYZR9tt0Zbg/V75L7k5rHqWXx2Va+fTOhbJNtkhFeKRY1Ijl6ROGoSTR/JM3si78+S8OB/OcDJacKaZLfIDzucXvAWmZA==</latexit>

PHYSIK
DEPARTMENT

Quasiparticle interaction expanded in Legendre series 



<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(⇢)

<latexit sha1_base64="rpg7N5W7kfs/91VtzdXDwDSgpME=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVUlipBFTBWsDAWibSVmqhyHKe16sSR7SBVUQYWfoWFAYRY+Qg2/ganzQAtR7J8dM69uvceP2FUKsv6Nipr6xubW9Xt2s7u3v6BeXjUkzwVmDiYMy4GPpKE0Zg4iipGBokgKPIZ6fvTm8LvPxAhKY/v1SwhXoTGMQ0pRkpLI7Pu+pwFchbpL8tcjBh08qYrJvwsH5kNq2XNAVeJXZIGKNEdmV9uwHEakVhhhqQc2laivAwJRTEjec1NJUkQnqIxGWoao4hIL5sfkcNTrQQw5EK/WMG5+rsjQ5Es9tSVEVITuewV4n/eMFXhlZfROEkVifFiUJgyqDgsEoEBFQQrNtMEYUH1rhBPkEBY6dxqOgR7+eRV0jtv2Ret9l270bku46iCOjgBTWCDS9ABt6ALHIDBI3gGr+DNeDJejHfjY1FaMcqeY/AHxucP3WmYPA==</latexit>

U(⇢)
<latexit sha1_base64="FSL2w3y7pT2xrLEqwUm+0656EVw=">AAAB/nicbVBPS8MwHE39O+e/qnjyEhyCp9HKUI9DLx4n2G2wlpGm6RaWJiVJhVEKfhUvHhTx6ufw5rcx3XrQzQchj/d+P/LywpRRpR3n21pZXVvf2Kxt1bd3dvf27YPDrhKZxMTDggnZD5EijHLiaaoZ6aeSoCRkpBdObku/90ikooI/6GlKggSNOI0pRtpIQ/vYDwWL1DQxV577GDHoFcXQbjhNZwa4TNyKNECFztD+8iOBs4RwjRlSauA6qQ5yJDXFjBR1P1MkRXiCRmRgKEcJUUE+i1/AM6NEMBbSHK7hTP29kaNElQnNZIL0WC16pfifN8h0fB3klKeZJhzPH4ozBrWAZRcwopJgzaaGICypyQrxGEmEtWmsbkpwF7+8TLoXTfey2bpvNdo3VR01cAJOwTlwwRVogzvQAR7AIAfP4BW8WU/Wi/VufcxHV6xq5wj8gfX5A85Ilgo=</latexit>U

35

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 
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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="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) =
X

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

⇡2

@µB

@nB
� 1

<latexit sha1_base64="EhdI45b21nKxbS3KEseBcmPbGS0=">AAACEHicbVDLSgMxFM34rPU16tJNsIhuLDMq1Y1QKojLCvYBnTJkMmkbmkmGJCOUYT7Bjb/ixoUibl26829M21lo64WQwzn3cO89Qcyo0o7zbS0sLi2vrBbWiusbm1vb9s5uU4lEYtLAggnZDpAijHLS0FQz0o4lQVHASCsYXo/11gORigp+r0cx6Uaoz2mPYqQN5dtHXiBYqEaR+dIb3706Sc9SDyMGG5knjNOLEr+WZb5dcsrOpOA8cHNQAnnVffvLCwVOIsI1ZkipjuvEupsiqSlmJCt6iSIxwkPUJx0DOYqI6qaTgzJ4aJgQ9oQ0j2s4YX87UhSp8c6mM0J6oGa1Mfmf1kl077KbUh4nmnA8HdRLGNQCjtOBIZUEazYyAGFJza4QD5BEWJsMiyYEd/bkedA8LbuVcuXuvFSt5XEUwD44AMfABRegCm5BHTQABo/gGbyCN+vJerHerY9p64KVe/bAn7I+fwDddp0i</latexit>

F1 = �
3U
µB
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Landau Fermi Liquid parameters of liquid helium-3 at pressures P = (0 - 30) bar:

