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. Hadron interactions around saturation density n, = 0.16fm™ are
crucial to nuclei structures e.g. 24Mg, 2071, 11°Sn and 2® Pb
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Neutron star (high densities)

The density in the cores of NSs always reach nearly 37,

M-R relations/ tidal deformations are sensitive to the EOS behavior
throughout the whole density regions
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FIG. 1. Marginalized posterior for the tidal deformabilities of the
two binary components of GW170817. The green shading shows
the posterior obtained using the Aq(As,q) EOS-insensitive re-
lation to impose a common EOS for the two bodies, while the
green, blue, and orange lines denote 50% (dashed) and 90%
(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].
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
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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TOV equation

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

the source redshift.

Low-spin priors (|y| < 0.05)

High-spin priors (|y| < 0.89)

Primary mass m; 1.36-1.60 M
Secondary mass m, 1.17-1.36 M
Chirp mass M 1.188f8;88§M®
Mass ratio m,/m; 0.7-1.0
Total mass m 274004 p1
Radiated energy E,q > 0.025M ;c?
Luminosity distance Dy, 4078, Mpc
Viewing angle © < 55°
Using NGC 4993 location ~ < 28°
Combined dimensionless tidal deformability A < 800
Dimensionless tidal deformability A(1.4M ) < 800

1.36-2.26 M
0.86-1.36 M
1.1887 050 M
0.4-1.0
2.82705 M
> 0.025M ; c?
4018, Mpc
< 56°
< 28°
<700
< 1400

)

o

Polytropic process +estimations of strong interaction + TOV equation
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Mean-field approach

1. Relativistic mean field approximation

J. D. Walecka, Ann. Phys. 83, 491 (1974).
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EMTE SRR LS RCAT

Can we extend an EFT/model taking care of QCD symmetry
patterns into dense nucleon systems?

An extended linear sigma model
INn nuclear matter
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P-wave problems in light scalar meson sectors below 1GeV
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A tetra-quark picture to include 0 (ay(980)) meson and hyperon




Highlights of the parametrization:
. Include meson exchanges, e.g. f4(500)(o) and ay(980)(0)

06 = Cc0S Oyo' + sin G0’

---------- » a, = cos Ogay + sin Ggdyy’

fo= cos(98f6+sin6’8f0

T (6 =+/3aand (&) =1/3p
a, mesons may be crucial to NS tidal deformations and neutron skin of nucleus
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Hadron masses and NM properties

The units are in MeV, except n Is In fm™>

s N
/ "o Fo  Ewm(no)  J(no) L(no)  K(no)
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Sound speed and M-R relations

o is considered as the mixing between 4-quark Phys. Rev. D 109 (2024) 7, 7, YM and Y. L. Ma.
and 2-quark configurations Phys. Rev. D 112 (2025) 5, 054026, YM and Y. L. Ma.
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Quite different parameter space! Slight difference of configurations
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A chiral-scale effective field theory
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FIG. 4. Scale separations between NG sectors and other where / remains negative and becomes linear at large a;. “‘
hadrons for each type of chiral perturbation theory yPT discussed ‘.‘
in this paper. Note that scale separation in yPT, [chiral “‘ A7
SU(2), x SU(2)g, top diagram] is ensured by limiting extrap- * 0 \ ;
olations in momenta p, p’ to O(m,) [not O(mg)]. In conven- “’ KL — Yy power COunt|ng
tional three-flavor theory yPT; (middle diagram), there is no scale P
separation: the non-NG boson f,(500) sits in the middle of the '
NG sector {7, K,n}. Our three-flavor proposal yPT, (bottom — 7 - ) : :
diagram) for O(my) extrapolations in momenta implies a clear 9;; = (1 + ym (aIR> (muuu t mddd + mSSS TO keep Chlral expanSIOn

scale separation between the NG sector {7, K, 7,6 = f,} and the
non-NG sector {p,w,K*,N,7/,...}.
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R. J. Crewther and L. C. Tunstall, Phys. Rev. D 91, 034016 (2015).
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[Bayesian Analysig,]
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T. Bayes, Philos. Trans. R. Soc. London 53, 370 (1763).

prior distribution of parameter
space: uniform assumption
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A computing platform of studies on nuclear matter

