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Implications of comprehensive nuclear and astrophysics data
on the equations of state of neutron star matter
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The equations of state (EOSs) governing neutron star (NS) matter obtained for both nonrelativistic and
relativistic mean-field models are systematically confronted with a diverse set of terrestrial data and
astrophysical observations within the Bayesian framework. The terrestrial data, spanning from bulk
properties of finite nuclei to the heavy-ion collisions, constrain the symmetric nuclear matter EOS and the
symmetry energy up to twice the saturation density (p, = 0.16 fm™3). The astrophysical observations
encompass the NS radius, the tidal deformability, and the lower bound on maximum mass. Three distinct
posterior distributions of EOSs are generated by gradually updating the priors with different constraints:
(i) only the maximum NS mass, (ii) incorporating additional terrestrial data, and (iii) combining both the
terrestrial data and astrophysical observations. These EOS distributions are then compared using
the Kullback-Liebler divergence which highlights the significant constraints imposed on the EOSs by
the currently available lower bound of NS maximum mass and terrestrial data. The remaining
astrophysical observations marginally refine the EOS within the density range ~2-3p,. It is observed
that the relativistic mean-field model yields stiffer EOS around the saturation density but predicts smaller

values of the speed of sound and proton fraction in the interior of massive stars.
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I. INTRODUCTION

Determining the unified equation of state (EOS) accu-
rately requires inputs from both nuclear physics experiments
and astrophysical observations. The experimental data on
heavy-ion collisions (HICs) and bulk properties of finite
nuclei confine the behavior of the EOS at low densities
(p < 2pg). These data specifically constrain the EOS for
symmetric nuclear matter (SNM) and the density-dependent
symmetry energy, crucial elements for determining the
EOS of neutron star matter [1-9]. The astrophysical obser-
vations such as neutron star radius, tidal deformability,
and maximum mass further constrain the EOS at high
densities [10—15]. The radius and tidal deformability param-
eter of neutron stars are sensitive to the EOS at supra-
saturation densities. They have been deduced from the
gravitational wave events GW170817 and GW190425
observed using the Advanced-LIGO [16] and Advanced-
Virgo detectors [17]. In particular, the gravitational waves
associated to the event GWI170817 stemmed from a
binary neutron star (BNS) merger with component masses
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ranging from 1.17 to 1.6M, [18,19] has sparked numerous
theoretical investigations into the neutron star properties
[7,20-26]. Future observations of coalescing BNS events
by detectors like LIGO-Virgo-KAGRA, Einstein Telescope
[27], and Cosmic Explorer [28] are likely to occur more
frequently, enabling a more precise determination of the
EOS [29-34]. The Neutron star Interior Composition
Explorer (NICER) offers complementary information on
the NS properties [35,36].

The nuclear matter parameters are the key quantities that
determine the EOS. The combined constraints from the bulk
properties of finite nuclei and NS observable has been
employed to constrain the nuclear matter parameters which
are the expansion coefficients in the Taylor model for the
EOS [37]. The finite nuclei constraints are encoded through
a few low order nuclear matter parameters treating them
independent of each other. The NS observable considered
are the radius, 10.62 km < R;4 < 12.83 km [38], the
dimensionless tidal deformability A;4 < 800 [20,39] and
lower limit of the maximum mass imposed by the NS PSR
J0348-0432 with a mass 2.01 £0.04M, [40,41]. It is
demonstrated that these constraints limit the multidimen-
sional space of few higher order nuclear matter parameters.
It may be emphasized that the astrophysical inputs
employed in Ref. [37] have undergone significant revision.

© 2024 American Physical Society
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Two different groups of NICER have reported neutron star’s
mass and radius simultaneously for PSR JO030 + 0451 with
radius R = 13.0212¢ km for mass M = 1.4475-12 M, [42]
and R = 12.71%]5 km for M = 1.34101°M [43]. Rece-
ntly, another (heavier) pulsar PSR J0740 + 6620, R =
13.777% km with M =2.084+0.07M, [44] and R =
12.3970:380 km with M = 2.0727 03 M, [45] have been
reported. The improvement in the precision of astrophysical
observation and the terrestrial data has triggered the search
for the universal EOS.

