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Why is understanding the EoS important for
nuclear/astrophysicists?
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From Referee “The present article addresses
a long-standing issue in neutron star
physics, namely the hyperon puzzle. The
authors incorporate new information
from hypernuclei calculations and treat
the hyperon couplings in a more general
way than what exists in the present
literature. This is an interesting work that
can have important future implications.”

AngLi@XRB2025

an RMF with density dependent couplings. The authors of Sun et al.
(2023) have recently developed a Bayesian inference approach, in
the framework of several nuclear RMF, to determine how GW and
NICER measurements constrain the A — o and A — w couplings,
while fixing the > and =E couplmgs to reasonable values. muo_

is_completed. to dlscuss the posmble composmon of matter or the
nuclear properties. In the present study, we will base our approach

A major advantage of this methodology
is the possibility, once the inference is
completed, to discuss the possible
composition of matter or the nuclear

properties.

Huang, Raaijmakers, Watts,
Tolos, & Providéncia, 2303.17518
MNRAS
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https://arxiv.org/abs/2205.10631

Outline

e Basic for neutron star structure and the EoS

e Recent work on connecting #consistently NS
observations and (hyper)nuclear experiments

e Summary and Exciting future
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=
Lev Landau

1932-

Antony l\-lewish gamc lliocclyn Bell
Nobel prize 1974 e 1 967

) Fundamental Physics Breakthrough Prize 2018
“the density of matter becomes so 0=
great that atomic nuclei come in close 8o |- g o T
contact, forming one gigantic nucleus.” o Az ._J_,r-"" beta equilibrium;
. °F 8 rr_._r" charge neutrality;
A~ 10°; For R=10 km, M=1.4 M, “F o < extremely neutron-rich
. . 40 — .
average density ~(2-3) nuclear density o - r“,.rr"- \
3 24 ‘
~several hundreds MeV (nonperturbative) of A ‘
10 _/-l'rr“ Neutron Number, N II:>
S ! 1 1 . 1 1 . il ST ) 1 : 1
Extreme conditions make it impossible to W ma s B bR A o wed
attain by theo./exp. methods only. EoS uncertainty from QCD phase uncertainty and model uncertainty

AngLi@XRB2025

Hyperon puzzle; A(1232)/hyperon/Kaon/quark complication
1) Unified crust-core; 2) High-density extrapolation
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https://www.youtube.com/watch?v=h1JprDaZN4g&t=90s

Hyperon puzzle: Heavy pulsars larger than 2M , is a pain

2.4F .
BII-IF (|NN + NNN + NY) I °°°°00°a°°oo°° RMF(NN+NY+YY)
fittedlfrom scatteringdata 2.0F ncont = 0.85 %o consistent with
2 . ' 0,578 T hypernuclei §lata
o 1-6F 0.69 1
E L
T
= 1.2} -
£ o
N = o (pe )
= 3 ., | R 0.8F oo no o*, ¢ o
S 1 .,22 - ] :.; ::s L e weak ULy ~ 5MeV (2001 a
Y 8 0.4} strong  UQ ~ 20MeV gyent AN6He
— V18+TBF " 0 . L 4 . 2 1 1
..... V18+TBF+FREE "" 12 13 14 15 16
L e escey ™ R/KM
_ \V’lgggijﬁggggmxm ] Fig.3. The mass-radius relation calculated for the strong
0o 10 12 140 and weak hyperon—hyperon interaction models, in com-
R [km] p, [fm™] parison with the one without strange mesons (ox*, ), and
Schulze & Rijken 2016 Lll eot gl?ezéesults without hyperons. See text for details.

Is it possible to combine NS multi-messenger (2017-) observations with hypernuclei
experiments to understand better the hypernuclear force? How? What new?
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QCD phase diagram
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Many-body theory; Hybrid star;
Merger simulation Quark matter;
Numerical relativity Bayesian analysis

Graduated in 2021; GR
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Xiangdong Sun #ih[E &

Superfluidity;
Neutron star cooling;
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Glitch; Nuclear matter;
Pulsar observation Hyperon matter;
Many-body theory

Many-body theory;
Nuclear transport
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Outline

e Recent work towards the determination of the
#(hyper)nuclear force and NS properties from

(Biased selected results; Highlighing work done by our group)

multimessenger astronomy

e Summary and Exciting future
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Black box = EoS microphysics
Procedure used until now i — (i PYWAP )| P

A Piecewise polytrope EoS: Logarithm of the adiabatic index (I') of the EoSs are treated
as polynomial: Little to no microphysics;

Better procedure
A More physics at the EoS modelling stage;

Support quantitative studies of the EoS at different density regimes;

With prior explicitly considering phase transition;

Candiscuss the composition of matter and the underlying strong interaction;

I I Iy W

Allow for straightforward extensions to higher-dimensional models,
accommodating the inclusion of additional particles within NSs, even dark matter;

L

Facilitate a connection with the ongoing research efforts in the field of relativistic
HIC.