F1(
3He) ⇠ 5� 13

<latexit sha1_base64="VPm/DloeE/gu2c4neM3c4glCEps=">AAACBHicbZDLSgMxFIYzXmu9jbrsJliEurDMWEWXRUG6rGAv0BmHTJppQ5PMkGSEMnThxldx40IRtz6EO9/G9LLQ1h8CH/85h5PzhwmjSjvOt7W0vLK6tp7byG9ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwfW43nogUtFY3OlhQnyOeoJGFCNtrMAuZF4YwZvALd1XauQYeopyeA5PoFsZBXbRKTsTwUVwZ1AEM9UD+8vrxjjlRGjMkFId10m0nyGpKWZklPdSRRKEB6hHOgYF4kT52eSIETwyThdGsTRPaDhxf09kiCs15KHp5Ej31XxtbP5X66Q6uvQzKpJUE4Gni6KUQR3DcSKwSyXBmg0NICyp+SvEfSQR1ia3vAnBnT95EZqnZdfw7VmxejWLIwcK4BCUgAsuQBXUQB00AAaP4Bm8gjfryXqx3q2PaeuSNZs5AH9kff4ARTqVRQ==</latexit><latexit sha1_base64="VPm/DloeE/gu2c4neM3c4glCEps=">AAACBHicbZDLSgMxFIYzXmu9jbrsJliEurDMWEWXRUG6rGAv0BmHTJppQ5PMkGSEMnThxldx40IRtz6EO9/G9LLQ1h8CH/85h5PzhwmjSjvOt7W0vLK6tp7byG9ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwfW43nogUtFY3OlhQnyOeoJGFCNtrMAuZF4YwZvALd1XauQYeopyeA5PoFsZBXbRKTsTwUVwZ1AEM9UD+8vrxjjlRGjMkFId10m0nyGpKWZklPdSRRKEB6hHOgYF4kT52eSIETwyThdGsTRPaDhxf09kiCs15KHp5Ej31XxtbP5X66Q6uvQzKpJUE4Gni6KUQR3DcSKwSyXBmg0NICyp+SvEfSQR1ia3vAnBnT95EZqnZdfw7VmxejWLIwcK4BCUgAsuQBXUQB00AAaP4Bm8gjfryXqx3q2PaeuSNZs5AH9kff4ARTqVRQ==</latexit><latexit sha1_base64="VPm/DloeE/gu2c4neM3c4glCEps=">AAACBHicbZDLSgMxFIYzXmu9jbrsJliEurDMWEWXRUG6rGAv0BmHTJppQ5PMkGSEMnThxldx40IRtz6EO9/G9LLQ1h8CH/85h5PzhwmjSjvOt7W0vLK6tp7byG9ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwfW43nogUtFY3OlhQnyOeoJGFCNtrMAuZF4YwZvALd1XauQYeopyeA5PoFsZBXbRKTsTwUVwZ1AEM9UD+8vrxjjlRGjMkFId10m0nyGpKWZklPdSRRKEB6hHOgYF4kT52eSIETwyThdGsTRPaDhxf09kiCs15KHp5Ej31XxtbP5X66Q6uvQzKpJUE4Gni6KUQR3DcSKwSyXBmg0NICyp+SvEfSQR1ia3vAnBnT95EZqnZdfw7VmxejWLIwcK4BCUgAsuQBXUQB00AAaP4Bm8gjfryXqx3q2PaeuSNZs5AH9kff4ARTqVRQ==</latexit><latexit sha1_base64="VPm/DloeE/gu2c4neM3c4glCEps=">AAACBHicbZDLSgMxFIYzXmu9jbrsJliEurDMWEWXRUG6rGAv0BmHTJppQ5PMkGSEMnThxldx40IRtz6EO9/G9LLQ1h8CH/85h5PzhwmjSjvOt7W0vLK6tp7byG9ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwfW43nogUtFY3OlhQnyOeoJGFCNtrMAuZF4YwZvALd1XauQYeopyeA5PoFsZBXbRKTsTwUVwZ1AEM9UD+8vrxjjlRGjMkFId10m0nyGpKWZklPdSRRKEB6hHOgYF4kT52eSIETwyThdGsTRPaDhxf09kiCs15KHp5Ej31XxtbP5X66Q6uvQzKpJUE4Gni6KUQR3DcSKwSyXBmg0NICyp+SvEfSQR1ia3vAnBnT95EZqnZdfw7VmxejWLIwcK4BCUgAsuQBXUQB00AAaP4Bm8gjfryXqx3q2PaeuSNZs5AH9kff4ARTqVRQ==</latexit>