A Bayesian inference technique has been employed [46]
to combine data from astrophysical multimessenger obser-
vations of neutron stars [20,26,42—45,47-49], high-energy
heavy-ion collisions involving gold nuclei [50,51] and
microscopic nuclear theory calculations [52-57] to con-
strain the EOS of dense matter. The microscopic input was
extended up to 1.5 times the nuclear saturation density (p)
for the S-EOS derived from chiral effective field theory
(yEFT). The nuclear experimental data includes the sym-
metry energy and symmetric nuclear matter pressure
extracted from the four-pi (FOPI) [50] and the asymmet-
ric-matter equation-of-state (ASY-EOS) [51] experiments,
respectively. The astrophysical data included mass mea-
surements of massive neutron stars PSR J0348 + 0432
[40] and PSR J1614-2230 [58]. Constraints on the maxi-
mum mass of neutron stars were also derived from the
binary neutron star collision GW170817 [59,60]. The NS
radii of PSR JO030 + 0451 and PSR J0740 + 6620 utiliz-
ing NICER and XMM-Newton data [42,44,45] were also
included. A Bayesian inference technique was employed
to analyze the GW information from the GW170817 [20]
and GW190425 [47] events, aligning observed GW data
with theoretical models reliant on neutron star properties.
The analysis relied on a GW model [61], an enhanced
version of the primary waveform model utilized by
the LIGO/Virgo Collaboration in the exploration of
GW170817 [18] and GW 190425 [47]. Information per-
taining to the kilonova AT2017gfo [48], linked with the
GW signal, was also incorporated. Electromagnetic obser-
vations underwent comprehensive radiative transfer sim-
ulations [62] to extract insights from observed light curves
and spectra [49]. However, the EOS employed in this
analysis extended the yEFT calculation to f equilibrium
with a crust [63], while beyond this density range, a
collection of six randomly distributed points within the
speed of sound (c,) plane at baryon densities spanning 1.5
to 12p, were sampled, enforcing 0 < ¢, < 1 at each point.

Of late [64], the EOS has been constrained using a
diverse set of data from nuclear experiments and astro-
physical observations. The nuclear inputs consist of
experimental data on bulk properties of finite nuclei and
HIC and astrophysical observations on NS properties. The
properties of finite nuclei and HIC are encoded through the
symmetry energy, pressure for symmetry energy and SNM

spanning the density up to 2py. The experimental data on
nuclear masses, isovector giant dipole resonance, neutron
skin thickness and isobaric analog states constrain the
symmetry energy and the symmetry energy pressure at
subsaturation densities [65-71]. The HIC data from iso-
spin diffusion, neutron-proton ratios, charged pion spectra
are incorporated to constrain the behavior of SNM and
symmetry energy from subsaturation to suprasaturation
densities [50,51,66,72-77]. The recent astrophysical
observations for the radius of a NS with mass ~1.4 and
2.1My [40,42,43] and the dimensionless tidal deform-
ability for 1.4M, NS [21] have also been considered.
These data are used in a Bayesian framework to constrain
the EOS obtained using Taylor expansion.

We use a Bayesian framework for the systematic analysis
of the implications of the diverse set of data [64] in
constraining the EOS of NS matter obtained within a
Skyrme based nonrelativistic mean-field and nonlinear
variant of relativistic mean-field (RMF) models. Our
analysis involves three distinct sets of calculations:

(1) priors updated with the NS maximum mass;

(i1) further inclusion of 12 experimental data;

(iii) inclusion of the experimental data as well as astro-
physical observations corresponding to the NS
properties.

The constraints from astrophysical observations are
incorporated directly by employing the mass-radius pos-
terior distribution for PSR J0030 + 0451 [42,43] and PSR
J0740 + 6620 [44,45] and posterior distribution for dimen-
sionless tidal deformability for binary neutron star compo-
nents from the GW170817 event [18].

This paper is organized as follows. In Sec. II a brief
description of mean-field models and Bayesian framework
are presented. Section III summarizes the experimental data
and astrophysical observations considered. The results are
discussed in Sec. IV. Finally, the conclusions are drawn
in Sec. V.