L.-J. Guo, J.-Y. Xiong, YM, and Y.-L. Ma, Astrophys. J. 965, 47 (2024)

The parameter space searching of an EFT of QCD with data
across broad scale is a rather labor- and time-consuming work
Al techs based on machine learning have advantage to
analysis massive data and statistical correlations

1. Computation module .
P 2. Bayesian module
M
R 20 ] GW170817
N AXRLAR _
Yn A\}é!//; " N § O -
= ¢ “».: ﬁ 1.01
" . N i icti =
Condition analysis 29 €o Lrediction 0.5
¥ / Neutron star properties
s
a7 K 0.0 :
100 125 150 17.5 20.0
Radius (km)
J E‘g
: sym
: 30
3. Self-supervised module g 2
_§~3‘ g 101 Nuclear matter properties
¢ T
. o &
Calculate P(theory | data) Output: 32 > _10 \ /
+ = 3
- -3
- %0 0.1 0.2 0.3
0 Baryon Density (fm~3)
Repeat training =¥ P(theory | data) ~ Pf Parameter analysis
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An application
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Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994)
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TABLE II. Optimal values of the parameters calculated from NN. The emprical values My = 938 MeV,

m,, = 782 MeV and m, = 765 are physical values at vacuum taken as inputs from Ref. [68] for simplicity.

9o Gu 9o gs C3 g2 Mg
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FIG. 5. Distributions of the parameters estimated by NN.
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TABLE I. M and R is the mass and radius of the primary star in GW170817. eg is the binding energy of

2 2
nucleon, Egym(n) = %% is the symmetry energy and Ky = 9n3"’§—fg’°) is the incompress-
a=0 n=ng

ibility coefficient at ng, respectively. Normal distribution is assumed for data error bars with 95% confidence

level.

M (Mg) R (km) no (fm™3) ey (MeV) Egyry (MeV) Ky (MeV)
Constraints 1.48+0.12 11.94+1.4 0.155+0.05 —-16£+1.0 32.0£2.0 250+£50
Optimal — — 0.161 —15.7 28.6 266
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T. Miyatsu, M.-K. Cheoun, and K. Saito, Astrophys. J. 929, 82 (2022).

O meson effects

100 B 1T T 1 | 1T 1T 1 L l//| L |
-, -, - - | without & / E
~ 2 2 =~ 2 -2 | Agy=-100 -=---- O
80 — 7
85252070 §,5:00°  8;00TY =
D 60 |- U ]
T U L L rroTT T S E : :
i R i ) i
300¢ g s =—-0.009 fm™! . S 5 40 - ,-’ - ‘
i linear ’ 7 o ‘ ]
250 - L=87.9 MeV ,o/ /,, - u ,.//\ s B — T T 1T 71T 17 717
L L =879 MeV S T S ST em 0 e T L (@) Symmetric Nuclear Matter
SI 200 i - . /', -’ . /" potential B % 90 —-a-- |7 e _ -
(eb] i . /// '''' ) o B 1 1 v v by v v v vy Ty !
> 150: _____ L=76.9 MeV /‘:/ ,,,,,, : 0 1 2 3 4 5 HE 100 L |
s N L=47.2 MeV it Ps | Po % = :
<100/ 2 : . . iy S f :
2 Figure 4. Same as Figure 3 but with the o-6 mixing. The ~ - -
50F -p coupling constants in potential B are used. (= - -
e R ———————————————— I FSU-JO / FSU-86.7 / FSU-56.2
0 ; 10 - - -FSUGold =
] - e T T T T -
300 :_ — —0.004 _: 2.5 T | T I T | T I T LN N S I N RN B NN B R N RN BN R
5 i ’| _eegmey  duadratic : b s 7 I N
250¢ = OD.o e E 20 - © TR — > - ——FsU-67
S L=86.5 MeV - - - . ——FSU-36.7 - 150 = o FSU-36.2 N
S' 200+ R —~ SO A ... FSU-86.2 g . —— FSU-JO -
2 F e L=77.3 MeV e ol.5 - X . FSU-JO - — - - ~FSUGold
i RO : cC A
= 150" A5 = - o - - FSUGold - < 100 e K
g [ e L=54.4 MeV . , =10 b o NICER (Miller et al.)_| S [ = ET _
LLc]n 100_ ________ . | S . \\ NICER (Riley et al.) | LL] 50 ‘ |
500 === 0.5 B . S N 1 ]
i -~ - _":“_'":-:-.;..:.- 0 1 | 1 | 1 | 1
0 N T T T - ] 1 | ] | ] | ] | 1 0 1 2 3 4 S 6 7 8
| | | | | TR N ' 0 O n/n
00 01 02 03 04 05 06 07 10 12 14 16 18 20 0
5 R (km)
n [fm=] Figure 1. Pressure vs density (a) and density dependence
Figure 2. M-R relation for static NSs from FSUGold, FSU- of the symmetry energy (b) predicted by FSUGold, FSU-
, , JO, FSU-66.7 and FSU-66.2. The NICER (XMM-Newton) 0. FSU-66.7 and FSU.66.2. The shaded . ’ 1
FIG. 2. Symrpetry energy Esgm for negative value of 9o with constraints with 68% C.L for PSR J0030+0451 (Riley et al. , -06.7 an J-06.2. e shaded area in pane (a)
respect to various values of Cj for both types of coupling. 2019; Miller et al. 2019) and PSR J0740+6620 (Riley et al. represents the constraints from flow data in heavy-ion colli-
2021; Miller et al. 2021) are also included for comparison. sions (Danielewicz et al. 2002). The central density of maxi-
" mum mass NS configuration is indicated by ‘x’ in panel (b).

