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. | ALICE (pp 13 TeV, HM) —
Physical Review Letters - | C(q) it (R = 0.9 fn) _
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K~ p correlation function from

high-energy nuclear collisions
and chiral SU(3) dynamics |
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Yuki Kamiya,'> * Tetsuo Hyodo,>? Kenji Morita,*> Akira Ohnishi,”> and Wolfram Weise®’

The two-particle momentum correlation function of a K p pair from high-energy nuclear collisions 1s eval-

vated in the K N-mX-mA coupled-c

Coulomb potential and the thresholc

nannels framework. The effects of all coupled channels together with the
 energy difference between K~ p and K°n 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 1s found to be well reproduced by allowing variations of the
source size and the relative weight of the source function of 7Y with respect to that of K N. The predicted K ~p
correlation function from larger systems indicates that the investigation of its source size dependence 1s useful
in providing further constraints in the study of the K N interaction.
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¥ Dense Matter in Neutron Stars: Speed of Sound and Equation of State

® Empirical constraints from heavy neutron stars and binary mergers

@ Bayesian inference results and constraints on phase transitions

¥ Phenomenology and Models for Dense Baryonic Matter

@ Low-energy nucleon structure and a two-scales scenario

@ Hadron-quark continuity and crossover

@ Dense baryonic matter as a (relativistic) Fermi liquid



Part One
foluau’on-cf-Smw cf Dense Baryonie ‘Matter :

Emyin’ca[ Constraints from Neutron Star Observations




NEUTRON STARS : DATA

@ Database for inference of Equation-of-State and other properties of neutron stars

*
.;. &‘.t

Full Shapiro delay signal

M . ¢
P ftiman . woans o 8o s ‘Oio' et s
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@ Masses and radii

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

(NICER Telescope @ ISS)

@ Neutron star masses

Shapiro delay measurements
(Green Bank Telescope)

Radio astronomy
(Effelsberg)

12 14 16 10 12 14 16
R [km] R [km]

@ Tidal deformabilities

Gravitational wave signals

of neutron star mergers
(LIGO and Virgo Collab.)
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NEUTRON STARS : DATA BASE

@ Masses of 2 M, stars
(Shapiro delay & radio observations)

PSR J0348+0432

[M:2.01:

- 0.04 M, j

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

PSR J161

4-2230

[M — 1.908 + 0.016 M@j

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

PSR J0740+6620

[ M =2.08+0.07 M, |

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

@ Masses and Radii (NICER)
PSR J0030+0451
1.14
L M=1.344+016M, R =1271"775km J

TE.Riley et al. (NICER), Astroph.]. Lett. 887 (2019) L21

PSR |0740+6620

[1\/[ = 2.073 -

- 0.069 M,

1.28
R =12.49"5 2 km |

T.E.Riley et al. (NICER + XMM Newton), Astroph.].Lett. 918 (2021) L27
T. Salmi et al. (NICER), arXiv:2406.14466

12

R [km)]

16

10

12 14 16

R [l TUM
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NEUTRON STARS : DATA (contd.)

®© Very massive and fast rotating galactic neutron star
PSR J0952-0607

-

\_

M — 235 1 017 M@

~

R.W.Romani et al.: Astroph.]. Lett. 934 (2022) L17

equivalent non-rotating mass

D. Choudhury et al.: Astroph.]. Lett. 971 (2024) L20

> after rotational correction : M=23x02 M@ (Keck Observatory)
@ New accurate data from NICER
PSR |0437-4715
(P . =)
M =1.418£0.037TM, | | R=11.36"722 km
\ & N ) J
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CONSTRAINTS on EQUATION of STATE P(c)

from observations of massive neutron stars

PSR J0952-0607

PSR J0348+0432
2 -
nucleons & hyperons
(“hyperon puzzle”)
M
M
1k

/

kaon
condensate

- quark
matter

PSR J0740+6620

- R
purely “nuclear”

EoS

nucleons & pions

A.Akmal, V.. Pandharipande,
D.G. Ravenhall
Phys. Rev. C58 (1998) 1804

A. Sabatucci et al.

Tolman - Oppenheimer - Volkov

(

Phys. Rev. D106 (2022) 083010

R [km]