II. METHODOLOGY

We use nonrelativistic and the relativistic mean-field
models for the EOSs. The nonrelativistic mean-field models
are based on Skyrme-type effective interaction. The rela-
tivistic mean-field models are derived from the effective
Lagrangian which describes the interactions of nucleons
through scalar-isoscalar meson o, vector-isoscalar meson @
and vector-isovector meson ¢ which also includes nonlinear
self-interaction terms for ¢ mesons and mixed interaction
term involving @ and p mesons. Once we have these EOSs
we can calculate the energy per nucleon of the SNM,
esnm(p), and symmetry energy eyn,(p) and use them to
obtain the pressure of the symmetric nuclear matter (Pgnw)
and the symmetry energy pressure (Psy,,). Empirical values
of these quantities are deduced from experimental data on
finite nuclei and HIC which are employed to constrain the
required EOS.

103025-2



IMPLICATIONS OF COMPREHENSIVE NUCLEAR AND ...

PHYS. REV. D 109, 103025 (2024)

A. Skyrme EOS

The Hamiltonian density for the Skyrme-type effective
interaction contributing to uniform nuclear matter can be
written as

H =K+ Hy+ Hs + Hess (1)

where K = —r is the kinetic energy term, H,, is the zero-
range term, ’H3 the density-dependent term, and H. an
effective-mass term. For the Skyrme interaction we have

Ho = g2+ x0)0? = (23 + 1) + )] @
Hy= oyt (24200 = Qo+ D@3+ ()
Hetr = % [11(2 4 x1) + 12(2 + x)]7p

Fglan + 1)~ 12+ D], + 5. @

Here, p=p,+p, and 7 =1, + 1, are the particle
number density and kinetic energy density with p and n
denoting the protons and neutrons, respectively.

4 ks, 21
= k*d’k
K 271)3A

() p, . 0

—~

UIIUJ

In the above ¢ denotes p, n, and y = 2 for spin degeneracy.
Energy per nucleon for symmetric nuclear matter (i.e.

pp =P, =75 is given as

2 3t0 3 377.'2 % 5 t3
esxm(p) = ayp’ +—=p + —0Osam (7) P+ pott,

8 10 16
(6)
Where a, = ?glm (33.2)% and HSNM = %(3[1 -+ (5 -+ 4x2)t2).
We can express the Skyrme parameters in Eq. (6) in terms
of the nuclear matter parameters such as binding energy e,
incompressibility K and effective mass m* evaluated at the

saturation density p, as [78-81]

(@

-2, ®)
e
Oy = - (2-1), (10)

where
= ) ()
() )s)
o= () ()

5m n?
=(1-—= K2,
13 ( 3m*><10m

The symmetry energy can be expressed as

2 5 -
esym(p) = Qg p3 + app + AsympP? +azp +1’ (1 1)

where ay; = 5/9ay. The values of ay, ay, and as can be
computed using the nuclear matter parameters (NMPs) J,,
Ly and Ky as

2
KsymO - 5( 3]0) - 361k1ﬂ6
36(30 —2)pi ™ ’

as =

1 2 s
Agym = 5 ((LO - 3‘]0) 30_a3pﬂ+1 + aklpf))p()s,
JO _% % o
ag = — = Ag1Py — AsymPy — 43Py-
Po

Once ay, agyy, and az are known the Skyrme parameters x,
Oyym and x3 can be computed as

1 8(10

=—— 1 12

o 2<f0 " > 12)

372\ 3

stm = _24asym (T) s (13)
1 4803

= (=54 14

. 2( I3 " > (14)

with Oy, = 311x; —1,(5 +4x;). For a given set of
NMPs the Skyrme parameters can be computed using
Egs. (7)—(10) and Egs. (12)—(14). Once these Skyrme
parameters are known the energy density for a given p
and asymmetry & = 2 pp 2 can be computed using egav(p)

and €sym (p) .
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B. RMF EOS

We also create a collection of EOSs within a model of
nuclear matter that is based on a relativistic field theory
approach. The nuclear interaction between nucleons is
represented by the exchange of the scalar-isoscalar meson
o, the vector-isoscalar meson w, and the vector-isovector
meson g.