F0(
3He) ⇠ 10� 70

<latexit sha1_base64="msgnYeu6ewaJ4DQzDsNocXQD7H8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqAtLRoW6LArSZQV7gc5YMmmmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0stPWHwMd/zuHk/H7MmdIIfVu5peWV1bX8emFjc2t7x97da6ookYQ2SMQj2faxopyFtKGZ5rQdS4qFz2nLH15P6q0HKhWLwjs9iqkncD9kASNYG6trH6auH8CbLirdn9foCXQVE9BB8BRW0LhrF1EZTQUXwcmgCDLVu/aX24tIImioCcdKdRwUay/FUjPC6bjgJorGmAxxn3YMhlhQ5aXTK8bw2Dg9GETSvFDDqft7IsVCqZHwTafAeqDmaxPzv1on0cGll7IwTjQNyWxRkHCoIziJBPaYpETzkQFMJDN/hWSAJSbaBFcwITjzJy9C86zsGL69KFavsjjy4AAcgRJwQAVUQQ3UQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8kfX5A7dglX0=</latexit><latexit sha1_base64="msgnYeu6ewaJ4DQzDsNocXQD7H8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqAtLRoW6LArSZQV7gc5YMmmmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0stPWHwMd/zuHk/H7MmdIIfVu5peWV1bX8emFjc2t7x97da6ookYQ2SMQj2faxopyFtKGZ5rQdS4qFz2nLH15P6q0HKhWLwjs9iqkncD9kASNYG6trH6auH8CbLirdn9foCXQVE9BB8BRW0LhrF1EZTQUXwcmgCDLVu/aX24tIImioCcdKdRwUay/FUjPC6bjgJorGmAxxn3YMhlhQ5aXTK8bw2Dg9GETSvFDDqft7IsVCqZHwTafAeqDmaxPzv1on0cGll7IwTjQNyWxRkHCoIziJBPaYpETzkQFMJDN/hWSAJSbaBFcwITjzJy9C86zsGL69KFavsjjy4AAcgRJwQAVUQQ3UQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8kfX5A7dglX0=</latexit><latexit sha1_base64="msgnYeu6ewaJ4DQzDsNocXQD7H8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqAtLRoW6LArSZQV7gc5YMmmmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0stPWHwMd/zuHk/H7MmdIIfVu5peWV1bX8emFjc2t7x97da6ookYQ2SMQj2faxopyFtKGZ5rQdS4qFz2nLH15P6q0HKhWLwjs9iqkncD9kASNYG6trH6auH8CbLirdn9foCXQVE9BB8BRW0LhrF1EZTQUXwcmgCDLVu/aX24tIImioCcdKdRwUay/FUjPC6bjgJorGmAxxn3YMhlhQ5aXTK8bw2Dg9GETSvFDDqft7IsVCqZHwTafAeqDmaxPzv1on0cGll7IwTjQNyWxRkHCoIziJBPaYpETzkQFMJDN/hWSAJSbaBFcwITjzJy9C86zsGL69KFavsjjy4AAcgRJwQAVUQQ3UQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8kfX5A7dglX0=</latexit><latexit sha1_base64="msgnYeu6ewaJ4DQzDsNocXQD7H8=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqAtLRoW6LArSZQV7gc5YMmmmDU1mhiQjlKEbN76KGxeKuPUd3Pk2pu0stPWHwMd/zuHk/H7MmdIIfVu5peWV1bX8emFjc2t7x97da6ookYQ2SMQj2faxopyFtKGZ5rQdS4qFz2nLH15P6q0HKhWLwjs9iqkncD9kASNYG6trH6auH8CbLirdn9foCXQVE9BB8BRW0LhrF1EZTQUXwcmgCDLVu/aX24tIImioCcdKdRwUay/FUjPC6bjgJorGmAxxn3YMhlhQ5aXTK8bw2Dg9GETSvFDDqft7IsVCqZHwTafAeqDmaxPzv1on0cGll7IwTjQNyWxRkHCoIziJBPaYpETzkQFMJDN/hWSAJSbaBFcwITjzJy9C86zsGL69KFavsjjy4AAcgRJwQAVUQQ3UQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8kfX5A7dglX0=</latexit>

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 !
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D. S. Greywall,  Phys. Rev. B33 (1986) 7520

G. Baym,  Ch. Pethick :  Landau Fermi-Liquid Theory (1991)
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CONCLUSIONS

PHYSIK
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Constraints on phase transitions in neutron star matter 

central baryon densities in neutron stars :  

strong first-order transition unlikely in neutron star cores

neutron-dominated baryonic matter :

Scenarios for cold dense matter in the core of neutron stars 

hadron-quark continuity with “core + cloud” baryons :
two-scales scenario: soft-surface delocalisation (percolation) 
followed by hard-core deconfinement at densities around   

e.g. relativistic Fermi liquid featuring strongly repulsive  
many-body forces between baryonic quasiparticles

stiff equation of state implied by Bayesian inference results

(68% c.l.)
<latexit sha1_base64="Y9ijBC5VUbdNqdj9ypanZkw4as8=">AAACAnicbVDLSgMxFM34rPU16krcBIvgQsqMaHXhoujGZQX7gM4wZDJpG5pJhiQjlKG48VfcuFDErV/hzr8x085CWw+EHM65l3vvCRNGlXacb2thcWl5ZbW0Vl7f2Nzatnd2W0qkEpMmFkzITogUYZSTpqaakU4iCYpDRtrh8Cb32w9EKir4vR4lxI9Rn9MexUgbKbD3vVCwSI1i82U8wPAKnnsnPHDGgV1xqs4EcJ64BamAAo3A/vIigdOYcI0ZUqrrOon2MyQ1xYyMy16qSILwEPVJ11COYqL8bHLCGB4ZJYI9Ic3jGk7U3x0ZilW+pamMkR6oWS8X//O6qe5d+hnlSaoJx9NBvZRBLWCeB4yoJFizkSEIS2p2hXiAJMLapFY2IbizJ8+T1mnVrVVrd2eV+nURRwkcgENwDFxwAergFjRAE2DwCJ7BK3iznqwX6936mJYuWEXPHvgD6/MHJlGWoQ==</latexit>

nc < 5n0

<latexit sha1_base64="lf8Wl7y5/R1SZGkdv+V2+vMrtME=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVRKR6rLoxmUF+4A2hMlk0g6dzISZSaGE/okbF4q49U/c+TdO2iy09cAwh3PuZc6cMGVUadf9tiobm1vbO9Xd2t7+weGRfXzSVSKTmHSwYEL2Q6QIo5x0NNWM9FNJUBIy0gsn94XfmxKpqOBPepYSP0EjTmOKkTZSYNvDULBIzRJz5TzA88Cuuw13AWedeCWpQ4l2YH8NI4GzhHCNGVJq4Lmp9nMkNcWMzGvDTJEU4QkakYGhHCVE+fki+dy5MErkxEKaw7WzUH9v5ChRRTgzmSA9VqteIf7nDTId3/o55WmmCcfLh+KMOVo4RQ1ORCXBms0MQVhSk9XBYyQR1qasminBW/3yOuleNbxmo/l4XW/dlXVU4QzO4RI8uIEWPEAbOoBhCs/wCm9Wbr1Y79bHcrRilTun8AfW5w87vZQR</latexit>nc