N. Zabari, S. Kubis, and W. Wdjcik, Phys. Rev. C 99, 035209 (2019). F. Li, B.-J. Cai, Y. Zhou, W.-Z. Jiang, and L.-W. Chen, Astrophys. J. 929, 183 (2022).
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YM, Y.-L. Ma, and J.-Y. Xiong, arXiv:2603.01933 [nucl-th] (2026)

U 2 2 1 3 1 4 1 2 U 1 22u 2 > 2 U
Zy= > (@,ﬁ@ C — Mo ) ~ 38207 T 7830 58407 W0, = S 8507 PN = 8OP” - Py~ 8700 ),
| R 1, 1 2 1] o
<L, = —ZQ/“‘ Q, + Ema)a)”a)ﬂ + 263 (a)”a)ﬂ) + 5040)/“‘@#,0” P
l— - | L \2
ZL,=——P" - P, +—mpt-p, +—d; <p” pﬂ>

+%b6c70 - doo” + %bﬁo - doyw'w, + bgay - pr'w, o + body - p
gl — \ij <g60- o ga)}ﬁua)ﬂ o gpyﬂﬁ,u + ga()c_i()) \P’
L=IN+ LA L+ L+ L, + 2. _ _ L
Including all possible operators with (iso-)scalars and vectors

within dimension 4, but lead to complexities in solving EOMs
based on neural network so that the need for GPU resources

grow out of control
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The agentic working flow

Anthropic, "Model Context Protocol", https://modelcontextprotocol.io (2024).
X. Hou et al., arXiv:2503.23278 (2025).

— - Thanks to MCP

(@) L=9(iv*d,-my)y KO
) o .

+ o, w, P, Qo

2 2 K)
| >§< MgT + 30~ + gs40° = GoMNs

e(n), P(n)

Skill

No, E/A7 K’ Esym, L

dP.~  G(erhR)(mit 47r3P) |
aiee r(r —2Gm)

= Z[Ri_.Di]z

B |
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Results


https://modelcontextprotocol.io/

Validations in Walecka models

MO del Source TL0 byIIl Ina,x Rl 4
[fm 7] [MeV] (MeV] [MeV] [MeV] (M| [km)]
TM1 NNStar 0.145 —15.9 36.6 109.9 275 2.21 14.60
Ref. 0.142 —16.2 36.0 108 257 — —
NL3 NNStar 0.151 —16.6 38.7 122.9 264 2.78 14.85
Ref. 0.148 —16.3 38.2 121 246 — -
FSU-06.7 NNStar 0.149 —16.4 32.2 02.0 231 2.09 12.98
Ref. 0.148 —16.3 S 2: 93.0 229 — —
Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994).
______ G. A. Lalazissis et al., Phys. Rev. C 55, 540 (1997).
/,«" \\\ B. G. Todd-Rutel and J. Piekarewicz, Phys. Rev. Lett. 95, 122501 (2005).
J0740+662 \‘\
504 PSR J0740+4+6620 (radio, 2.08 M g L » pe==_z == \i \‘ ‘ll
> \ l
: | :
S 1.5+ | IJO437_4715= J0!30+0451 | :
! :
.' l
1.0 - , '|
\ NNStar (skill)
\ — TM1 B. P. Abbott et al., Phys. Rev. Lett. 121, 161101 (2018).
0.5 - —1— N e~ T. Salmi et al., Astrophys. J. 974, 294 (2024).
| | | e — D. Choudhury et al., Astrophys. J. Lett. 971, L20 (2024).
9 10 11 12 13 14 15 16
R [km]