The Lagrangian density is given by [3,82,83]

L= ['N + ‘CM + ‘CNL + ['leptonsv (15)
where

i 1
EN =Y |:yﬂ <laﬂ — oWy — Eg()t : Q/l> - (mN - gﬂa):| ¥

denotes the Dirac equation for the nucleon doublet (neutron
and proton) with bare mass m,, ¥ is a Dirac spinor, y* are
the Dirac matrices, and ¢ is the isospin operator. £, is the
Lagrangian density for the mesons, given by

1

L
M=3

[0,60" — m2

1 1
_417;”) .Fle )ﬂ”—|—2mggﬂ 0",

1 _(» 1
o?] - ZF;(w)F("’)”” + Emiwuwﬂ

where F@emw — gtp@ev _ g A(@.0k gre the vector meson

tensors and

1 1
ENL == —gmegg(O')3 - 16(960)4 + f, gg)(wﬂwﬂ)z

+ A(ugggﬂ : Qﬂggzwuwﬂ

contains the nonlinear mesonic terms with parameters b, c,
&, and A, to take care of the high-density behavior of
nuclear matter. The parameters g;’s are the couplings of
the nucleons to the meson fields i = o, w, @, with masses
m;. Finally, the Lagrangian density for the leptons is given
as  Lieptons = ‘I‘l[y”(idﬂ —m;)¥,], where ¥,(l=e",u")
denotes the lepton spinor for electrons and muons; leptons
are considered noninteracting. The equations of motion
for the meson fields are obtained from the Euler-Lagrange
equations:

%5t (16)

aeft i

=53, (17)

wetf i

=5 (18)

Qeff i

where p! and p; are, respectively, the scalar density and the
number density of nucleon i and the effective meson

masses m; . are defined as

mg o = Mg + by goo + cgio’, (19)
2 — 2 é 4 2 2A 2.2 2 20
My, eff = Mo + 5 3 o~ + 090900 ( )

Qeff m +2Aa)gg)g§ 2- (21)

The meson equations are solved using the relativistic
mean-field approximation for a given p, and p,. Note that
the effect of the nonlinear terms on the magnitude of the
meson fields enters through the effective meson masses
m; o¢¢. The energy density of the baryons and leptons are
given by the following expressions:

Z / \/ K2+ mi2iRdk

i=n,p.e /4
1 1 1

+2 2+2m§,w2+2m092
b 3, € 4, ¢ 4 2
g ( G) + Z (go—d) + g (gwa)) + Aw (ggga)gw) s

(22)

where m; = m; — g,o for protons and neutrons, m; = m;
for electrons and muons, and kj; is the Fermi moment of
particle i.

Once we have the energy density for a given EOS model,
we can compute the chemical potential of neutron (y,,) and
proton (u,,). The chemical potential of electron (u,) and
muon (u,) can be computed using the condition of p
equilibrium: u, —u, = p, and pu, = p, and the charge
neutrality: p, = p, + p,, where p, and p, are the electron
and muon number density, respectively. The pressure is
then determined from the thermodynamic relation:

p=) pipi-ec (23)

C. Bayesian likelihood

The Bayesian likelihood is a fundamental concept in
Bayesian statistics, providing a way to update the probability
estimate for a hypothesis as more evidence or information
becomes available. In the context of Bayesian inference, the
posterior distribution measures the plausibility of a set of
parameters values given the observed data.

Bayes’ theorem: Bayes’ theorem is used to update the
probability estimate of a hypothesis as more evidence is
available. It is formulated as

L(D|0)P(9)

POID) = =50,

(24)

In this equation,
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(i) P(0|D) is the posterior probability of the parameters
6 given the data, D;
(i) £(D|O) is the likelihood of the data under the
parameters (likelihood function);
(iii) P(0) is the prior probability of the parameters 6,
(iv) P(D) is the marginal likelihood or evidence, often
acting as a normalizing constant.
Likelihood: The likelihood function in Bayesian analysis
is defined as the probability of the observed data under a
specific statistical model, parametrized by a set of param-
eters 0. The likelihood can be computed for a set of
experimental data and for the posterior distributions from
the astrophysical observations as follows,
(i) Experimental data: For experimental data, Dy + 0
having symmetric Gaussian distribution of the data,
the likelihood is given as

SWECURLEY

2o 207

= Lo, (25)

[’(DeprW) =

2

Here D(6) is the model value for a given model
parameter set 6.