38

Supplementary
Materials



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>!
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<latexit sha1_base64="CjoXgtyiClzhUGg8kli79dRqFxY="></latexit>

hr2pi1/2 = 0.840 ± 0.004 fm <latexit sha1_base64="IpgsCKmlqO6D+td2Bpdl5IUIh1g="></latexit>

hr2Si1/2 = 0.775 ± 0.011 fm<latexit sha1_base64="7bs123fc6LnQQy68208ZGf0hG9w="></latexit>

hr2ni = �0.105 ± 0.006 fm2

<latexit sha1_base64="xrWEy7rGsMIRR7HKNcz7WWH+j8E=">AAACUHicbVHLSgMxFL1TX7W+qi7dBIsgCGWmFHUjFN24rGgf0BmHTJq2oZnMkGSEMvQT3XTnd7hxoWj6kGrbC+GenHtucnMSxJwpbdtvVmZtfWNzK7ud29nd2z/IHx7VVZRIQmsk4pFsBlhRzgStaaY5bcaS4jDgtBH078b1xguVikXiSQ9i6oW4K1iHEawN5ee7bhDxthqEJqUux6LLKZL+43PJlZPNEN2g1Zp4rrlYrRBzhZ8v2EV7EmgZODNQgFlU/fzIbUckCanQhGOlWo4day/FUjNizsu5iaIxJn3cpS0DBQ6p8tKJIUN0Zpg26kTSLKHRhP3bkeJQjac1yhDrnlqsjclVtVaiO9deykScaCrI9KJOwpGO0Nhd1GaSEs0HBmAimZkVkR6WmGjzBzljgrP45GVQLxWdy2L5oVyo3M7syMIJnMI5OHAFFbiHKtSAwCu8wyd8WSPrw/rOWFPpb4Zj+BeZ3A/gXral</latexit>

hr2Si = hr2pi+ hr2ni

<latexit sha1_base64="Nb5KUbvGJ+ZtDjJ+KCrG/aBvpak=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqeyKqMeiF48V7AO6S8lm0zY0jyXJCstS/4oXD4p49Yd489+YbfegrQMhw8z3kclECaPaeN63U1lb39jcqm7Xdnb39g/cw6OulqnCpIMlk6ofIU0YFaRjqGGknyiCeMRIL5reFn7vkShNpXgwWUJCjsaCjihGxkpDtx5EksU64/bKA8nJGM2GbsNrenPAVeKXpAFKtIfuVxBLnHIiDGZI64HvJSbMkTIUMzKrBakmCcJTNCYDSwXiRIf5PPwMnlolhiOp7BEGztXfGzniushnJzkyE73sFeJ/3iA1o+swpyJJDRF48dAoZdBIWDQBY6oINiyzBGFFbVaIJ0ghbGxfNVuCv/zlVdI9b/qXzYv7i0brpqyjCo7BCTgDPrgCLXAH2qADMMjAM3gFb86T8+K8Ox+L0YpT7tTBHzifP5QYlWI=</latexit>!

… 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>!

<latexit sha1_base64="R3HRgk1o1c2CeHVuN5BVT3dkOHE=">AAAB/XicbVDLSgMxFL1TX7W+xsfOTbAIrsqMFHVZcOOyBdsKnaFkMpk2NDMZkoxQh6Kf4saFIm79D3f+jZm2C209EHI4515ycoKUM6Ud59sqrayurW+UNytb2zu7e/b+QUeJTBLaJoILeRdgRTlLaFszzeldKimOA067wei68Lv3VComkls9Tqkf40HCIkawNlLfPvICwUM1js2Ve3IovJRN+nbVqTlToGXizkkV5mj27S8vFCSLaaIJx0r1XCfVfo6lZoTTScXLFE0xGeEB7Rma4JgqP5+mn6BTo4QoEtKcRKOp+nsjx7EqAprJGOuhWvQK8T+vl+noys9ZkmaaJmT2UJRxpAUqqkAhk5RoPjYEE8lMVkSGWGKiTWEVU4K7+OVl0jmvuRe1eqtebbSeZnWU4RhO4AxcuIQG3EAT2kDgAZ7hFd6sR+vFerc+ZqMla17hIfyB9fkDnR+WcA==</latexit>⇢⇡

<latexit sha1_base64="Bs7MbmcNBq+/uCBE8r9Gjhe5W80=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjoi4Lbly2YB/QGUomk2lDM5MhyShlLPgjblwo4tYvceffmGm70NYDIYdz7iUnJ0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPO0pkktA2EVzIXoAV5Syhbc00p71UUhwHnHaD8U3hd++pVEwkd3qSUj/Gw4RFjGBtpIFd9QLBQzWJzZV76YhNB3bNqTszoFXiLkgNFmgO7C8vFCSLaaIJx0r1XSfVfo6lZoTTacXLFE0xGeMh7Rua4JgqP59Fn6JTo4QoEtKcRKOZ+nsjx7Eq0pnJGOuRWvYK8T+vn+no2s9ZkmaaJmT+UJRxpAUqekAhk5RoPjEEE8lMVkRGWGKiTVsVU4K7/OVV0jmvu5f1i9ZFrdF6mtdRhmM4gTNw4QoacAtNaAOBB3iGV3izHq0X6936mI+WrEWFR/AH1ucPNpyVFQ==</latexit>

�

<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>

hr2Si1/2core ' 0.47 fm

<latexit sha1_base64="3WQHdz04rb2Fa8TUm2z5xvr3if0="></latexit>

hr2Si1/2core ⌘ hr2Bi1/2 = 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>

hr2Si ' hr2Sicore +
6

m2
!

