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B Property of nuclear matter has be studied for several decades:
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NS ~2.3 Mgo1qrhas Neepne~ (5 7)n, may
contain quarks in some form. G. Baym, et al., 1707.04966
Nuclear —> Interpolated EoS <— Quark models .

( non-confining ) (pQCD)
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Indirect constraints
on the model/EoS
construction

Terrestrial experiments ® Cannot be accessed by terrestrial
on nucleon physics experiments, lattice QCD, fundamental QCD!
B |ndirect information from astrophysics.
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B Information about the masses of the heaviest neutron stars derives primarily
from precise Shapiro time delay measurements of pulsars orbiting in binary

systems with white dwarf companions >

PSR J1614-2230
PSR J0348+0432

PSR J0740+6620
PSR J0952-0607

P. B. Demorest, et al. Nature 2010, 467, 1081.

M — 1908 :|: 0016 M@ > E. Fonseca, et al. Astrophys. J. 2016, 832, 167.

>
% 7. Arzoumanian, et al. Astrophys. J. Suppl.

_ 2018, 235, 37.
M — 201 :t 004 MG) r » J.Antoniadis, et al. Science 2013, 340, 448.
= 2. + 0.07 > H.T.Cromartie, et al. Nat. Astron. 2020, 4, 72.
M 08 0.0 M® » E.Fonseca, et al. Astrophys. J. Lett. 2021, 915,
M=235+017 Mg . L2
» R.W.Romani, et al. Astrophys. J. Lett. 2022,
934,117

B Together with their masses the radii of neutron stars can be inferred from X-ray
profiles of rotating hot-spot patterns measured with the NICER telescope.

PSR J0030+0451
PSR J0740+6620

M =134"07 Mg, R =1271*{{5km,
— +0.067 _ +1.30
M = 2.0727008 M, R =12.39" g km .

» T.T.Riley, et al. Astrophys. J. Lett. 2019, 887, L21.
» T.E.Riley, et al. Astrophys. J. Lett. 2021, 918, L27.
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2 = dp(n)/dn _ dp(n) i( uy = Oe(n) (1— 32

> deg(n)/on  ds(n) On ' On N

[ DenSity dependence Of SV in COld nUC|ear matter 1074 1073 1072 0.02 0.04 006 008 01 05 1
1.0 l I I “

® EOSs with subconformal sound speeds, ...... ,
are possible in principle but very unlikely in
practice, being only 0.03% of our sample.
Hence, it is natural to expect that c? > 1/3
somewhere in the stellar interior.

» S. Altiparmak, C. Ecker, L. Rezzolla, ApJL. 939 (2022) 2,
L34.

® the peakin the sound velocity is attributed to
the derivative contribution from the trace
anomaly that steeply approaches the

conformal limit. , dr -, I

L = — f— Iss T
s, deriv de s, non—deriv 3

- A

» Y. Fujimoto, K. Fukushima, L. D. McLerran, M. Praszalowicz,
PRL.Lett. 129 (2022) 25, 252702.
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dp(n)/on  dp(n) & de(n) i
2 ju— —_— o T — e 2
USZA " : de(n)/on  de(n) On (6#> on . 3.13)

At least one peak! | ,
- Conformal SVin NS?: . pQCD region

/) SRR O L d Lo P2

~2n, ~10n, ~100n,
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I Emerges in the transition from a phase with broken chiral |
:symmetry to one with gapped Fermi surface with theI

h condensation of diquarks and dibaryons. I
S —

 E Id — T T T T T -7 1 M Transition from hadronic phase to
: Hah;c;r:c ; quarkyonic phase;
08 F P B At (2~4)n, due to topology change;
o i
S 06F B Hadron-quark crossover;
:,f,- 04 i B Formation of digquark gap.
~ T » L. Mclerran and S. Reddy, PRL122 (2019), 122701.
02 F ] > T.ZhaoandJ. M. Lattimer, PRD102 (2020), 023021.
0 [ Hippert, et al. , 2105.04535]
[ — ; ] ) ) 1 ; ; 1 M
0 0.3 06 09 » G.Baym, S. Furusawa, (.at al., APJ 885 (2019), 42;
3 » M. Leonhardt, M. Pospiech, et al., PRL125 (2020),
ng (fm™) 142502 (2020).