R
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2.5

2.0 1

M[Me]

1.0 A

0.5

Model extension (06 added to TM1)

J. D. Walecka, Annals Phys. 83, 491 (1974).
J. Boguta and A. R. Bodmer, Nucl. Phys. A 292, 413 (1977).
Y. Sugahara and H. Toki, Nucl. Phys. A 579, 557 (1994).

s 0740+662
PSR J0740+6620 (radio, 2.08 M) m— 'TJ. —

GW170817

\

NNStar (skill)
- TM1 (original)
— = TM1+0® (optimized)

R [km]

Observable
T [fm
E(no) [MeV]
K(’I’L()) [MGV]
Esym(no) [MeV]
L(no) [MGV]
me [MeV]
Mmax [Mo)]
R1,4 [km]

TMI1

0.145
—15.9
275
36.6
110
b1l
2.21
14.6

TM140"°
0.141
—16.1

231
30.1

Empirical
- 0.05
- 1.0
- 30
- 1.9
- 17.5
- 200
> 2.08
12.7 -

0.16 -
—16.0 -

230 -
30.9 -
D20 3
600 -

492
2.11
14.3

20.5 7.2

M. Dutra et al., Phys. Rev. C 90, 055203 (2014).
J. M. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013).
B. T. Reed et al., Phys. Rev. Lett. 126, 172503 (2021).

- 1.1




LLM benchmark

https://github.com/AaronMahn/NM-rmf-benchmark-scheme

Model Mode Valid matter (%) M (%) R (%) Tokens (k) Time (s)
GPT-5.5 +skill 3/3 0.0 0.0 0.0 65 109
—skill 3/3 0.0 7.7 16.0 D2 204
Claude-Opus-4.8 +skill 3/3 0.0 0.3 0.8 77 103
—skill 3/3 186.5 34.8 17.0 116 392
Gemini-3.1-Pro +skill 3/3 0.0 0.1 0.3 1218 386
—skill 2/3 52.4 1.0 1.0 1341 364
Qwend.7-Max +skill 2/3 0.0 0.0 0.0 112 161
—skill 0/3 - - - - 154
DeepSeek-V4-Pro +skill 3/3 0.0 2.4 1.7 63 394
—skill 2/3 2214.3 100.0 ~10"° 55 606
Kimi-K2.6 +skill 2/3 101.1 79.9 75.0 75 605
—skill 2/3 1334.4 100.0 89.7 06 609
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Tested with openclaw


https://github.com/AaronMahn/NM-rmf-benchmark-scheme

Phenomenological Constraints

(10)

3.0
2.5 -
\
2.0 1 |
I
I
}
|
l
7 I
1.5 i
|
v I
g 1
1.04(_ | PSR J0614-3329 ] ~=-"NL1 t‘
PSR J0437-4715 —-= NL3 _ \
PSR J0740+6620 oo FSU —66.7 : \
05 PSR J0030+0451 ~-=-- FSUGold
' GW170817(secondary) ~—— GQHD1 -
GW170817(primary) ~~- GQHD2 T~
— TM1
O-O ! 1 I I 1 I I
8 9 10 11 12 13 14 15
R (km)

M-R relations

M. Dutra et al., Phys. Rev. C 90, 055203 (2014)

J. M. Lattimer and Y. Lim, Astrophys. J. 771, 51 (2013)
P. Danielewicz and J. Lee, Nucl. Phys. A 922, 1 (2014)
M. Dutra et al., Phys. Rev. C 85, 035201 (2012)