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>⇢

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

⇡⇡ 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
⇡

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

⇡⇡ cloud

<latexit sha1_base64="3jcgFTBXsjQxrIa75sflT94kv/U=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UgVBgrWBiLRB9SG1WO47RWnTiyHVAV+iksDCDEypew8Tc4bQZoOZLlo3PulY+Pn3CmtON8W6W19Y3NrfJ2ZWd3b//Arh52lEgloW0iuJA9HyvKWUzbmmlOe4mkOPI57fqTm9zvPlCpmIjv9TShXoRHMQsZwdpIQ7s68AUP1DQyVzaQYzEb2jWn7syBVolbkBoUaA3tr0EgSBrRWBOOleq7TqK9DEvNCKezyiBVNMFkgke0b2iMI6q8bB59hk6NEqBQSHNijebq740MRypPZyYjrMdq2cvF/7x+qsMrL2Nxkmoak8VDYcqRFijvAQVMUqL51BBMJDNZERljiYk2bVVMCe7yl1dJ57zuNuqNu4ta87qoowzHcAJn4MIlNOEWWtAGAo/wDK/wZj1ZL9a79bEYLVnFzhH8gfX5AxjplJA=</latexit>⇢

<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

40

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>

hr2V i = hr2pi � hr2ni

Empirical : 
<latexit sha1_base64="I2xKsqFtRVKpWlL5dmfoPALhT4c="></latexit>

hr2V i1/2 = 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>⇢

<latexit sha1_base64="Clul3PqojHfU6oFvg8az753xDl4=">AAACAnicbVC7TsMwFL3hWcorwIRYIiokpipBqDBWsDAWiT6kJqocx2mtOnZkO0hVVFj4FRYGEGLlK9j4G9w2A7Qc2fLROffK954wZVRp1/22lpZXVtfWSxvlza3tnV17b7+lRCYxaWLBhOyESBFGOWlqqhnppJKgJGSkHQ6vJ377nkhFBb/To5QECepzGlOMtJF69qEfChapUWKe3E+pOQ+YiSwa9+yKW3WncBaJV5AKFGj07C8/EjhLCNeYIaW6npvqIEdSU8zIuOxniqQID1GfdA3lKCEqyKcrjJ0To0ROLKS5XDtT9XdHjhI1mdJUJkgP1Lw3Ef/zupmOL4Oc8jTThOPZR3HGHC2cSR5ORCXBmo0MQVhSM6uDB0girE1qZROCN7/yImmdVb1atXZ7XqlfFXGU4AiO4RQ8uIA63EADmoDhEZ7hFd6sJ+vFerc+ZqVLVtFzAH9gff4Am2mYOg==</latexit>

⇡⇡ 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>

hr2V icore = hr2picore � hr2nicore = �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  

41

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>⌫µ

Empirical : 

<latexit sha1_base64="7X3bKhZKElO9g78lDT78qvAI6Cs="></latexit>

GA(q2) = gA


1 +

1

6
hr2Aiq2 + . . .

�
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
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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
⇡ and behaves

in such a way that PCAC and the GT relation are fulfilled (for
details see e.g. [24]).

Determinations of hr2Ai reported in [24] refer to two sources
of information: a combined dipole fit to the axial form fac-
tor extracted from ⌫d scattering and pion electroproduction,
which gives hr2Ai = 0.454 ± 0.013 fm2, and a more conser-
vative analysis of ⌫d scattering and µp capture data, without
resorting to an assumed dipole form, which consequently in-
volves larger uncertainties: hr2Ai = 0.46± 0.16 fm2. In either
of these two cases,

hr2Ai1/2 = 0.67± 0.01 fm (24)
(from ⌫d scattering and e�p ! e�n⇡+ dipole fits) ,

hr2Ai1/2 = 0.68± 0.11 fm (25)
(from ⌫d 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

⇡

Z 1

t0

dt
ImGA(t)

t� q2 � i✏
, (26)

and recalling the normalisation GA(q2 = 0) = gA, the corre-
sponding mean-squared radius is:

hr2Ai =
6

gA

dGA(q2)

dq2

���
q2=0

=
6

gA⇡

Z 1

t0

dt

t2
ImGA(t) , (27)

The isovector JP = 1+ spectrum, ImGA(t), starts at the
three-pion threshold, t0 = 9m2

⇡ , 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) = gA⇡�(t � m2

a), with a mass ma ' 1.2 GeV.
Using the empirical hr2Ai one finds for the remaining ‘core’

size:

hr2Ai1/2core =

✓
hr2Ai �

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 hr2Ai

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 + ⌃a(q2)� ima �a(q2)

. (29)

The real self-energy correction ⌃a(q2), compatible with the
dispersion relation (26), is determined by a twice-subtracted
dispersion relation:

⌃a(q
2) =

q2

⇡
(q2 �m2

a) �
Z 1

9m2
⇡

dt

t

ma �a(t)

(t�m2
a)(t� q2)

,

(30)

where the subtractions leave gA and ma untouched. Results
from ⌧ ! ⇡⇡⇡⌫⌧ decays can be used to set constraints
on the energy dependence of the a1 width, �a(t). In the
present work we employ the widths shown in Fig. 4 taken
from [26, 27]. In the latter work [27] the a1 ! ⇢⇡ ! 3⇡
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