AngLi@XRB2025 9 of 30



EoS: The roadmap

1. Model for interaction _5 2. EoS prior S.WG 3. EoS inference from NS obs.
HY = Guvr = —g1 T (GW, photons, neutrinos)

between particles o pasting test
4 I ——— ) 4 I
L0 ey Posterior
p(0 117 , M)
\ / . L —r Parameter Data Mod

: {] 0.6 0.8 /
Physics on the EoS, the composition and
he underlying strong interaction

AngLi@XRB2025 10 of 30



Prepare EoS prior starting for e.g., RMF parameter set

1. Model for interaction —P 2. the EoS .wc; 3. NS observations
between particles HY = EY Guv = —5 Tuv (M-R relation, Lambda)
[ \ [ 7 excluded by

A(1.4)< 800
Hf GW170817

P{MeV/fnr’]

M M,

\ ; = . L’ |
‘o : 02 : 0.4 .
- y, - E

1 1 58 I 1
L= (7%0’ - gunwy’ (]/)NPTS'YO) (U §(VU)2 - im?fffz - 5.0203 - 1.6130'4
é\/\ \/\é 1 1 1
B T,0,® B Vp + 2mpp + = (Vw) Qmin + §g,)N2p2A,,,ng2w2,
(P, I, J symmetry) Egs. of motion of baryons and mesons can be generated by the

Euler-Lagrangian eg. from the Lagrangian:

Static approximation considered in the Lagrangian on

L o e A0 8B _
mesons so that their time components are neglected; [IW’H My -y (ng“’+8¢3¢+ 2 PT3)]9”B =0,
. . . MEo+ 8,07 + 8307 = ) gonPhs
Spatial part of W meson disappears for the time ’ ’ 2‘ o
reversal symmetry; miw+csw’ + 24, (gyw) (82v0") = Z SuBPlhs
B
Infinite nuclear matter has translational invariance, mop +2A,(8x @) (gonp) = Bem s

g S

removing the partial part of the coordinate space. Then, p & & (with arbitrary isospin asymmetry) from nuclear

AngLi@XRB2025 part can be generated by the energy-momentum tensor.; .,



Employed 18 stiff relativistic EoSs with 7 types of variation of the
RMF effective interactions

300 = - ’
- NN pdtential general scheme
= 200} 1
2 ]
= QCD
S 100 - effects 1
k=3 1 long-range
2 _Repulswe medium-range part
2 core ’ ap.w.0 ' o=z
= 0
c " short-rangq part
L [ -
= ' “rious meson exchanges™
100 F ~ 1
0 05 1.0 15 20 25

Separation (fm)

1) Original linear Walecka model,

2) Nonlinear Walecka model with ¢ self-interacting mesons
3) Nonlinear Walecka model with o, w self-interacting mesons,
4) Nonlinear Walecka model with o, w self-interacting mesons

and possible mesonic cross terms,

5) Models in which the parameters that couple the baryons with

the mesons are density-dependent,

6) Models with the inclusion of § mesons, i.e., a,(980),

7) Point-coupling (PC) models without exchanging mesons.

AngLi@XRB2025
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Reproducing nuclear saturation with varying stiffness

- (c)

v t ]
5 - o
L = 3po—7"—(po) g
r ap PREXII
2
E(p,d) = Esnm(p) + Esym(p)d
x
L v LHS HC .
i - N RMF201 DD-LZ1
A NL3 A DD-ME2
5 e | Hybrid - DD2 -
> T™M2 PKDD
1 NLSV1 + DD-PCI
= = PK1 xX FKVW
W NL3wp 4 PCPKI
S271v6 OMEG
1 1 1 L 1 1 1 1 1
26 28 30 32 34 36 38 40 42
Egym (MeV)
. M (NS)=22.3M
¥ MmMaXx 2 i~ T

————————

=
1
Dashed: w.0. Y
Solid: with Y
(io 1‘1 1l2
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To combine (binary) NS observations with hypernuclei experiments

p(0,D) o< 11(0) x L(D|0,M))

Assuming
the sources
are hyperon

stars: GW +
-

Formerly:

>Mo-/\< >/?/\< 0 . 2 L
(J=,T)=(0".,0) (J=T)=(1-,0)

AngLi@XRB2025

Presently: GW + X-ray + NUCL

1 (Ryp — Ron)?
Lnvucer(dnucr|@ros) ox exp [——( i A)

(Rong, Tu & Zhou, 2021).