A. Le Fevre et al., Nucl. Phys. A 945, 112 (2016)

B. A. Brown, Phys. Rev. Lett. 111, 232502 (2013)

B. T. Reed, F. J. Fattoyev, C. J. Horowitz, and J. Piekarewicz, Phys. Rev. Lett. 126, 172503 (2021)

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

B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 119, 161101 (2017)
S. Vinciguerra et al., Astrophys. J. 961, 62 (2024)

D. Choudhury et al., Astrophys. J. Lett. 971, L20 (2024)

L. Mauviard et al., arXiv:2506.14883 (2025)

B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018)
T. Salmi et al., Astrophys. J. 974, 294 (2024)

Empirical ™M1 NL1 NL3 FSU-66.7 FSUGold GQHD1 GQHD2
E(no) —-16.0+x1.0 —16.2 —16.5 —16.3 —16.3 —16.3 —17.2 —16.1
No 0.16 £0.05 0.142 0.152 0.148 0.148 0.148 0.159 0.155
Esym(no) 309+1.9 36.0 43.5 38.2 32.7 29.1 32.3 33.4
L(no) 52.5+17.5 108 140 121 53.5 53.1 49.6 49.6
K(no) 230+ 30 257 207 246 229 228 349 214
E(1.5n0) —-13.3+0.5 —13.0 —-13.1 —-12.6 —-13.3 —13.5 —-12.5 —13.3
P(1.5n0) 3.41 +£1.29 426 5.52 5.57 3.97 3.58 6.52 3.67
L(%no) 71.5+22.6 69.6 85.0 74.3 54.5 39.2 69.9 55.2
Mg 600 £ 200 511 492 503 492 492 445 504
BJA T —4.51 —15.3 —-11 3.8 428 1.13 8.03
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HIC and tidal deformaton
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P. Danielewicz, R. Lacey, and W. G. Lynch, Science 298, 1592 (2002).
S. Huth et al., Nature 606, 276 (2022).

W. G. Lynch et al., Prog. Part. Nucl. Phys. 62, 427 (2009).

C. Fuchs, Prog. Part. Nucl. Phys. 56, 1 (2006).
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B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018).
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Summary and outlook

|. More and more data from experiments and observations offer a
good window for nuclear physics;

l.It’s rather important to link the data and fundamental theory of
strong interaction based on low energy effective theories/
models;

lll. An agentic research scheme can help to reduce time- and
labor-consuming In such a kind of studies.
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The chiral transformations

SU(3)R ® SU(3)L ,02 quark U(I)A 4 - quark .fl % ﬁ"\

pE
llW'_)l%v Iﬁl—egR%
(RR _3ivA7(RR) (RR) —ivA7(RR)
(Ni{;j—w NER) - NERR) _, p=ivn(

(LL) 3y a7(LL)
AGJ — € AGJ

.

(LL)*. . _ivar(LL)
D%{ = € )%1

D 4 g N

Scalars Vectors Baryons

~
~§
N

di-quark approximation
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Power counting rules

(D The operators are limited within dimension-4, for the
higher dimensional operators are suppressed by the cutoff
scale;

(@ The quark number of an operator is limited within 8 and
the number of flavor space traces is limited to only 1, for
its suppression by /V,;

(@ The explicit symmetry breaking caused by quark mass is

treated as perturbation, which is crucial to strangeness in
NS.

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 72, 034001 (2005)
A. H. Fariborz, R. Jora, and J. Schechter, Phys. Rev. D 79, 074014 (2009)
D. Parganlija, F. Giacosa, and D. H. Rischke, Phys. Rev. D 82, 054024 (2010)
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The Lagrangian at the leading order for RMF

%M p— Cz TI’ SQ — dz Tl‘ Slz — C4 Tr S,4 — 263€ab66g‘€f c,ld 1,96 Aéf..

~
-~ ...
........
~
N

Quark configuration mixinge-

Vy=hyTr(S?V?) + 3 Tr Vi

Il N
------
y
y
y
Ny
Ny

2 ° ¢
A1€abctdef adV be (S )cf Masses by spontaneous chiral symmetry breaking
»

‘f
—‘
-
'—

SRME = Tr ( Biy,0'B) + Tr (By°VB) - g Tr (BS'B)»
+h €al9c€a’ef B ad }/OB be ch 8.

o , )
—CCubctdef b adl b be* cf

> 4
> g
.
.
v
e
v
r )
- ”
.