⇡  t  tu, with the upper limit chosen symmetrically
as tu = 2m2

a � 9m2
⇡ for simple practical reasons. Taking the

derivative of (29) at q2 = 0, the a1 contribution to the squared
axial radius is given by:

hr2Aia1 =
6

m2
a

(1 + �a) , (31)

with the correction term

�a = �m3
a

⇡
�
Z tu

9m2
⇡

dt
�a(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 �a = 0.12 and hr2Aia1 = 0.173 fm2, so that

hr2Ai1/2core ' 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 �a = 0.04 and a slightly larger core radius
of 0.54 fm, still consistent within the uncertainties. Variations
of ma by ± 3% and of �a 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
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[ based on a) ;  correspondingly larger uncertainty when using b) ]
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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 di↵erential cross sections for the three
beam energy regions, with only the statistical uncertainties
shown.

i is:

weighti =
1

L(E�i)[nb�1]/0.045GeV
. (4)

We then fit the weighted M(e+e�) distribution to ob-
tain a luminosity-weighted number of J/ events in each

bin of E� and t, which we denote NJ/ 
wt (E� , 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 E�
values within each bin (red points in Fig. 12). Note that
for a given energy region, the mean E� 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 E� 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 di↵erential cross section, we divide
the luminosity-weighted number of J/ events in each
bin by the area of the bin, a(E� , t), and correct for the
reconstruction e�ciency "(E� , t):

d�
dt (E� , t) =

NJ/ 
wt (E� ,t) [GeV·nb]

a(E� ,t) [GeV·GeV2]
1

"(E� ,t)
. (5)

Thus, the di↵erential 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 (E� , 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
E��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/ yields as explained in Sec. III for the total cross sec-
tion. The e�ciencies calculated from MC, "MC(E� , t),
are corrected by the overall normalization correction as
obtained in Sec. III, using the BH process. Thus, in
Eq.(5) we use "(E� , t) = "MC(E� , t) ⇥ (0.847 ± 0.019).
Now we have all the ingredients in Eq.(5) to calculate
the di↵erential 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 di↵erential cross sections, we integrate the fitted func-
tion over the corresponding range tmin(E�i)� tmax(E�i),
where E�i 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 di↵erential 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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J/ yields as explained in Sec. III for the total cross sec-
tion. The e�ciencies calculated from MC, "MC(E� , t),
are corrected by the overall normalization correction as
obtained in Sec. III, using the BH process. Thus, in
Eq.(5) we use "(E� , t) = "MC(E� , t) ⇥ (0.847 ± 0.019).
Now we have all the ingredients in Eq.(5) to calculate
the di↵erential 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 di↵erential cross sections, we integrate the fitted func-
tion over the corresponding range tmin(E�i)� tmax(E�i),
where E�i 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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8.20 GeV < E  < 9.28 GeV

FIG. 13. The measured di↵erential 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/ photoproduction o↵ a proton. Right: the di↵erential

cross section of J/ photoproduction at the center-of-mass energy Ecm = 4.58 GeV (lab. energy

of the photon E� = 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 ⇡r2
cc̄
, 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 � + p ! J/ + p process. Because of the

large mass of J/ , close to the threshold the process is characterized by a sizable minimal

momentum transfer tmin; right at the threshold, its value is tmin = �M
2
 M/(M + M) '

�2.23 GeV2 ' �(1.5 GeV)2, where M ' 3.097 GeV is the mass of J/ 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 di↵erential cross section (32).

The dominance of the scalar gluon operator over the operators with covariant derivatives

11
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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>

(M0 & 0.9MN)

<latexit sha1_base64="q20hzJuzia9vC6zpr+kcicVi4sI="></latexit>

Gm(q2) = hP 0|Tµ
µ |P i = hP 0|

�(g)

2g
Gµ⌫

a Ga
µ⌫ + mq(ūu + d̄d) + mss̄s|P i

Recent GlueX update:  S. Adhikari et al. ;  arXiv:2304.03845

<latexit sha1_base64="t6QPRmkdH4QW1eUoHF9ImyBZgDk="></latexit>

hr2mi1/2 = (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>

hr2mi =


M0

MN
hr2micore +

�N

MN
hr2⇡⇡i +

�s

MN
hr2KK̄i

�

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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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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<latexit sha1_base64="i+E7jMN2hjDJGxAqFPnZjjPqBlw=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhKEgLGChbFI9CE1UeU4TmvVjiPbQarSrCz8CgsDCLHyB2z8DU6bAVquZPnonHt07z1BwqjSjvNtVVZW19Y3qpu1re2d3T17/6CjRCoxaWPBhOwFSBFGY9LWVDPSSyRBPGCkG4xvCr37QKSiIr7Xk4T4HA1jGlGMtKEGNvQCwUI14ebLstBTdMiRJ4wFhlM9zfOBXXcazqzgMnBLUAdltQb2lxcKnHISa8yQUn3XSbSfIakpZiSveakiCcJjNCR9A2PEifKz2SU5PDFMCCMhzYs1nLG/HRniqljWdHKkR2pRK8j/tH6qoys/o3GSahLj+aAoZVALWMQCQyoJ1mxiAMKSml0hHiGJsDbh1UwI7uLJy6Bz1nAvGud35/XmdRlHFRyBY3AKXHAJmuAWtEAbYPAInsEreLOerBfr3fqYt1as0nMI/pT1+QM205tQ</latexit>d
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=

�
M

2 
M
/(
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J
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0
.938
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is
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of the
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to
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threshold
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justifies
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approach
based
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qs
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(32).
In
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ain, the
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can
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as
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constant; w
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to
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rapidly

varies
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ith

the
c.m
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energy

close

to
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threshold,
the

energy
dependence

of
the

integrated
cross
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the

scalar
gravitational

form
factor.
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ever
the

quantity
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m
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sensitive
to

the
scalar

gravitational
form

factor
is
the

di↵erential
cross

section
(32).