Hypernuclei

B = {Ran, Ron }

T
Strong linear R ,-R , relations from fitting (with some statistical error)
calculated A\ separation energies of eleven A = 12 single /A hypernuclei

Ry = 1228 B, —0.097

Exp.

DD-ME2-Y1

{} DD-ME2-Y2
B o DD-ME2-Y3
O PKDD-Y1
[0 PKDD-Y2
[] PKDD-Y3 TENE
RmY: ng/gmN PK1-Y1
TM1-A
DDME2D-a 1
DDME2-a
QM
0.2 0.6

11.36 +=0.20

12.0:40:2
18.03-0.2
17.2:4=0.2
17.5+0.5
(8. el
21.5+0.6
21.8+0.3
23.6£0.5
25.1 =12
269+ 0.8

w
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Linear RG A_Rm A relations consistent with both finite-range meson-exchange and zero-range PC models

* Meson-exchange

Uy = —70 MeV, U, = —30 MeV
1.0
v s He ' *’ m L=Lfe. + Lisy + L + L
RMF201 DD-LZ1 |
A NL3 DD-ME2 b ig
| < Hybrid < DD2 v‘ |
08F » T2 PKDD ~
I NLSV1 DD-PC1 & *n
m PKl1 x  FKVW »
m  NL3wp & PC-PK1 P
0.6 S271v6 OMEG p=————A -
e
]
04k L |  Point-coupling
o Lo = Lfee + Lot + L
\ PC — ~free 4f hot
pe
ool v R, = 1.228R,, — 0.097
<E> or,, = 0.08
27
()'8 < L | L 1
.0 0.2 0.4 0.6 0.8 1.0 . s _a°
Ron #different statistical errors
0713047 071220 9711013 TS
For finite-range interactions: “r
. U 3 og, =0.10
—YoN A = = 0.08
Roa = = Roa + | — ZRM = 0.06
Un — gano Un — gono Ao = O
For zero-range PC : : 0.782531 0.781313 0.77131
NN
—Qg" pPs @
]\’ A= - — - N 1‘) A Q-
kil 7 NN NN 2 __NN_3 __ . NN_3 '
Uv—agps—Bs ps—vs " Ps— W' Pv <
U = i ]
T NN NN : NN NN 3 =
- NN 3 NN 3 NN 3
Uv—ag”ps—Bs " Ps—s Ps— W Pv
> & > K3
AngLi@XRB2025 R Roa

B = re g
Lie =Y Ugling 0" — mglvp
B

B 5 R
[‘ml = Z L'Bl_gnB(T - ng‘)ﬂ“"“ - g,,l{’:'/:/)“ - Tlp
B

1 1 o A g
Ly= —Em,,zaz + Emf,u),,_u’ + Em/%p“ - pt
15 1 P S
+ ~0,00"0 — —0,, 0" — ~R,, - R
2 4 4
Ly = —lx:‘a‘ - ll{ ot + l¢'1(W' why?
NL 3 2 4. 3 i {1

+ -“\\(.g'f,,w',‘-»"‘)(sf,, 20"
LB = ZB: Upling 0" — mplp
L= —%ZB ag®(p) (Wnyw) (Dpip)
- %ZB V2 (p) Wy on) sy )
- %ZB a7¢ (p) WnTYn) (YpTip)

1 - -
- EZ" A8 (D) OnTY N (DT Up)

1 o | Y
Efn, 7—J_};V'V(L"N L‘N)3 - Zv?”(c'h«u"v )4

T _ )
— Z’ﬁ)h[(L'N"y,,L‘N)Il(b‘,v","l'.x')]’,

Hyperon star properties do NOT
rely sensitively on the choice of
the statistical error.
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Adding relativistic Fock diagram: Similar correlation within statistical error