Only two quark configuration couples to baryon at the leading order
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The lowest order Lagrangians
(The system only with nucleons)

The scalar meson masses by spontaneous chiral symmetry breaking

InY

: AN Sidyt = BT DD S
L= 5 Tr (0,0007) + - Tr (6,600 )+, Tr (0OT) ¢, Tr (2 0TODT) — dy Tr (D7 )-
2

Tr (cb'ciﬁ)

A det ®@’
e3(e%cgdefq>gcpfq>; h.c. )—c3 ;/lln( ) (1-=7)In

det O'F

Two quark configurations mixing

Tr (ci>'c1>“r)

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)
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1 | |
Py=—2Tr (Lol + R R ) + g, |Tr (0,RRARY) +Tr (0,L,L4L* ) |+

8» Tr a,/RMR”R’“‘> + 1r (aULMLULM> + 25 Tr <RﬂR,MRURU> + Tr <LﬂL’MLULU> +

& |Tr (RRRR") +Tr (LLLLY ) [+h, | Tr (@R R ) + Tr (0@LLY) [+

H

y |Tr (L'0R,®7) | + iy |Tr (®70,0R" ) +Tr (@,07Lr) |+

Fewc|(R) (R),, (@) +(L,) (L), (@7) |+

% ¢ 9" :<Rﬂ>ad (®), (RRY) -+ (Lﬂ> (), )f:+

e def [ (R RH R R LH L L

y €abct U ( )b ( )b +
dy def < ) y < ) y

— R R 'R aﬂL

9 €abct _ H o ( ) be ( ) cf

The vector meson masses by spontaneous chiral symmetry breaking
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._ : : L. Olbrich, Master’s thesis, Goethe U., Frankfurt (main) (2015).
D I q u a rk ap p rOXI m at I O n L. Olb::zh, M..a;éetréiyi,elglgiacooesa,eand DI:aI[I]. F:Jiscrr:(ael,nPhys. Rev. D 93, 034021 (2016).

R, L % ) R, L — 5 2

Y =Tr(Bi PB)+ cTr (ByﬂV”B + ByﬂySA/"B) + ¢’ Tr (ByﬂBV/" + ByﬂySBA”)+

B

e | B)odtu(BIpu V) g + (Bt 1By A, | -

%n B (@' +®7) B+ Bys (&' — ) B|—

€ — /
2 abc® def [(B)ad(q), T qD?k) e(B)cf T (B)ad}/S ((D, o (I)T)be(B)Cf]
The baryon masses by spontaneous chiral symmetry breaking
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Comparison among different g _,,, cases

ESym (MeV)
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Comparison among different g, cases

Esym (MeV)
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Mass[M)]
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H. T. Cromartie et al. (NANOGrav), Nature Astron. 4, 72 (2019).
B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. Lett. 121, 161101 (2018),
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Hyperon effects (Strangeness)

Z) = Z Wy, | 7" (iaﬂ — 8obPu — EppTh Q) T (mb — gaba) Y,
b

10°
107 |
c ~
_9 / // ) \\ N /
-+ / } \\ /
I [ N\ U=+30 MeV
907 Je |1 NI ;
C ) \ — ’
o | 0 #\ AN UE——18 MeV L
E.. | I : : \\ \\ // /
B | E S
-3 | ' / [ _
10 i : A E E_ E \\ \\\ /l /
| | | \ / / L
| I I | \ / , [
| : : \\ \\ ” | 0.0 . ! . . . ! . . . ! . . . L . . .
4 | : L \ / | 11 12 13 14 15
10 L ] L ] L ] —_ L1 . L R [km]
0.0 0.3 0.6 0.9 1.2 1.5
Density (fm™)
FIG. 33 Mass-radius relationship for various EoS scenarios of
FIG. 31 Neutron star matter fractions of baryons and leptons, neu.tron stars, including nucl.eons a.,nd leptons only QHell a,n(%
calculated as a function of density. From Schaffner-Bielich, lWGlSQHZOVLD as well as upon including A hyperons (Lonardoni
et al., 2015). From Weise, 2015.

2008.