12

14

\

Equations
dP(r) _ G le(r) + P(r)] [m(fr‘) — 47T7°3P(7°)]
dr rir—2Gm(r)]
dm(r)
o= dmrie(r)
M =m(R) = 4x fOR dr rée(r)

® Stiff equation-of-state P(¢) required

@ Simplest forms of exotic matter

(kaon condensate, quark matter, ...)
ruled out

Technische Universitat Minchen m



SOUND VELOCITY and EQUATION of STATE

Key quantity : Speed of Sound

-

-

OP ()
Oe

displays characteristic signature of
phase transition or crossover

2(e) =

J

Equation of State :

P(e) = /Oe de’ c?(e')

Gibbs - Duhem equation (T=0)
P+e=pupnp = Zm’ni

nucleonic

crossover

phase transition

(1st order)

0 0.5 T.0 T5
g |GeV fm_g] energy density

Baryon density mp = OP/0up

Baryon chemical potential
HB — 68/871,3



INFERENCE of SOUND SPEED and
RELATED PROPERTIES of NEUTRON STARS

A2 Ry
(Ei+1 8)6872 + (& EZ)CS,zH , parameter set f = (Cg,ivgi) (1=1,...,N)

cg(s, ) =

Ci+1 — &4
@ Constrain parameters () by Bayesian inference using nuclear and astrophysical data &/

. 1.0
x Pr(210)Pr(0) | Cz Prior of squared sound speed

-

\_

-=» Choose Prior Pr(0)

-» Compute Posterior
from Likelihood Pr(%|6)

-» Quantify Evidences for hypotheses Hy vs. H;

| Hy _ Pr@lHy) |
in terms of Bayes factors %Ho = Pr@IHo) 05 550 =00 =0 1000

o € [MeV/fm?] T
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INFERENCE of EQUATION of STATE

¥ Important issue: Posterior output MUST be independent of chosen Prior input

Recent example where this is not the case :
N. Rutherford et al.: Astrophys.]. Lett. 971 (2024) LI9

@ Prior models (choices too restrictive)

PP : Polytropic parametrization

PP Priors CS .
T T T e Pi(n) = K; (n/no)"™ (3 segments only)
1 X = L.lng &7 ] — N2LO Z . .
22 = nvro : CS : Gaussian parametrization of sound speed (a: = M;no)
g ] ] 9 1 2/ 2 1_ ag
= 1.8 - T ] C (a:') = aq€ 2(:13 az) /a3—|-CL6 | 5
S : S 1 _|_e—a5(:v—a4)
1.4 - - i
| PP Posteriors CS
1.0 | RS o, | | | 1 | | I I I
- ] — N2LO
| YEFT < 1.5ng | — N31,0
2.2 - ] ] 2.2 - i i
© O
E 1.8 1 - - 5 1.8 - - -
= =
e ' _ 1.4 - | -
1.0 —r T r Tt Tt T 1 T 1 T L L L B i ] XEFT S 1.5”0
6 8 10 12 14 6 8 10 12 14 o - Ll
R [km] R {lem] 9 10 11 13 9 10 11 12 13 14
(Chiral EFT constraints implemented as Priors) R [km] R [km]
@ | Technische Universitat Minchen m



EQUATION of STATE and SOUND VELOCITY
- boundary conditions -

® Low densities: Chiral EFT@ ng S 2ng @ Extremely high densities : ng >> n.(2Mg)

Bayes - inferred c?

\

L. Brandes, W.WV.,, N. Kaiser 2 M@
PRD 108 (2023) 094014 neutron stars
—— N°LO ChEFT Pt
C. Drischler, S. Han, S. Reddy /// .a,\‘o { pQCD ]
PRC 05 (2022) 035808 > /’/{o‘&
— 0.16 fm 3 ' TS
. } <6 T. Gorda, A. Kurkela, P Paatelainen, S. Sappi
Phys. Rev. Lett. 127 (2021) 162003
(). () == . -
' 1 31 10
0 1 nB/nO 2 0 g [MeV/fm"]
: 1
@ Employ ChEFT constraintat ng = 1.3 ng in e Conformal bound c’ = —
Bayes inference as Likelihood, NOT Prior reached asymptotically