T
he

dom
inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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cross
section
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at
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=
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(lab.
energy
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=
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data
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curve
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of
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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
=
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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
4
m
2
c '

6
.25

G
eV

2
w
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justifies
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approach
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In
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can
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be

treated
as

a
constant; w

hen
the

m
agnitude

of
t
becom

es
com

parable
to

4
m
2
c '

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
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energy

close

to
the

threshold,
the

energy
dependence
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is
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that
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is
the
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cross
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inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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m
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=
M

N
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G
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<latexit sha1_base64="suuCFhVm5gE4G/+HQzCcsttlSBc="></latexit>hr 2m i
=
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<latexit sha1_base64="6Q7PcyQEM6icaUTCUGRdXLAksMA="></latexit>hr 2m i
=

1M
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�
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<latexit sha1_base64="LWsR1/5ssa5DA9iERWd8c4BgriQ="></latexit>hr 2m i 1
/
2
=

(0.55
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0.03)
fm
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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
/ 

<latexit sha1_base64="wPinNQMLHq6NOidg3iqUfLqv+OU=">AAAB/HicbVBLSwMxGMzWV62v1R69BIvgqexKUY8FLx4r2Ad0l5LNpm1oHkuSFZal/hUvHhTx6g/x5r8x2+5BWwdChpnvI5OJEka18bxvp7KxubW9U92t7e0fHB65xyc9LVOFSRdLJtUgQpowKkjXUMPIIFEE8YiRfjS7Lfz+I1GaSvFgsoSEHE0EHVOMjJVGbj2IJIt1xu2VBxPEOZqP3IbX9BaA68QvSQOU6IzcryCWOOVEGMyQ1kPfS0yYI2UoZmReC1JNEoRnaEKGlgrEiQ7zRfg5PLdKDMdS2SMMXKi/N3LEdZHPTnJkpnrVK8T/vGFqxjdhTkWSGiLw8qFxyqCRsGgCxlQRbFhmCcKK2qwQT5FC2Ni+arYEf/XL66R32fSvmq37VqPdKuuoglNwBi6AD65BG9yBDugCDDLwDF7Bm/PkvDjvzsdytOKUO3XwB87nD4aWlU4=</latexit>�

<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
0

<latexit sha1_base64="3BIX88yoMuHITd8amijwAZC9hAA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiZS1GXBjbiqYB/QhDKZTNqhk5kwMxFKCG78FTcuFHHrV7jzb5y0WWjrgWEO59zLvfcECaNKO863tbS8srq2Xtmobm5t7+zae/sdJVKJSRsLJmQvQIowyklbU81IL5EExQEj3WB8XfjdByIVFfxeTxLix2jIaUQx0kYa2IeZF0TwNj/zAsFCNYnNl3mJovnArjl1Zwq4SNyS1ECJ1sD+8kKB05hwjRlSqu86ifYzJDXFjORVL1UkQXiMhqRvKEcxUX42PSGHJ0YJYSSkeVzDqfq7I0OxKrYzlTHSIzXvFeJ/Xj/V0ZWfUZ6kmnA8GxSlDGoBizxgSCXBmk0MQVhSsyvEIyQR1ia1qgnBnT95kXTO6+5FvXHXqDUbZRwVcASOwSlwwSVoghvQAm2AwSN4Bq/gzXqyXqx362NWumSVPQfgD6zPH5URl4g=</latexit>J
/ 

<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>⇡
<latexit sha1_base64="IACulQ8HU2KY7e8DuA 0FOpGepbs=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRS1GXBje4q2Ac0oUwmk3boZBJmJoUS+idu XCji1j9x5984abPQ1gPDHM65lzlzgpQzpR3n26psbG5t71R3a3v7B4dH9vFJVyWZJLRDEp7IfoAV5UzQ jmaa034qKY4DTnvB5K7we1MqFUvEk56l1I/xSLCIEayNNLRtL0h4qGaxuXIvZfOhXXcazgJonbglqUOJ9tD+8sKEZDEVmnCs1MB1Uu3nWGpGOJ3XvEzRFJMJHtGBoQLHVPn5IvkcXRglRFEizREaLdTfGzmOVRHOTMZYj9WqV4j/eYNMR7d+zkSaaSrI8qEo40gnqKgBhUxSovnMEEwkM1kRGWOJiTZl1UwJ7uqX10n3quFeN5qPzXrroayjCmdwDpfgwg204B7a0AECU3iGV3izcuvFerc+lqMVq9w5hT+wPn8ARLqUGw==</latexit>⇡

<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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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
�
+

p
!

J
/
 
+

p
p
rocess.

B
ecau

se
of

th
e

large
m
ass

of
J
/
 
,
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

t
m
i
n ;

right
at

th
e
th
resh

old
,
its

valu
e
is

t
m
i
n
=

�
M

2 
M
/(
M

 
+

M
)
'

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

)
2,

w
h
ere

M
 
'

3
.097

G
eV

is
th
e
m
ass

of
J
/
 

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

t
m
i
n
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

4
m

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

4
m

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
t
m
i
n
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
i↵
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
/ 

photoproduction
o↵

a
proton.