Chem|Ca| pOte ntlal equ Illbrlu m, eg . //tA — //tp + //te A. Gal, E. V. Hungerford, and D. J. Millener, Rev. Mod. Phys. 88, 035004 (2016).
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Strangeness in this framework under RMF (Neglecting the 4-quark

configurations but with explicit symmetry breaking terms at leading order)

In collaboration with Lu-Qi Zhang (5& 1 35)
%M — CzTrSQ - C4TI‘S,4 - bl TI‘ (§S,3> - ZGTI‘ (§S,

7'y =hyTr (V°S?) + ae” e (V)y(V),,(S?), + b, Tr (VZES')
+b3e7 e (V) (V) (ES'), + & Tr V* + dpe™e™ (V) (V) (V)

\

LB =Tr (Biyﬂa”B) + ¢ Tr [ByyVB| + ¢'Tr |By,BV|  Mass splittings (beta equilibrium )
+he'*e lm”(B)ll(VyO) (B)g, — g Tr{BS'B]
—ec e (B);(S") (B — by Tr[BEB] — bse Ve (B) (&), By
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Neglected in EOS after the determination of mass spectrum
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1

Gell-Mann Okubo Formula

|
gony = — =(c —h)
2 /
1 My = : (—Zmn + 3m, — 2m-_ + 3’””20)1

unn = = < [+ /= 4h)

6NN = 86AN — — \/g (g o 6)

|
|
|
5 B 51/11 T 53/13 T h lk m2 + m? = 2m?

Non-zero {(a,) and {f;)
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Hadron spectra and nuclear matter properties

Empirical  0xn-75" 0xn-100" 0xn-400" 0rn-600"
no(fm™") 0.1550 £ 0.0500 0.1592  0.1592 0.1592 0.1592
eo(MeV) —15.00£1.00 -16.00 —16.00 —16.02 —16.00
K (no)(MeV) 230.0 £ 30.0 240.8 241.3 241.6 239.2
FEsym(no)(MeV)  30.90 & 1.90 30.00 30.00 30.01 30.00
L(no)(MeV) 52.50 £17.50  54.91 52.18 70.94 76.74

my = m + o,,(0)

Account for the contribution of

spontaneous and explicit breaking

U, ~ —238 MeV

-> Align with the empirical values

Empirical OrN-T5" 0xn-100" 0-n-400" 0xn-600"
mn,  939.565+ (5 x 10°7) 939.565 939.565 939.565  939.565
m, 938.2724+ (2.9 x 1077) 938.272 938.272 938.272  938.272
ma 1115.68 £ (0.006)  1115.59 1115.54 1115.57 1115.58
Myt 1189.37 £ 0.06 1192.30 1191.21 1191.74 1191.79
M0 1192.64 £ 0.02 1192.17 1192.18 1192.84 1191.98

My — 1197.45 £ 0.03 1192.03 1191.15 1191.95 1192.16
M=o 1314.82 £ 0.21 1331.34 1330.65 1330.90 1330.90
M- 1321.70 £ 0.09 1329.77 1329.30 1329.82  1329.98
Ma, 995.000 £ 25.000  980.132 979.998  980.024  980.040
mf, 995.000 +15.000  990.119 989.962 989.971  989.974
me 475.000 £75.000  985.183 984.993 986.010 985.019
m, 773.000 &£ 2.000 775.261 775.260 775.260  775.260
me 782.660 & 0.13 782.659 782.660 782.660  782.660
mg 1019.46 £ 0.02 1019.46 1019.46 1019.46 1019.46
o-~n(0)  60.5000 & 28.5000  75.0541 —104.048 —402.087 —625.663
m 878.419 +£29.1465  863.946 1043.05 1341.09 1564.66
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Problems in M-R relation and RMF approach for 6_,~-75"

Solution plane for EOMs of mesons

B EOM,(o,w) 30
B EOM,(o,w)

B EOM,(o,w)
B EOM,(0,w)

B EOM,(o,w)
B EOM,(o,w)

c) EOMs at n = 4.050n,.

No continuous solutions
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lgnorance of exchange terms of nucleon interaction

k k
i N
o, @, P .
Relativistic 1 § Relativistic
mean field > L)\2 Hartree-Fock
m?2 + (k — q)
N N

I-channel u-channel
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Comparison with Walecka models
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O chiral-scale Lagrangian
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