% Technische Universitat Munchen



NEUTRON STAR MATTER : EQUATION of STATE

@ Bayesian inference of sound speed and EoS

PSR masses, NICER & GW data, low-density constraints (ChEFT), asymptotic constraints (pQCD)
L. Brandes, W.WV., N. Kaiser : Phys.Rev.D 107 (2023) 014011 ; Phys. Rev.D 108 (2023) 094014 - L.Brandes, W.W.: Symmetry |16 (2024) |||

| 93 M ———— j — ..
].O i 14MOI_,G|> ______________ 9 _5%__: c'f|3_' 600_ 1 2 3 4 HB/II() D //
| = 2.3 My————
c; | , 8% | = /
// — 400_
| 1 dian =l |
0.0 F / me _ /\ |
' W j
A X — = 200}
0 250 500 750 1000 o250 B0 70 1000
e [MeV fm 7] £ MeV fm—?

e Speed of sound exceeds conformal bound ¢, = 1/4/3 at baryon densities ng > 2 — 3 ng

@ Strongly repulsive correlations in dense baryonic matter Tum
13 ische Universitat Minchen



Comment : SPEED of SOUND exceeding CONFORMAL BOUND

@ Bayesian inference of sound speed @ Sound speed as function of baryon
in neutron star matter chemical potential in N, = 2 LQCD
L. Brandes, W.WV., N. Kaiser : Phys.Rev.D 108 (2023) 094014 K. lida, E. ltou, K. Murakami, D. Suenaga : arXiv:2405.20566
_ 2.3 M, — conformal bound
1.0 l4Mob— - ChPT
| 0TI T=80MeV —O—
2 / ; T=40MeV +—A—
i / | Hadronic !
| , |
0.0 | L .
0 250 500 750 1000
e [MeV fm ]

@ Speed of sound exceeds conformal bound ¢z = 1/\/§ at baryon densities ng > 2 — 3 ng

éé 14 Technische Universitat Minchen m



NEUTRON

STAR PROPERTIES

@ Bayesian inference posterior bands (68% and 95% c.|)

@ Mass - Radius relation (TOV)

J0437 — 471‘5&

1
I
l
I
I
l
l
|

\
10

1500

L. Brandes, W. W., N. Kaiser : Phys. Rev. D 107 (2023) 014011 ; Phys.

12

1000 |-

*JOMO + 6620
\I’\w 1702 — 429

|

median E} 68%

95%

@ Tidal deformability

+ Choudoury et al. \

\ I |

\ GW 170817

+ Fasano et al.

{ Abbot et al.

500 |-
J0030 + 0451
0
14 1.0

R |[km)]

|5

Rev. D 108 (2023) 094014

L. Brandes, W. W. (2024)
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NEUTRON STAR PROPERTIES (contd.) |

Baryon chemical potential
Oe

8%3

HB —

Stiff equation of state

v

strongly repulsive
correlations at work
between baryons / quarks

J

Quark gas ruled out
at densities np ~ 4 — 6 ng

2.0

quark gas
(Nf =3, Mg = 0)

HB/HO

|6

L. Brandes, W. W., N. Kaiser : Phys. Rev. D 108 (2023) 094014
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NEUTRON STAR PROPERTIES (contd.) |

@ Density profiles of neutron stars 5
using inferred median of P (&)

4
/ NG
@ C(Central core densities ng 3

IN heutron stars
are NOT extreme

O Avel"age distance L. Brandes, W. W., N. Kaiser
Phys. Rev. D 108 (2023) 094014
between baryons . L. Brandes, W. W. (2024)
d > 1fm
even for the heaviest 0 25 50 7.5 100 125
neutron stars r km]
\ Y J

[’nc(l.él M@) — 2.8 0.4 no nc(2 1 M@) = 3. 9_0 g 1o nc(2 3 M@) — 4. O—O g 1o j

(68% c.l. — including new NICER data and “black widow” PSR ]0952-0607)

