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Motivation

Rich phenomenons of dense environments

Weak parameterizations in past studies on nuclear matter
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Nuclei structures (low/intermediate densities)

. Hadron interactions around saturation density ny = 0.16fm™ are
crucial to nuclel structures e.g. 24Mg, V7, 116Sn and “’° Pb
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ny — 0.155 = 0.050 (fm—3>
Ey(ny) = — 15.0 £ 1.0(MeV)
sym(n()) — 30.9 = 1.9(MeV)
K, — 230 = 30(MeV)
Ly — 52.5 £ 17.5(MeV)
Jo — — 700 £ 500(MeV)
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. The density in the cores of NSs always reach nearly 57,

e M-R relations/ tidal deformations are sensitive to the EOS behavior
throughout the whole density regions

Neutron star (high densities)

il \ .
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TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in

< 1000 \ S AAAAA the source redshift.

Low-spin priors (|y| < 0.05) High-spin priors (|y| < 0.89)

500 1488 e N e — Primary mass m, 1.36-1.60 M, 1.36-2.26 M,
: 5 5 3 Secondary mass m, 1.17-1.36 M 0.86-1.36 M,
| | | | Chirp mass M 1.1881 009 M, 1.188100m Mo
04 5 E E E Mass ratio m,/m, 0.7-1.0 0.4-1.0
500 Al 750 1000 1250 Total mass M 2741—(())(())?M® 282—1_—861gM®
Radiated energy E,4 > 0.025M o ¢? > 0.025M o ¢?
Luminosity dist D 18 18
FIG. 1. Marginalized posterior for the tidal deformabilities of the l.lml_nOSI y distance B 4011, l\fpc 40114 l\ilpc
two binary components of GW170817. The green shading shows Vle.wmg angle © _ < 550 <5 60
the posterior obtained using the A4(As, q) EOS-insensitive re- Using NGC 4993 location _ <28 <28
lation to impose a common EOS for the two bodies, while the Combined dimensionless tidal deformability A < 800 <700
green, blue, and orange lines denote 50% (dashed) and 90% FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel) Dimensionless tidal deformability A(1.4M ) <800 < 1400

(solid) credible levels for the posteriors obtained using EOS-
insensitive relations, a parametrized EOS without a maximum
mass requirement, and independent EOSs (taken from [52]), re-
spectively. The gray shading corresponds to the unphysical re-
gion A2 < A; while the seven black scatter regions give the
tidal parameters predicted by characteristic EOS models for this
event [113, 115, 121-125].

Polytropic process + strong interaction constructions

and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97 M (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in gray. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.
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B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018)



QCD at low energy regions

* Rich phenomenons at hadron sectors which can’t be
described directly by solving QCD because of non-
perturbative property

* Methods to solve QCD at low energies:

A. OBE-type models (leading order estimation)

L. Turko, Universe 4, 52 (2018)

B. Lattice QCD (high temperature, low density, the first principle)

C. Chiral EFT (high temperature, high density, approximation)
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Method to handle dense system §i+]

Uﬂ‘4

1. Relativistic mean field approximation

J. D. Walecka, Ann. Phys. 83, 491 (1974).
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Can we extend an EFT/model taking care of QCD symmetry
patterns into dense nucleon systems?

An extended linear sigma
model In nuclear matter

Phys. Rev. D 109 (2024) 7,7, YM and Y. L. Ma
P-wave problems in light scalar meson sectors below 1GeV

i F. E. Close and N. A. Tornquist, J. Phys. G 28, R249 (2002)

= A tetra-quark picture to include 0 (ay(980)) meson and hyperon



Freedoms to be considered &5

* Highlights of the parametrization:
. Include meson exchanges, e.g. f4(500)(o) and ay(980)(5)

ll. Include baryon freedoms, e.g. nucleon and hyperon

a, mesons may be crucial to NS tidal deformations and neutron skin of nucleus

D. Adhikari et al. (PREX), Phys. Rev. Lett. 126, 172502 (2021)
B. T Reed, F. J Fattoyev C. J. HorOW|tz and J. PlekareW|cz P

High densities may lead to hyperon ﬁ

N. K. Glendenning, Astrophys. J. 293, 470 (1985)
N. K. Glendenning and S. A. Moszkowski, Phys. Rev Le _
S. Weissenborn, D. Chatterjee, and J. Schaffner—Bl
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The Lagrangian at the lowest order for RMF

U(D)A

A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 72, 034001 (2005)
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 77, 034006 (2008)
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 79, 074014 (2009)