* Meson-exchange 1.0

Uy = —70 MeV, U, = —30 MeV ' . T .
1.0 — — ; — s “ RHF, r=0.9999 ,
' :;{\];’14‘2()1 :;:)-1,21 Y r.. £liwe + Lim+ Luy  f e BMEA=RSSSe . =
A NL3 DD-ME2 b ig
< Hybrid < DD2 &
0.8 12 PKDD - -*v T
1 NLSV1 DD-PC1 =
= PK1 X FKVW »
m  NL3wp & PC-PK1 P
0.6 $271v6 OMEG p=————A g
é * |ﬁ.
o ———
=  Point-coupling
04k —— |
e B B
o> ['PC = ﬁfree T E-lf 1
5L vt R, = 1.228 R, — 0.097
or.. = 0.08
oA
44
080 - 0.2 0.1 0.6 0.8 1.0 . o 4o 0.0 ! 1 1 L
Ron #different statistical erro 0.0 0.2 0.4 0.6 0.8 1.0
0.713337 0.71483§ 0.712313
For finite-range interactions: ' ' N R,
: 3 og, =0.10 37 4
Roa = —9onO Roa + { A — Uz:‘ =0.08 = %W{Y}VI(L_‘NW,,L‘A’)Il({‘,vﬁ/’k'.\')lz,
' N—9gon0  Un—gono Ml Heih, =005
For zero-range PC : : 0.78"33 0.787413 0.77'81} .
¥ g Hyperon star properties do NOT
Rox ~— — B —— Roa =T i .
Un — a¥ps — BN p% — 1Y% 0} — W0}, 3 rely sensitively on the choice of
Ux L _ I
+ = ~ L —— the statistical error.
Uy —afVps — BN pg =18V ps — Wi,
Q’) Q% %‘x ch
AngLi@XRB2025 Rox Rux 15 of 30



Bayesian inference of hyperon-nucleon interaction strengths
from combining (binary) NS observations with hypernuclei experiments

Finite size effects of the merging star alter late inspiral GW signal
V\/\/\\/\/ \\/‘»\/\ M ,\ \f

* V) = hF Bw)l®

EGw(dgwwgw M) X exXp —2 /
7 0 Su(f) '
waveform depending on
17(4) parameters

= {M;, My, N\, A, 120 000 0, P, Gm, s dr, R A L, Deel.)

Ocw =
\Il\\

S li l)\]{I

Qij = —A(EOS, m)mSEij

== PhenomPNRT
= SEOBNRT

B
< 1500

(1.36,1.60) Mg,
(1.16, 1.36) Mg 1.10

1000 1200 1400 1600

| \ﬂ\A,,J
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Bayesian inference of hyperon-nucleon interaction strengths
from combining (binary) NS observations with hypernuclei experiments
® Lxicer(M, R|Oros U {e.}, M) = Pkpe(M (Okos; €c), R(Oos; €c)) >

Trace rays from hot spots on NS surface:

Pulse profile modeling

PSR J0030+0451

Miller et al, ApJL, 2019
— 0.15 — 1.24
M=1441015M R=13.02¢12km
Riley et al, ApJL, 2019
M=13402M, R=1271 " km

-0.16 -1.19
PSR J0740+6620

Miller et al, ApJL, 2021

- 0.090 — 2.61
M =2.062"0%M, R=13.71"28 km

Riley et al, ApJL, 2021

- 0.067 s 1.30
M=207220%T M, R=1239*¥km

AngLi@XRB2025

Dxy, = 0.012

F
H L
I |
4 | =
I" l
4 r_f 5
| J |
rr ‘_L
| .. D, = 0.008
L3 A
o, -
5> 7 7. = /;//// /_j /o J 4
N VI V/ F i
e 94 i
= 0, | / // / // - rJV ‘]
! N 7 & I
= { T A | |
= QP f ,// - . L
a0 J
N / / w7/ I_J !
5 v // m| r—rl lﬂ
\\\} //} r] ILI
Ly T T T e == T T T —
8 N N AP N2 9 \*,-\\ \-*;"‘ R o
M/M . R/km
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Bayesian inference of #hyperon-nucleon interaction strengths
from combining (binary) NS observations with hypernuclei experiments

£(D|6, M) (6
(6] M) — (D]6,M)n(0)
[\ [ p(D|6,M)r(6)d6

Parameter Data Model

Likelihood

1 6B —Bon )
HEOS) X exp [—5( s 5 A) ]

O-RO'A

* |d(f) = h(f. Bew)I? df] |

® LxucL(dnuct

Sn(f)
° Lnicer(M, R|Oros U{ec}, M) = Pkpr(M (Oros; ), R(Oros; €c)) >

¢ ng(dgw‘e(}w,M) X exXp [—2/
0

Software:

BiIby (Ashton et al. 2019, version 0.5.5, https://qgit.ligo.org/Iscsoft/bilby/),

PyMuItiNest (Buchner 2016, version 2.6, https://github. com/JohannesBuchner/PyMultiNest),

Toast (Hernandez Vivanco et al. 2020, https://git.ligo.org/francisco.hernandez/toast),
AngLi@XRB2025 Corner (Foreman-Mackey 2016, https.//github.com/dfm/corner.py).

new methodology

NUCL ASTRO
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Span uncertainty in YN interaction

#pa rameters and priors #posteriors Most Probable Intervals of R, and R, (68% Credible Intervals)

Oros = {Ron, Run} EOS +NICER +NICER +NUCL +NICER +GW 170817 +GWI’7(I)\ISIIC7EENUCL

Roa Roa R Roa R Roa Roa Roa
Rop ~ U|0,1] Lis ORBE  07IR  0semE 06w 094INgw  oJeamen 06l 072000
RMF201 076020456 0759159 0.6580115 0.672103;% 0.9491003 076910033 0.84270:9%) 07541915

and R,p ~ UJ0, 1] - . =

NL3 0.4247035% 0.7467033¢ 06813031 0.76870315 03997035 0.794703%5 0.765%0 157 0.8407(:1¢3
Hybrid 036370364 0.807%033% 0750713 08657013 030503} 07649743 0777313} 0.86910137
e ONLY explo re the ™2 e B 0.751204%3 0T36HE 0.856012 Dl 0.784035% 0.7724033] 0.87019986
couplings of N NLSVI 0.25215:13 0.7562 5351 0.68875:37 0.863%0199 BATR 0.744703% 0.68970132 0.86670100
hvberons: PK1 0.254+9%73 0.756291% 0.687013 0.869097 0.24820778 0.754101% 0.68370:130 0.8677019)
P ’ NL3wp 03842535 077355247 0.690%56: 07592517 042025355 07772526 071215313 077825133
e Keep 2, = hyperon S271v6 0.287+3339 0.775 3438 0.750*31% 0.8867 0950 0.3041038 0.782%9137 07409118 0.884+0053
) ) _ HC 0.2669333 051750318 0.7337 110 0.902+9979 0.26693% 0.78379337 0.737+0.106 0.902+9972
coupllngs fixed to thei DD- LZI 0298031 0.775%033 076975135 0.871709% 0.327403% 0.792703% 0.77278:17 0.870701%
empirica | values or DD-ME2 0275 e Ve o'y 0:770+ 5523 0.8854008 0267034 077670189 U7ETATI 0.883+947%
based on SU (3 ) DD2 0.29225338 0.7752535 0.7837317 0.90155:%5 0.305%5531 0.785%537% 0.78925:157 0.900%51%)
PKDD 026707 0.80610:34% 0.82075153 0.930003% 028240338 0.8137033¢ 0.835701%7 09321088
symmetry. FKVW 0.327703% 0.677%034 0.64778:33 07067031 ] 035349336 0.69670303 0.6587032] 07163037
PC-PK1 0.28379319 0.70179313 0.65070130 0.770104%7 0.28210319 0.70374313 0.65170.148 0.771354¢
OMEG 027215354 07781033 0.7262313] 0.880101%3 02737015 077525383 073123163 088970183

AngLi@XRB2025
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Hyperon-nucleon interactions in the relativistic Lagrangian

e Hypernuclei constraint favors large values e
of RoAand Rw/\ and disfavors small values of
both couplings;

4

+NICER+GW170817

PDF

—— NL3wp
---- DD-LZ1 I\
——- DD-ME2
6 — — DD2

H o
—-—- PKDD i

(J=,T)=(0",0)

[

(J=T)=(1-,0)

AngLi@XRB2025

The addtion of astrophysical observational data on top
of the laboratory R_\-R \correlation rotates the linear
correlation slightly towards the direction of small
valuesof R .

0.425:33 0.7173:3%
T T
NL3wp
{1 +NICER+GW170817
+NICER+GW170817
X — 4NucL
- : 0.781537 0.78'5:1%
F T T
% [ [
N3 K2 [
A -
QO L
ct -
'.>; — ol
N o
1 1
> >
N NY
R R

Hypernuclei results dominate !
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Current status of the hypernuclear matter and hyperon star properties

due to the uncertain YN+ interaction
e Takingthe NL3wp one as an exemplary stiffest one;

307 2205.10631
i
1of
Due to hyperons, the maximum mass is r ! — $e

lowered by ~20%: M. = 2.1767093% M,68%
crediblein)tlerval)? R threshold density of A hyperons: 1.4-3.8p,

And the steller radius is smaller above ~0.5 M Unclear whether A or =~ appear first.