éé I 7 Technische Universitat Minchen m



Constraints on
FIRST-ORDER PHASE TRANSITION in NEUTRON STAR MATTER

® Bayes factor analysis : ng/ng
1 2 3 4 O

= Extreme evidence for
sound velocities ¢ > 0.9 in

cores of all neutron stars with
1st order phase transition
4 < < 2.
1.4 < M/ M@ <23 (Maxwell construction)

12 =)
® Evidence against strong
1st order phase transition :

=» Maximum possible extension

of phase coexistence domain nanp s s st
- o 0 250 500 750 1000
An/nB > 0.2 (68%c.l) o [Mev fm_g]

\ /
L. Brandes, W.W.,, N. Kaiser : Phys.Rev.D 108 (2023) 094014 - L.Brandes, W.W.: Symmetry 16 (2024) |11

=» For comparison :
Maxwell construction for nuclear 1st order liquid-gas phase transition (An/ng > 1)

g% |8 TI.ITI
Technische Universitat Munchen



Constraints on FIRST-ORDER PHASE TRANSITION
in NEUTRON STAR MATTER (contd.)

® Bayes factor analysis : 10
comparison of likelihoods for or against -
the occurance of small sound speeds Cs . min =0- [ evidence
iy : 10°
=) quantifying evidence | very stron
against low sound velocities js '
O
2 =
CS < O°1 L% -Strong
in neutron stars QCE? 10*
- . -
- extreme evidence against moderate
2
Cy.min < 0.1 L0
for all neutron stars in the Jsrt;n?(j 211\%1 d?f; glrse | no evidence
mass range M < 2 M, O '
N Y 1.9 20 21 22 2.3

L. Brandes, W.VV,, N. Kaiser : Phys. Rev.D 108 (2023) 094014 M/M@

19



QCD TRACE ANOMALY and CONFORMALITY in NEUTRON STARS

Y. Fujimoto, K. Fukushima, L.D. McLerran, M. Praszalowicz : Phys. Rev. Lett. 129 (2022) 252702

® Trace of energy-momentum tensor: T/ =0 = %GZVG’;” + (1 4+ vm) Z M+ q+q s
@ Finite T and upg: /
0.4
<@>T7FLB — & — 3P - =
N~ 1 P
® Trace anomaly measure 0.9 YN A=37
A — <@>T9MB :]_ P A \\\ \\\\\\\ il
o 515 3 > 0.0 N RS
@ Conformallimit: A — 0 N _
1.4 M. — T~
@ Bayes factor analysis: -0.2 2.3 Mob—— ~~~_ _ -
Strong evidence for 0 250 500 750 1000
A<0 (P>¢e/3) e [MeV fm ™
at densities ng z 4 No L. Brandes, W.W.,, N.Kaiser Phys. Rev.D 108 (2023) 094014

L. Brandes, W.WV. (2024)

éé Technische Universitat Munchen



INTERMEDIATE SUMMARY

¥ Bayesian inference analysis
including heavy (M ~ 2.3 M) galactic neutron star and NICER news

- even stiffer equation of state required than previously expected

= almost constant neutron star radii (R ~ 12 + 1 km) for all masses

Extreme evidence for sound velocities cs > 1/v/3 in neutron star cores

= strongly repulsive correlations at work

¥ No extreme central core densities even in the heaviest neutron stars:
ng <9mng for M < 2.3Mg (68%c.l)

= average baryon-baryon distance in the core: d > 1 fm

¥ Evidence against strong 1st order phase transition in neutron star cores

=» not excluded: baryonic matter or hadron-quark continuous crossover

§ 2 I Technische Universitat Minchen m



Part Two

Tﬁenomenofogy, Models
and

Possible Dense Matter Scenarios
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COLD MATTER at EXTREME DENSITIES
Hadron - Quark Continuity

e QHC21 Equation-of-State

T. Kojo, G. Baym, T. Hatsuda : Astroph.]. 934 (2022) 46

2.9 |

Nucleonic
regime

Chiral EFT

Hadron-Quark
Crossover

smooth interpolation

2 3

nB/nO

Quark Matter

Nambu - Jona-Lasinio

repulsive vector interaction

(color superconductivity)