B Phase transition/configuration change!?
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PHYSICAL REVIEW LETTERS 120, 172703 (2018)

Editors' Suggestion Featured in Physics

Gravitational-Wave Constraints on the Neutron-Star-Matter Equation of State

Eemeli Annala,] Tyler Gorda,] Aleksi Kurkela,2 and Aleksi Vuorinen'

O Box 64, FINNNTA Tlhaivswvcitg af Holoinli Finland

Impact of & < 800 on NS radius & EOS St 0

é T \}l\:llp T T \l\\\l‘
» Ay4 S 800 :in terms of NS radius 10 S Ryqn, S 13.5kmforan€0s 6 Stavanger, -
.
» connects to the NNLO pQCD (Kurkela et al. 2010) and chiral EFT (Hebeler et al. 2013) ceived 6 Feb ”E 10 F
» causality ¢; < ¢ and Mgosmax = 2Mg constraints in the intermediate region :E L
él(]Zg_ m; [ ‘. . .‘.
3_U,Anna'ala et al. PRL 120, 172703 (2018) I I A L B ‘lj § c : LU“F A
1400 F & .
) A AQAMG) >80
S 1200 - ; HF .
I | * B Tidal deformability(GW170817):
20 ; S I <ALAM,) <800
M 15 soop : A4 <800
D0 ;
6001 A(L4AM;) < 400 —_ —_
) I — +420 — +390
! A= 300%420 A = 190+3%9
L L M < 2M,
05+ I R = 11.9%1% km
R e I | T | )

T8 9 0 U123 M5 ; e C.Y. Tsang, et al,, 1807.06571
R [km| R(1.4My)[km]
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GW only has transverse componets,
stretch and squeeze alternatively.

> Tidal acceleration—-Tidal
deformability

G- e )

Tidal deformation — accelerated phase evolution

[) grav.fields from star B — the deformation of star A

2) deformed energy density — quadrupole grav. fields

polarizability 2
E oV
I 3= T 5
qudrpole (). = —A(M)E;; 25 " dr,0x;

moment

Y m B

gravitational pot. GM 4 GQap GMy G [ A\GMp
from the star A Va(r) ~ - r  r8 == r P\ 3
AG
it Usually: AM) = 32— Closely related to the

compactness of NS

co
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Ly = U (iv8, —mn) ¥, N
1 M
Ly = 5 (3 gito — 1'71 a ) — —=({20" — — (30 M 2 ~(5 — 7)??.0 < OSfm'
: 4 0% AE~500 MeV
1 2 1 2
— 040 W Wy — 05007 ¢ P
- gﬁgﬁt ) ﬁp - g?‘gw#wlu 3 AR
]. s ]- 2, (Gl 2 I Lo = " wue o e o . . .72n0zo-6fm’
ﬁw = — EQ QF“’ - E‘T?lww Wy + EC;} (.w wF,_) AE~130 MeV
1 —_—
+ 304w"‘w#ﬁ”“ .
o _lﬁ#v,ﬁ +1m2—‘#.“‘+ld‘ ()5#.")2 J '
P= T pe TSP Pu T 43 Pu) /10 R/km
1
Loy = 5040 - 8o — m2, g - do + b (o o)’
1., . . . 1 L.
+ 3‘54 (@o - do) (7" - Pp) + 5550 (@o - do)
]_ - - 9 ]. - — —
+ Sbedo - doo” + Sbrlly - Aow wy, + sy - w0 Nuclear force up to A~10n7~700
+ bodo - Pt MeV

Lr = V(go0 — guV"wWu — GV Py + Gaolo) ¥ . (2)
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[Bayesian Analysis J

- —

p(@ | D) = pD | 0)@@/prior cﬁ?ibution of parameter space
p(D)
p(D) = Jp(D | )p(0)do

p®10)=]]r(D:106)
i=1 .\d ny = 0.155 £0.050 (fm~3)

o ./. e & Ey(ng) =» — 16.0 = 1.0(MeV)
i R Eey(ng) = 31.7 £ 3.2(MeV)
" K, — 250 + 50(MeV)
j | Ly — 58.7 % 28.1(MeV)
A e Jo = —200 = 600(MeV) i
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2 7 x 2 Optimal parameter

Par TM1 NL1 NL3 FSU FSUG GWMI1 GWM2

NANJING UNIVERSITY
GoeWN 10.0 -10.1 -10.1 -10.2 -10.6 7.55  -9.90

geny 126 133 128 134 143 105 125
govy 463 498 457 727 588 597  T.05
JaoNN -6.70 -6.60 -6.25
mo (MeV) 511 492 503 492 492 445 504
bs (MeV) -124 117
by (MeV) — — — — — 1820 -106
g2 (MeV) -1420 2400 2130 1600 844 -676 1710
(
(

ge (MeV) — — — —  —  .1960 325

g7 (MeV) -36.6 136
by — - — = = 254 T21
ba 207 2.26
be —  — — 180 — 526 181
by 643 0.117
bs — — — —  — 38 7T

g3 0.610 -36.3 -30.1 5.88 499 7.58 6.50

94 — - — = — 287 119
g5 123 0.949
c3 1.3 — — 172 418 1.09 172
C4 204 2590 0.127 204

d3 — = = — 648 4.68




Nuclear matter properties around saturation density

FAVGQHDIRR (K5I BCGQHD2ZHE) EIBFEE (no) FhEpIZM B BN L, 5;@5@%&?1)%6%;@ G, BIT LRAVmIAEET .