©

and grows with the stellar mass. In the following: +a few = hypernuclei, A/A
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To include = hypernuclei data P
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Addlng likelyhood of E hypernuclei
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Short summary and Exciting future

e We incorporate new information from hypernuclei
calculations to addresses a long-standing 1ssue in NS physics;

e We find that the strong correlation between the scalar and
vector channel of YN interactions indicated by s.p. separation
energy of available A, E hypernuclet ENSURE that there is
sufficient (vector) repulsion and a prediction of hyperon
stars with M_ ~22M;

e Comprehensive analysis of multi-messenger,
multi-wavelength data ongoing to probe the EoS at different
density regimes ->
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Connect consistently nuclear physics and GW+EM observations to probe the
EoS at different density regimes (2021-)

Data: I

T T TTTIT

GW event of GW170817(+GW190425) & kilonova light curve of AT2017gfo,
T 102 =
NICERXXMM-Newton’s measurement of mass and radius of 2 PSRs, £ F BN Kiloriovss / GEB|RE
20 C GWs (post-merger) i
(Mocked) SKA’s moment of inertia measurement on PSR J0737-3039, 210 y : : |
] E GWs (inspiral g
Neutron-skin from PREX-Il, CREX and the ab initio predictions on 2°®Pb,*°Ca & F e et Yooy pebe b
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Constraint on the pressure at densities ~1-3n  effectively tightened
PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology
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Thermal x-ray studies of neutron stars and the equation of state
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NICER view of PSR J0030+0451: MSP parameter estimation

Riley etal. 2019

Follow the propagation of light from the NS surface to the XMM-Newton data can prowde (mdlrect) NICER

observer through the curved spacetime around the star; | background constraint:

The introduction of the XMM- Newton data (EPIC
MOS1and MOS2) led to areductionin :
E background estlmates from NICER-onIy data

Main difficulty lies in the degeneracy between MANY
parameters it employs: (in addition to M, R)

source D; H column density, parameters needed to
describe the surface T map, anglesfneod?hg the
orientation of this map with respé‘:}f;

and the obse ,

— BOB
— V18
—— APR

Significant uncertaintiesin M,R estimatemay be = Ll ——

—— AFDMC

from low counts in the detected lightcurve or ! i

=== BOB(N+Y)

noisy data can lead to degeneracies between the °t g
model parameters or multi-modal posteriors: 00—t

R [km)]

X-ray telescopes with large effective area, high energy resolution, and high time resolution in the
soft X-ray band, as well as adequate imaging capability to discriminate the background:
NICER (2‘017), EP-FXT(2024), eXTP(~2030!), ATHENA(~2030). “new preci sion era’”’
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What we learn so far

Produce self-consistent framework for EoS modeling

Check if constraints from all available constrains are fulfilled

Demonstrate the consistency between laboratory and astrophysical nuclear matter in neutron stars by considering low-density
nuclear physics constraints (from 2°Pb neutron-skin thickness) and high-density astrophysical constraints (from neutron star
global properties).

Prepare priors for a set of EoS parameters, also incorporating phase transitions

Statistically establish the effective stiffness of neutron star EoS

General requirements adopted (e.g., causality) indicate the EoS is moderately stiff, with sound speed squared peaked at ~O.8csz
in NS matter, not subject to the type of phase transitions.

Examine whether current data favour (strong) 1st-order phase transition inside NS cores

Current data compatible with both possibilities; Evidence of a phase transition strengthened for stiff hadronic EoSs (like DD2);
Perform preliminary test of the consistency of the parameters in the betastable NS matter and in the nearly symmetric nuclear
matter formed in HIC

Confront A, = hypernuclei data with the neutron star observational data

With the relaxation of the commonly-assumed SU(3) symmetry, the data of single A hypernuclei ensures a large enough
scalar hyperon coupling to match the large vector hyperon coupling

Suggest possibility to distinguish neutron stars with quark stars from simultaneous measurement of the stellar
radius and the moment of inertia

If the MOI is measured large for PSR J0737-3039 A, I,21.4x 10%g cm?, it is most likely a quark star rather than a neutron star
with or without a quark core, provided that the accuracy of the radius measurement is at least~1 km

Comprehensive analysis of multi-messenger, multi-wavelength data ongoing to probe the EoS at different

density regimes... T h k
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