R
ight:

the
di↵erential

cross
section

of
J
/ 

photoproduction
at

the
center-of-m

ass
energy

E
c
m
=

4.58
G
eV

(lab.
energy

of
the

photon
E
�
=

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
⇡
r 2
c
c̄ ,
w
here

the
size

of
the

c
c̄
pair

r
c
c̄ '

1
/2
m

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

�
+
p
!

J
/
 
+
p
process.

B
ecause

of
the

large
m
ass

of
J
/
 
,
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

2 
M
/(
M
 
+
M
) '

�
2
.23

G
eV

2
'

�
(1
.5

G
eV

) 2,
w
here

M
 
'

3
.097

G
eV

is
the

m
ass

of
J
/
 
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
4
m
2
c '

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

4
m
2
c '

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

di↵erential
cross

section
(32).

T
he

dom
inance

of
the

scalar
gluon

operator
over

the
operators

w
ith

covariant
derivatives
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Abstract: Nuclear many-body theory is based on the tenet that nuclear systems can be accurately
described as collections of point-like particles. This picture, while providing a remarkably accurate
explanation of a wealth of measured properties of atomic nuclei, is bound to break down in the high-
density regime, in which degrees of freedom other than protons and neutrons are expected to come
into play. Valuable information on the validity of the description of dense nuclear matter in terms of
nucleons, needed to firmly establish its limit of applicability, can be obtained from electron–nucleus
scattering data at large momentum transfer and low energy transfer. The emergence of y-scaling in
this kinematic region, unambiguously showing that the beam particles couple to high-momentum
nucleons belonging to strongly correlated pairs, indicates that at densities as large as five times
nuclear density—typical of the neutron star interior—nuclear matter largely behaves as a collection
of nucleons.
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1. Introduction

The available empirical information on nuclear properties demonstrates that in spite
of the finite size and complex internal structure of protons and neutrons, atomic nuclei
largely behave as collections of point-like constituents obeying the laws of nonrelativistic
quantum mechanics. Investigation of the limits of applicability of this picture, providing
the conceptual basis of nuclear many-body theory, is of paramount importance to the
development of a unified framework for the description of all nuclear systems, from the
deuteron to heavy nuclei and neutron stars [1].

In recent years, astrophysical observation—notably the detection of gravitational
radiation emitted by a coalescing binary neutron star system reported by the LIGO/Virgo
Collaboration [2–4] and the mass-radius measurements performed by the NICER satellite [5–
10]—have provided unprecedented information that allows constraining the theoretical
models of neutron star matter. Complementary access to the properties of dense matter
can be gained from the analysis of the large database of high-quality electron–nucleus
scattering data, spanning a broad kinematical region and nuclear targets ranging from
deuteron and helium to nuclei as heavy as gold; for a review, see, e.g., Ref. [11].

Experiments in which a beam of weakly interacting particles is scattered off a compos-
ite system have long been recognised as a powerful tool to reveal the internal structure of
the target. These studies exploit the observation—based on general quantum mechanical
considerations—that a simple two-body reaction mechanism, involving only the beam par-
ticle and one of the target constituents, becomes dominant at large momentum transfer. As
a consequence, the target response in this regime exhibits a remarkable scaling behaviour
in a variable simply related to the momentum of the struck constituent. The occurrence
of scaling is largely independent of the target internal dynamics and has been observed
in a variety of different processes, such as neutron scattering off quantum liquids [12],
electron–nucleus scattering [13], and electron–proton scattering [14]. The connection be-
tween scaling in many-body systems and Bjorken scaling in deep inelastic scattering has
been analysed in Ref. [15].
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largely behave as collections of point-like constituents obeying the laws of nonrelativistic
quantum mechanics. Investigation of the limits of applicability of this picture, providing
the conceptual basis of nuclear many-body theory, is of paramount importance to the
development of a unified framework for the description of all nuclear systems, from the
deuteron to heavy nuclei and neutron stars [1].

In recent years, astrophysical observation—notably the detection of gravitational
radiation emitted by a coalescing binary neutron star system reported by the LIGO/Virgo
Collaboration [2–4] and the mass-radius measurements performed by the NICER satellite [5–
10]—have provided unprecedented information that allows constraining the theoretical
models of neutron star matter. Complementary access to the properties of dense matter
can be gained from the analysis of the large database of high-quality electron–nucleus
scattering data, spanning a broad kinematical region and nuclear targets ranging from
deuteron and helium to nuclei as heavy as gold; for a review, see, e.g., Ref. [11].

Experiments in which a beam of weakly interacting particles is scattered off a compos-
ite system have long been recognised as a powerful tool to reveal the internal structure of
the target. These studies exploit the observation—based on general quantum mechanical
considerations—that a simple two-body reaction mechanism, involving only the beam par-
ticle and one of the target constituents, becomes dominant at large momentum transfer. As
a consequence, the target response in this regime exhibits a remarkable scaling behaviour
in a variable simply related to the momentum of the struck constituent. The occurrence
of scaling is largely independent of the target internal dynamics and has been observed
in a variety of different processes, such as neutron scattering off quantum liquids [12],
electron–nucleus scattering [13], and electron–proton scattering [14]. The connection be-
tween scaling in many-body systems and Bjorken scaling in deep inelastic scattering has
been analysed in Ref. [15].
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