4

model

pairing

1.5 F1.4Mg

M/Mg

- M 3074046620

0.9 F Drischler mimmimi

10

@ NJL model features : Chiral symmetry restoration

Vector coupling gy /G ~ 1.0 — 1.3

@ |ntermediate crossover region may involve “quarkyonic’” matter

23

10.5 11

11.5 12 12.5 13 13.5
R [km]

Scalar-pseudoscalar coupling GG

Pairing interaction H/G ~ 1.5 — 1.6

L. NcLerran, S. Reddy

Phys. Rev. Lett. 122 (2019) 122701

Technische Universitat Minchen m



Outlook : How Bayes-inferred baryon chemical potential
can help improving EoS models

® Example: QHC equation of state from QHC18 to QHC21

2.0
QHC21
“B T. Kojo, G. Baym, T. Hatsuda
[GGV] Astroph. J. 934 (2022) 46
1.5 increasing *repulsion
QHC18
G. Baym, T. Hatsuda, T Kojo,
P.D. Powell, Y.Song, T.Takatsuka
1.0 Rept. Prog. Phys. 81 (2018) 056902

24 Technische Universitat Minchen m



SIZES of the NUCLEON '

Low-energy QCD: spontaneously broken chiral symmetry + localisation (confinement)
@ NUCLEON : compact valence quark core + mesonic (multi qq) cloud

@ Historic example: Chiral Soliton Model of the Nucleon

a9 [fm 1]
N. Kaiser,
bary0121 density} U"G\'A';‘\ii/B”e'"’
- 2 4rmr” pp(r) ' Nucl. Phys. A466 (1987) 685
baryonic core
<r2>]13/ *~ 0.5 fm  isoscalar
charge density
| Pt .
1 __4m"psr) J1I' " mesonic cloud
T . \/ 2,1/2
. r : ~ 0.8 fm
@ Separation of scales ("), isoscalar
3
Rcloud
( > 1
Rcore 0 02 04 06 08 10 1.2 r |[fm]
N 4

§ Technische Universitat Minchen



FORM FACTORS of the NUCLEON l

. 6 dG;(q° 6 [°° dt
t(t — q% — 1€) G;(0) dg* l¢2=0 w Jy, t?

2 o0
Gi(q?) = G;(0) + 2 / dt
TT to

- N\
@ Delineation of

Si(t) = Im G;(t)/G;(0)

valence quark ( gqq ) CORE

and
mesonic ( multiqq) CLOUD
core t. ~ 1 GeVz
_ N y
6 T
<TZZ> — <riz>cloud + <'rz'2>core — ; / (t) + / S (t)
to

@ Detailed spectral analysis of accurately determined empirical form factors
N. Kaiser; W.WV. : Phys.Rev. C110 (2024) 015202

§ Technische Universitat Minchen



FORM FACTORS of the NUCLEON (contd.) |

J ™ (cloud) empirical rms radii

form factor

@ jsoscalar S, o _ 2\1/2 __ Q1
olectric GE(q ) ]_ <’I°S> = 0.78 = 0.01 fm
Y.H. Lin, H.-W. Hammer, U.-G. Meil3ner
. ) PRL 128 (2022) 052002
@ |sovector
Vi 2 — 2\1/2 __ 1
clectric  Cr(@®) 17 (r{)'? =0.90 £ 0.01 fm
@ jsovector ) n (rj)l/z = 0.67 = 0.01 fm
axial Ga(qg®) 1 ((r3)1/2 = 0.68 & 0.11 fm)
R.J. Hill et al.: Rep. Prog. Phys. 81 (2018) 096301
2\1/2 __ 1
r = 0.55 = 0.03 fm
® mass Gm(qz) O+ <D7.?|2h>arzeev; Phys. Rev. D104 (2021) 054015
= (p'|T} |p) (r2 y1/2 = 0.53 4 0.04 fm

S.Adhikari et al.; arXiv:2304.03845

r

o7

extracted core radii
N. Kaiser;, W.W. : Phys.Rev. C110 (2024) 015202

(r2)1/2 — 0.50 £ 0.01 fm

CcCoTe

<T%/>Core ~ 0 (::0.02) fIIl2 !