(i) GW observation: For GW observations, information
about EOS parameters come from the masses m, n,
of the two binary components and the corresponding
tidal deformabilities A, A,. In this case,

M, m
P(dgw|EOS) = / dm, / " dm,P(m,, my|EOS)
My M,

X P(de|m1 , My, Al (m1 s EOS),
X AQ(mz, EOS))
— LGV, (26)

where P(m|EOS) [84-87] can be written as

. iff M, <m<M,,
P(m|EOS) = { =M, ! (27)
0 else.

In our calculation we set M, =1.36M, and
M, =1.6M.

(iii) X-ray observation (NICER): X-ray observations
give the mass and radius measurements of NS.
Therefore, the corresponding evidence takes the
following form:

Ml(
P(dyray|EOS) = / dmP(m|EOS)

M,
X P(dy.ray|m, R(m,EOS))
— [NICER (28)

Here, M, represents a mass of 1M, and M,, denotes
the maximum mass of a neutron star corresponding
to the respective EOS.
The final likelihood for the three scenarios is as follows,
(a) Maximum mass case (Mjyo): To construct
the likelihood for maximum mass we converted
the x-ray mass-radius measurement of PSR
J0740 + 6620, P(dy. ay|m.R) t0 P(dyray|Mpax) =
EMJ“”“ = fjo? P(dx—ray|Mmava)dR'
(b) Mjy749 + EXPT: The likelihood for this case is

L = LMo CEXPT, (29)

(¢) “ALL”: The final likelihood for the ALL scenario is
then given by

L= £EXVT£GWLNICER IL:NICER H. (30)

NICER I and NICER 1I correspond to the mass-radius
measurements of PSR J0030 4 0451 and PSR J0740+
6620, respectively.

III. TERRESTRIAL AND ASTROPHYSICS
CONSTRAINTS ON EOSs

We use nonrelativistic and relativistic mean-field models,
as briefly outlined in the previous section, to calculate the
properties of nuclear matter at several densities and the
EOSs for the neutron star matter. The properties of nuclear
matter considered are the pressure for the symmetric nuclear
matter (Pgyy), Symmetry energy pressure (Pgyp,) and the
symmetry energy () Which are constrained empirically
over a range of densities by the experimental data on bulk
properties of finite nuclei such as the nuclear masses (2),
neutron skin thickness in 2%®Pb (1) and the dipole polar-
izability (1), isobaric analog states (1) as well as the HIC
data (7) spanning the density range 0.03-0.32 fm~3, where
the number of data points for a given quantity has been
indicated in the parentheses. The astrophysics data consid-
ered are the mass-radius posterior distribution for PSR
JO030 + 0451 [42,43] and PSR J0740 + 6620 [44,45] and
posterior distribution for dimensionless tidal deformability
for binary neutron star components from the GW170817
event. The EOSs are subjected to these constraints within
the Bayesian framework. The terrestrial and astrophysics
data [64] considered are listed in Table I.

IV. RESULTS AND DISCUSSION

We use nonrelativistic mean-field model based on
Skyrme-type effective interaction and the relativistic
mean-field model derived from an effective Lagrangian
to construct the EOSs as outlined in Sec. II. These
EOSs are employed to calculate the NS properties and
various quantities which are empirically accessible from

103025-5
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TABLE L

The empirical values of symmetry energy (eyyp,), symmetry energy pressure (Pgyp,) and symmetric nuclear matter pressure

(Psnm) from experimental data on the bulk properties of finite nuclei and HIC. The astrophysical observational constraints of radii and

tidal deformability of neutron star. See Ref. [64] for details.