Sugahara, Y., Toki, H., Nucl. Phys. A 579, 557 (1994). ez
Reinhard, P.-G., Rufa, M., Maruhn, J., Zeitschrift fir Physik A 323, 13 (1986). | > e - —
Lalazissis, G. A., Konig, J., Ring, P., Phys. Rev. C 55, 540 (1997). | et ////”///
Li, F, Cai, B.-J., Zhou, Y., Astrophys. J. 929, 183 (2022). — 5 5 = g o
Todd-Rutel, B. G., Piekarewicz, J., Phys. Rev. Lett. 95, 122501 (2005). m 10 ] i : S
E {
=
>
[
Empirical TM1 NL1 NL3 FSU-66.7 FSUGold GQHD1 GQHD2 E : GQHD2
E(ng) =-16.0£1.0 [19] =16.2 =16.5 —=16.3 —16.3 -16.3 -172 -16.1 a 10 i / XEFT = N’LO
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Neutron star struct

ures

More favored by observations
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Peak for pure hadron matter
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Peak induced from cwpay, term for pure hadron matter
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Table 3. The change of the benchmark Ag, defined in Table 1, after deleting the corresponding operator based on GWM2 set.
The inf means the likelihood defined by Eq. (3) is near zero.

Parameter GoNN JuNN GpNN Qa:) NN
Ag inf inf 691 0. 381 O 00010

Parameter ,/ br bs by (MeV) g2 (MeV}
Ap <. 588 x107%/  0.760  3.76 x 107° mf 0. 994 .
Parameter q o g7 (MeV) 3 me ( MeV S———
Ap ‘\\1.94 x 1072 19.7 inf 9. 68 2. 36 0—
e
Ty (o tt 1 i 2 2 1 3 1 4 1 2 p I 1 fTi%e
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Figure 5. The graph shows the relationship between g,nn and other parameters, where colors represent the relative magnitudes
of BJA, and red dots represent our parameters.
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Table 4. Nuclear matter properties and benchmark comparison.

Empirical GWM2 GWM2-C

B.E. —16.0+ 1.0 -16 -16

no 0.155+0.05  0.155 0.155
Eoym 309+1.9 33.1 331
L 525+ 17.5 49.8 49.8
K 230+ 30 214 214

E\ 5n, —13.3+0.5 -13.3 -13.3
Pi 5ng 3.41+1.29 3.67 3.67
Mo 600 + 200 504 504

Peam(p =2/3np) 11.4+£1.0 11.5 11.5
L(p=2/3ng) 71.5+ 226 54.9 54.7
Esym(p = 1/3n0) 15.94+1.0 14.5 14.5
benchmark 1 7.92 7.86
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Empirical ~TM1 NL1 NL3 FSU-46.7 FSUGold GQHD1 GQHD?2
E(ng) —16.0%£1.0 -16.2 —16.5 —16.3 —163 —-163 —17.2 —16.1
no  0.16+0.05 0.142 0.152 0.148  0.148 0.148  0.159  0.155
Eeym(no) 30.9+1.9[49] 360 435 382 327 29.1 32.3 33.4
[ | E:_F gﬁ? g EE |§ E’\J L(ng) 5254175 108 140 121 535 53.1 196 196
K(no) 230430 257 207 246 229 228 349 214
=g \ N = E(1.5n9) —13.3£0.5 -13.0 -13.1 —12.6 -13.3 —-135 —125 —13.3
a] LU |
1:;;—3:': L H 17'5 E ﬁ-] P(1.5n0) 3.41£1.29 [53] 4.26 552 557  3.97 3.58 6.52 3.67
. 5 L(3ng) 71.5+£22.6 69.6 850 743 545 39.2 69.9 55.2
jg | | }Sﬁ E EI,%I:I H’\__] ;ZSZ Mo 600+ 200 [33] 511 492 503 492 492 445 504
BJA + —4.51 —153 —11 3.8 4.28 1.13 8.03
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Thank you for your attention!
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