(r2)1/2 = 0.53 £+ 0.02 fm
(0.5 £+ 0.2)
(r2 \1/2 — 0.48 4 0.05 fm

_J

Technische Universitat Minchen m



TWO-SCALES Picture of the NUCLEON .
Implications for DENSE BARYONIC MATTER

4 n -
L <rg>ié£e = <r424>c1:év2°e = <r’3n>il:£7%e = Rcore ™ ) fm/
4 N

@ Separation of scales

Rcloud > 3
1
( Reore ) ~

Reore ~ —tm
2

Rcloud ~ 1{fm

e Soft mesonic (imulti-pion) cloud

expected to expand with increasing baryon density along with
decreasing in-medium pion decay constant (1)

® Hard baryonic core governed by gluon dynamics

expected to remain stable with increasing baryon density up until
hard compact cores begin to touch and overlap

§ Technische Universitat Minchen



TWO-SCALES Scenario for DENSE BARYONIC MATTER

Baryon densities

ng ~ ng = 0.16 fm°

Tails of mesonic clouds overlap :
two-body exchange forces
between nucleons

ng = 2 — 3 ng

baryon density low baryon density high

Soft qq clouds delocalize :
percolation = many-body forces
baryonic cores still separated, but subject to increasingly strong repulsive Pauli effects

K. Fukushima, T. Kojo, W.WV.
np > 5 Nng (beyond central densities of neutron stars) Phys. Rev. D 102 (2020) 096017

Compact nucleon cores begin to touch and overlap at distances d < 1fm
(but still have to overcome the repulsive NN hard core)

Technische Universitat Minchen



NUCLEAR FORCES from LATTICE QCD

NN Central Potential ($§=0, | =1)
deduced from LQCD two-nucleon (6-quark) correlation function

Hadrons to Atomic nuclei 80
.60 F m,=411 MeV
> : m, =570 MeV
%) 40 F m,=700 MeV
= ' Nuclear Physics
= 20 Phenomenology:
)
=0
S.Aoki, T. Hatsuda, N. Ishii \6
Prog Theor. Phys. 123 (2010) 89 > o0 Short-Range
S Aok Repulsive Core
Eur. Phys. . A49 (2013) 81 _40
S.Aoki, T. Doi
arXiv:2402. 11759 0 0.5 1 1.5 2 2.5

Technische Universitat Munchen m



¥ Studies in chiral nucleon-meson field theory

CHIRAL PHASE TRANSITION in DENSE BARYONIC MATTER ? I

M. Drews, W.W.: Prog. Part. Nucl. Phys. 93 (2017) 69 — L.Brandes, N. Kaiser, W.W.: Eur. Phys.]. A57 (2021) 243

@ Mean-field approximation (MF) :
chiral first-order phase transition
at baryon densities ng ~ 2 — 3 ng

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

beyond core densities in neutron stars

Chiral crossover transition at ng > 6 ng

31

chiral order parameter

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
symmetric nuclear matter E

(T=0)

° ° A ]
chiral first-order *._
[ ] [ ] s
phase transition *._

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

neutron matter
(T=0)

- . .
- chiral first-order ‘\‘ EMF 3
phase transition ', "

1. 1 1 41 1 1 011 l L1 11 l L1 1 1 I L1 1 1 I L1 11 I 1 1 1 MI

1 2 3 4 5
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CHIRAL LIMIT (Hl7T — 0)
2nd order chiral phase transition in nuclear and neutron matter

T=0
EMF

neutron
matter

|

nuclear
| matter |

_IIIIIIIIIIIIIIIIIIIIIIIIIII'

2 4 6
ng/ng

-
Q0

L. Brandes, N.. Kaiser, W.W.: Eur. Phys.]. A57 (2021) 243

32

@ (Chiral Nucleon-Meson
Field Theory

@ EMF calculations:
Extended Mean-Field including
logarithmic vacuum fluctuations