Symmetric matter constraints p (fm™3) Poguv (MeV /fm?) Reference
HIC (DLL) 0.32 10.1 £3.0 [77]
HIC (FOPI) 0.32 103 +£2.8 [50]
Asymmetric matter constraints p (fm™3) eyym(p) MeV) Py (MeV/fm?) Reference
Nuclear structure
ap 0.05 159+1.0 [69]
PREX-II 0.11 2.38+0.75 [66,70,71]
Nuclear masses
Mass (Skyrme) 0.101 24.7+0.8 [65,66]
Mass (DFT) 0.115 254+ 1.1 [66,67]
IAS 0.106 255+ 1.1 [66,68]
Heavy-ion collisions
HIC (Isodiff) 0.035 103+1.0 [66,72]
HIC (n/p ratio) 0.069 16.8 +1.2 [66,73]
HIC (n) 0.232 52+13 10.9 +8.7 [66,74]
HIC (n/p flow) 0.240 12.1 +84 [51,66,75,76]
Astronomical constraints Mg R (km) Al 36 Reference
LIGO* 1.36 3001339 [18]
*Riley PSR J0030 + 0451° 1.34 1271548 [43]
*Miller PSR J0030 + 0451° 1.44 13.021]5¢ [42]
*Riley PSR J0740 + 6620 2.07 12.39%35¢ [45]
*Miller PSR J0740 + 6620° 2.08 13.7728 [44]

‘[88]

°[89]

‘1901

‘011

192]
TABLEII. The median and 95% confidence interval for the nuclear matter parameters obtained for three different scenarios as labeled

by Mjo740, Mjo740 + EXPT and ALL described in the text. The results obtained using priors subjected to the physical constraints only are

also presented for comparison.

NMPs (in MeV) Models Prior Mo740 Mjy740 + EXPT ALL

K, Skyrme 228.7013530 225777358 220.4613539 223.5013239
RMF 239.851375% 237924571 219.22750%2 233.121288

o Skyrme 33547849 33.478% 35.41335, 34867348
RMF 35.6317518 29.9813%15 38.00" o5 3833187

L Skyrme 79.20785 87.60725% 93.65%52%¢ 84.5073] %%
RMF 5179750 50.4215340 105.571 343 106.87777%8,

Koymo Skyrme 60.65%2532 73.65115055 61.00% 135 9.57%67%0°
RMF ~153.81 7% ~101.18° 32, 126233 —11.90°8%

experimental data on finite nuclei and HIC. The empirical
values of ey, Pgym, and Pgny for densities p < 2p, have
been derived from experimental data and radii, tidal
deformabilities and maximum mass of NS are inferred

from astrophysical observations, as detailed in the pre-
ceding section.

The radius (R), the dimensionless tidal deformability (A)
and the maximum mass of NS (M ,,,) for a given EOS are

103025-6
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TABLE III.

The median and 95% confidence interval for the radius (R), central density (p.) and corresponding

squared speed of sound (cfﬂ) for the neutron star of mass 1.4, 2.08M and tidal deformability for 1.36M, NS
obtained for three different scenarios as labeled by Mjy7409, Mjp740 + EXPT and ALL described in the text.

NS properties Models Mip740 M40 + EXPT ALL
Ry 4 (km) Skyrme 13.553%2 13.657,0% 1332702
. . 0.3
RMF 122379057 12.97191 13.12503)
R, o5 (km) Skyrme 11.887)12 11.67°07 11.527999
. . 0.73
RMF 11082997 11307965 11.741073
Ajze (-.0) Skyrme 7687908 70813¢1 618178
9
RMF 4581119 5851152 6407145
Pe,s (P0) Skyrme 25150 2.66203; 278504
RMF 302103 292794 275703)
Pengs (P0) Skyrme 5.09%]32 5.48712 5.501 114
RMF 5627488 547103 5.00743
v Skyrme 0.28250 0.29*50 0.314003
RMF 0.3675% 0.327909 0.317 54!
o Skyrme 0.62:011 0.65* 0.6
RMF 0.579:13 0.561014 0.50% 505

obtained from the solutions of the Tolman-Oppenheimer-
Volkoff equations [93-95]. The EOS for the outer crust up
to 0.0016p, is taken to be the one given by Baym-Pethick-
Sutherland [96]. The EOS for the inner crust corresponding
to the density range 0.0016p, < p < 0.5p, is obtained by
using a polytropic form [97,98]. The core EOSs are
constructed using nonrelativistic and relativistic mean-field
models as described in Sec. II. These EOSs are subjected to
(i) thermodynamic stability, (ii) causality (speed of sound
below unity), and (iii) positive symmetry energy. These
EOSs are further constrained within the Bayesian frame-
work by experimental data and astrophysical observations.
The prior distributions of the parameters of these models
are provided in Tables IV and V in the Appendix.