Ly =hTr(V28%) + g3 Tr V*
+a1€abc€defvadvbe (S 2) of
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(S5) = aadh, (S) = Bao:

COS Hi,j — sin Hz',j
sinf; ;  cosb;




Phenomenological analysis

Parameter space choice

8sNN  8anN 8NN BoNN  8pNN

a(MeV) p(MeV)e;(MeV) €4 h, 83

RN 61.4 264 -2100 456 793 [0.397 | 951 6.54 410 -261 875 5.98| -0.671] 2.68 6.06 3.45

RO 611 244 2050 436 80.0 |0542 | 11.4 0234 417 -0.790 15.1 6.20] -5.03{ 3.00 6.09 530

RN 611 247 -2060 44.0 801 |159 |-0.792 154 425 115 -0.027 6.17| 512 | 2.95 -6.09 5.30

Rl 612 256 -2100 444 799 (515 | 101 635 414 -265 O 6.12| -0.852| 2.85 6.37 3.71

LT 60.8 240 -2090 424 808 | 100 {106 7.0 419 -2.88 834 -6.36| -0.442{ 319 6.73 3.85

EEUY 60.7 243 -2110 420 810 | 150 {111 715 418 -3.05 8.30 6.38] -0.413{ 320 7.09 4.04

o
o .‘r' P
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Bare mass parameters and NM properties

Y. Sugahara and H. Toki, Nucl. Phys. A579,557 (1994).
F. Li, B%s Cai,:Y. Zhou, W. Z. Jiang, and L. W. Chen, Astrophys. J. 929, 183 (2022).

- _*ysical quantities in unit of

—

B . E - oy KO LO JO e - 0,
el -15.041.0 30.9+1.9 250+50\ 52.5+17.5 -700£500 763+2 7831  475:75 1350+100, 995+25 1410+120 939:1

SRRl | c146 | 301 415] |\ 922 | 421 | 763 783 503 1520 977 1510 939

| 146 | 316 420f | 858 | 479 | 763 783 525 1510 991 1480 939

| 146 { 309 418 | ' 836 | 451 | 763 783 522 1510 989 1480 939

| 152 | 309  [s7o] [so7 |-392 | 763 783 498 1520 983 1500 939

| 154 | 314 {317] | 717 {1020 | 763 783 502 1510 | 994 1470 939

| -15.6 31.6 63.7 1470 763 783 485 1510 991 1470 939

| -16.3 | 113 | -247 | 770 783 511 = — — 938

\FSU — 66.74 {32 220 | 535 | -322 | 763 783 492 — 980 — 938

T ————

A. Sedrakian, J. J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023)

J. M. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013).

M. Farine, J. M. Pearson, and F. Tondeur, Nucl. Phys. A 615, 135 (1997).

M. Dutra, et al., Phys. Rev. C 85, 035201 (2012). 13



Comparison with Walecka-type models 2% 7% % %
A. Sedrakian, J. J. Li, and F. Weber, Prog. Part. Nucl. Phys. 131, 104041 (2023) ?o {% %‘ %ﬁ

Empirical ELSM TMA1 FSU — 66.7

0.155+0.005 0.155 0.145 0.148

Symmetric nuclear matter Pure neutron matter
Esym (MeV)
e - EsymOeg

i\ )
ol o
S % TN
PR

GW170817 A, , < 580

B. P. Abbott et al., LIGO Scientific, Virgo, Phys. Rev. Lett. 121, 161101 (2018)
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g different g s
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;9@% Summary and outlook
;f. ﬁ"\,

|. The extended linear sigma model can reproduce nuclear matter (NM)
properties around saturation density while accounting for chiral symmetry
patterns;

ll. Regarding the well-reproduced vacuum spectra and NM properties at low
densities, different parameter space choices significantly affect the neutron
star (NS) structure;

lll. These astrophysical objects may serve as a promising test field for strong
interaction theories/models, with more detailed analysis forthcoming.
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Backup




Chiral Representation

* (pseudo-)scalar mesons:

o al)+i 0
ay +im (on=ag)+ilon =) peo | ;g0
0 V2 S
K +iK~ K9 +iK"

®=95+41iP =

os + 11g

* (axial-)vector mesons:

wiyt+pt® _ fiy+al’ pt _ it
RI,L Vp, Au 1 \/5 \/i M pMO fi
= —_ = — p— __ - WN—P 1N
V2 P 31 /2
K*h= — K# K*no — g0
wh A w0 fu +au0 +
. / Nﬁp + S “,0‘:+a§
LF=VH 4 AP = — T I
va| Pt ta Y
\  K** + K} K*H0 4+ K




Baryons:
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