@ Critical densities (chiral limit)

cr
ng > 9 Ng
—

@ Alternative approach:
Parity-doublet model

{N(1/27) — N*(1/27)}

Critical densities Nz > 10 ng

J. Eser, J.-P. Blaizot : Phys. Rev. C109 (2024) 045201

arXiv:2408.01302
Technische Universitat Minchen m



DENSE BARYONIC MATTER in NEUTRON STARS
asa RELAVISTIC FERMI LIQUID

B. Friman, W.WV. : Rhys.Rev. C100 (2019) 065807 L. Brandes, W.WV. : Symmetry 16 (2024) |11

@ 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

50 @ Landau effective mass
HB baryon chemical potential mz (nB) — \/P%-‘ + sz\f (nB)
GeV] of neutron star matter
- @ Baryon chemical potential
pp = mp(ng) +U(ng)
1.0 . | /\ |
take median of ug(np) quasiparticle

0 1 ) 3 1 = from Bayesian-inferred

potential
neutron star EoS

Technische Universitat Minchen m



Basics of (Relativistic) Fermi-Liquid Theory

G. Baym, S.A. Chin : Nucl. Phys. A262 (1976) 527 T. Matsui : Nucl. Phys. A370 (1981) 365

@ Variation of the energy (T = 0)

1
SE=V6E =) &,0n,- v Y Fopdnpdny +... n,=0(u—c,)
| pp’ |,

quasiparticle SE quasmag?gle interaction
E . =
energy p on F , =V — , 4 T - 0,/
P oy 01y 0Ny Jor' + Gpp

@ Landau effective mass

X
@ Density of states N(0) m-pr

m” = \/p% + M? (,0) at the Fermi surface 72

@ Landau parameters Quasiparticle interaction expanded in Legendre series

fpp :Zfépﬁ(cosepp’) Fo=N(0) fe
¢=0
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QUASIPARTICLE POTENTIAL and FERMI-LIQUID PARAMETERS

e mj (np)from chiral nucleon-meson field theory & Functional Renormalisation Group

@ Quasiparticle effective potential @ Landau Fermi-Liquid parameters
T
np m’ 9, 3U
—~ No w2  Onp 1B

950 F | | | | | l I | | | |

—1000
900 |-

* m7(ng) U(np) 1800
Iy
850 |- U
MeV] 7600
800 |- MeV]

—400

750 |-
- 200

700 L . . . . i
0 1 2 3 4 5

ng/no ng/ng
=» Strongly repulsive correlations including many-body forces with n > 2
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LANDAU FERMI LIQUID PARAMETERS (contd.)

Comparison with atomic liquid helium-3 in its normal phase at low temperature (3 K)
G. Baym, Ch. Pethick : Landau Fermi-Liquid Theory (1991)

Interaction between He-3 atoms:
attractive van der Waals potential plus strongly repulsive short-range core

Landau Fermi Liquid parameters of liquid helium-3 at pressures P = (0 - 30) bar:
Fo(°He) ~ 10 — 70 Fi:(°He) ~ 5 — 13

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

... 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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CONCLUSIONS

¥ Constraints on phase transitions in neutron star matter

=P stiff equation of state implied by Bayesian inference results
=» strong first-order transition unlikely in neutron star cores
-» central baryon densities in neutron stars: 1. < D Tg (68% c.l.)

* 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 7.

= neutron-dominated baryonic matter :

e.g. relativistic Fermi liquid featuring strongly repulsive
many-body forces between baryonic quasiparticles
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Example |: ISOSCALAR ELECTRIC FORM FACTOR of the NUCLEON I

1
® |soscalar electric form factor G%.(q%) = 5 (G%(q%) + G2(g®)] (re) =(r2) +(ry)
2\1/2 _
T = 0.840 = 0.004 fm H. Lin,
Empir'ical . < p> <rg>1/2 — 0.775 = 0.011 fm H.-VY\/.HH;mmen
(r2) = —0.105 £ 0.006 fm? U-G. MeiBiner

PRL 128 (2022) 052002

... based on precision fits to form factors at both spacelike and timelike g*

@ Simplest Vector Dominance Model: “cloud” dominated by w meson

1/2
core

(rg) = (rg)core (7“‘25,> ~ 0.47 fm

—

n cloud ! core . . .
¢ @ Detailed analysis using
i best-fit spectral functions :
t
2\1/2 _ /..2\1/2
(r2)1/2 = (y2)1/2 = 0.50 -

core

N. Kaiser, VW.WV.

39

- 0.01 fm

Phys. Rev.
CI110 (2024) 015202
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Example |I: ISOVECTOR ELECTRIC FORM FACTOR of the NUCLEON