In Fig. 1, we display the distributions of the logarithm of
the likelihood obtained for both the EOS models consid-
ered. The curves labeled as “ALL” (dashed) represent the
results derived from employing all the data considered.
Additionally, to allow a comparison, we depict contribu-
tions from various data groups. Specifically, the data groups
denoted as PREX, HIC, and Astro correspond to single data
from PREX-II, seven data from HIC, and five data from
astrophysical observations, respectively. The group labeled
as “Rest” encompasses the remaining four data points from
nuclear masses, dipole polarizability, and IAS. Looking at
the figure, it is evident that the peak positions of the dashed
curves for both the models are very close to each other. The
major contribution to the likelihood stems from the
astrophysical (in black) and HIC data (in red) since these
are closest to the total likelihood (in dashed green) for both

the models. The constraints imposed on the symmetry
energy from finite nuclei data (in blue) appear to align
somewhat better with the Skyrme model. The constraint on
Py from PREX-II seems to be fitted equally well (in
brown) for both the models. In Fig. 2, we display the
values of egyp, Py, and Pgyy at specific fixed densities
(left), along with Ry4, R,0g, and Aj3e (right) within a
68% confidence interval. These values are derived from the
Skyrme (top) and RMF (bottom) models within the
Bayesian framework. Additionally, for comparison, we

= PREX

m— HIC
[— Astro
=—— Rest
b AL Skyrme
§ -J.’\ N . N N A\. 41/.\ n
L RMF
" I/\ [l " I .M N Il
—-60 -50 -40 -30 -20 -10 0
In(Likelihood)
FIG. 1. Distributions of the value of the log likelihood for the

case of all the data considered within the Skyrme (top) and RMF
(bottom) models. The contributions to the logarithmic likelihood
of each distinct group of data are also displayed for comparison
(see text for details).
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FIG. 2. The 68% confidence interval for ey, Pgm, Psnm at
fixed densities (left) and radius and tidal deformability of NS
(right) for the case ALL. The fixed values of densities and NS
masses are specified along the abscissa as listed in Table I. The
results are obtained using the posterior distributions of nuclear
matter parameters as presented in Fig. 3. The dashed vertical lines
with hollow circles representing the experimental or observa-
tional data and the corresponding results from Skyrme (top) and
RMF (bottom) models are depicted by the solid vertical lines with
solid circles. The scale along the ordinate only represents the
numerical values, while the associated units for the presented
quantities are provided in the top panel.

include corresponding values obtained from experimental
data and astrophysical observations as used in the present
work to constrain the EOS (see Table I). The data on ey,
(in green) from the nuclear masses are fitted well with the
Skyrme model. The astrophysical observations related to
NS properties show similar agreement for both the models
considered.

To analyze systematically the implications of various
data in constraining the EOS, we perform our calculations
in the following steps: (i) Priors are updated with the
posterior distribution of PSR J0740 + 6620 marginalized
by radius. The distribution of the EOS so obtained yields
M o ~ 2M . (i) Next, we further include 12 experimental
data points. (iii) All data considered in Table I are
incorporated. The outcomes for the distributions of nuclear
matter parameters and neutron star properties under these
three scenarios, identified as Mjg749, Mjo749 + EXPT, and
ALL, are detailed in Tables II and III, respectively. From
Table II it is clear that for the Skyrme model the K|, is
essentially constrained by the NS constraint from PSR
J0740 + 6620, while the Ky is mainly constrained by the
astrophysical data. In the case of the RMF model the value
of K, is influenced by both Mjy74y and Mjy749 + EXPT
scenarios. The other parameters are also significantly

constrained by the experimental data in the RMF case.
Finally from the distributions of the nuclear matter param-
eters in the case of ALL we can conclude that the Skyrme
presents a softer SNM EOS and symmetry energy compared
to RMF in the vicinity of p,. The RMF present larger values
of K. This behavior can be understood as follows: the
JO740 constraint prefers a nonzero value of the coupling that
controls the w* term, and, as a consequence, at saturation the
EOS has to be rather hard as discussed in [83]. This will be
further confirmed later when discussing the speed of sound.