1
® Isovector electric form factor G (q°) = 5 G%(q°%) — G(q?)] (r3) = (r2) — (r2)
Empirical : <r‘2/>1/ 2 = 0.901 4+ 0.009 fm YH.Lin, H.-W.Hammer, U.-G. MeiBner PRL 128 (2022) 052002

... clue and test case : in the limit of exact isospin symmetry,
contributions from proton and neutron valence quark cores CANCEL

S p
) p&n @ Detailed analysis uud] kR
,i.q* cores using best-fit ‘udd)] - _ _M
cancel spectral functions : r7 cloud
4m? L
k = (r? — (r? = —0.025 fm? | ishi
(ry,) core = (rp)core (T2 ) core = . m<“ ... almost vanishing

N. Kaiser, W.VWV.
. . . . Phys. Rev.
@ |sovector charge radius almost entirely determined by two-pion cloud  cii0 (2024 015202
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Example |1I: ISOVECTOR AXIAL FORM FACTOR of the NUCLEON I

@ Axial form factor GA(qz) = ga

Empirical :

a) (r%) = 0.454 + 0.013 fm?

(from v d scattering and

ep — enw™ dipole fits)

R.J. Hill, P. Kammel, W.C. Marciano, A.Sirlin
Rep. Prog. Phys. 81 (2018) 096301

b) (r%) = 0.46 £ 0.16 fm”
(from wp capture and

vd scattering analysis)

Axial radius significantly smaller than proton charge radius ((ri) =0.71 +0.01 fmz)

@ Detailed analysis using three-pion spectrum dominated by broad a; meson:

<7q124> = <"°124>core | 732 (1+ da)

a

> (Tt

core

3
mg

0q =

T

— 0.53 = 0.02 fm

thLCU

dt

2
9fm,7T

[ ()
t2(t —mg)

N. Kaiser, VW.WV.

Phys. Rev. C110 (2024) 015202

[ based on a) ; correspondingly larger uncertainty when using b) ]
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Example IV: MASS RADIUS of the NUCLEON

@ Mass (“‘gravitational”) form factor

Gm(q®) = (P'|T}|P) = (P

® Empirical mass radius

(r2 Y1/2 = (0.55

0.03) fm

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

1

do

dt
107!

nb

- it|] [GeV] | GeV?2

1.2 1.4

1072

@ Trace of QCD energy-momentum tensor

B(g)

uv a
Ga Guv

mg(tu + dd) + m,5s|P)

I IIIIIIII I IIIIIII|

I IIIIIIII

—5—10.36 GeV < E < 11.44 GeV
—6—9.28 GeV < E < 10.36 GeV

] I ] ] ]

I ] ] ]

G, (0) = My ~ 0.94 GeV

Mpn = Mo+ on + 05
(Mo 2 0.9 M)

6 dGmn(g?)
- M n dq2 qg?=0

-

2

4
t| [GeV]

(r2 Y1/2 = (0.53 £ 0.04) fm

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

42
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Example IV: MASS RADIUS of the NUCLEON (contd.)

@ C(Core (gluon) dominance plus small corrections from sigma terms

ON
(T2
My

@ Estimates of sigma terms and associated radii from Lattice QCD and ChPT
on ~ 40 — 60 MeV , o5 ~ 30 MeV (r2 y'/?2 ~1.3fm, (r2 z) ~ (mx/mK)*(r2_

- <’I°72n>1/2 — 0.48 = 0.05 fm Phys.Rel:/l..CK?ilsgIEZ\(l)\gé\:;/.OISZOZ

core
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-
¥ y-scaling in electron-nucleus scattering =9 strongly correlated NUCLEONS

at short distances corresponding to densities as high as ng ~ 9 ng

Particles 2023, 1, 1-11 arXiv:2306.01367
Testing the Paradigm of Nuclear Many-Body Theory

Omar Benhar
INFN and Departnent of Physics, Sapienza University, 00185 Rome, Italy; omar.benhar@romal.infn.it

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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