It can be seen from Table III that in the Myq;4q scenario
the values of radii, tidal deformabilities, central densities
and corresponding squared speed of sounds for the Skyrme
and RMF models are noticeably different and they practi-
cally level off when all the data are considered. It is worth
noting that although the agreement of Skyrme and RMF
models with the experimental data on ey, are different,
the EOSs for the NS matter are such that the differences in
the NS properties are quite close to each other. We have
also repeated all the calculations with variable transition
density between 0.04 and 0.08 fm™ depending on the
values of Ly [99] to assess the robustness of our results.
The values of radius and tidal deformability change only
by less than 1% and 5%, respectively.

The corner plots in Fig. 3 display nuclear matter
parameters and selected NS properties under the ALL
scenario for both Skyrme and RMF models. Along the
diagonal, marginalized distributions are presented, while
off-diagonal sections depict confidence ellipses. The dis-
tributions of the nuclear matter parameters for the Skyrme
model are relatively wider compared to those for the RMF
models. It may be emphasized that the values of nuclear
matter parameters obtained from the Skyrme and RMF
models differ significantly, despite being inferred from the
same dataset. For instance, the median value for K, J, and
L are higher in the RMF model by about 4%, 10% and
25%, respectively, compared to the Skyrme model. This
suggests that the Skyrme model yields a softer EOS for
symmetric nuclear matter as well as symmetry energy
around p,. Further L, exhibits correlations with J, and
Kgmo for both the models. However, the strength of
correlations between the remaining pairs of nuclear matter
parameters is relatively weaker. In the case of the Skyrme
model, the correlations between Ly and Ky, with R4
and A ;¢ appear relatively stronger compared to those in
the RMF model [5,98,100-104]. A possible explanation
for the different behavior of RMF has already been
mentioned, and it concerns the w* term, which has a very
small influence at densities of the order of the saturation
density and below but controls the behavior of the EOS at
high densities. This means that the low-density and high-
density behavior in RMF models are quite decoupled.
It may be pointed out that R 4 is better constrained for the
RMF model. This may be associated to the narrow
distribution of L.
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Corner plots obtained for the Skyrme and RMF models with the 12 experimental data and three astrophysical observations

within the Bayesian framework. The marginalized posterior distributions of the nuclear matter parameters and selected neutron star
properties are plotted along the diagonal. The confidence ellipses for two-dimensional posterior distributions are plotted with 1o, 206 and
30 intervals along the off-diagonal. The errors are quoted at the 95% confidence level.

We examine the impact of three different scenarios on the
distributions of radius, tidal deformability of NS and the
underlying EOSs. In Fig. 4, the 95% confidence intervals
display the NS mass-radius and mass-tidal deformability
relationships. Results from both the Skyrme and the RMF
models exhibit similar trends. The incorporation of exper-
imental data (magenta band) significantly reduces the
spread in NS properties at a given mass compared to the
scenario involving only the maximum mass constraint
(empty blue band). The values of Ry, R,og, and Aj 3¢
are already reasonably constrained by Mjg740 + EXPT
scenario, aligning well with current astrophysical observa-
tions. Interestingly, the inclusion of constraints from astro-
physical observations (green band) do not significantly alter

the NS properties. This suggests a need for more precise
observations to further refine and constrain the underly-
ing EOS.

In Fig. 5, the 95% confidence intervals for the posterior
distributions of the pressure (P), proton fraction (x,) and
square of speed of sound (c?) for the neutron star matter
represent the updated EOSs achieved by sequentially
incorporating the constraints. For the sake of comparison
the EOSs corresponding to the original priors (gray band)
are also depicted. The JO740 mass constraint significantly
constrains the EOSs, proton fraction as well as squared
speed of sound (empty blue band) which further narrow
down with the inclusion of experimental data (magenta
band). The introduction of constraints from astrophysical
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FIG. 4. The 95% confidence intervals for the radius and tidal
deformability as a function of neutron star mass evaluated using
the posterior distributions. The astrophysical observations used
in the Bayesian framework are also shown. The error bars in black
and red colors in the left panels indicate the constraints from two
different analysis for NS radii for each of the pulsar PSR J0030 +
0451 and PSR J0740 + 6620 with masses ~1.4 and 2.0M,
respectively, whereas the error bars in red in the right panel indicate
the tidal deformability constraint from the GW170817 event.

observations does not notably impact the EOSs, proton
fraction and squared speed of sound. It is interesting to note
the different predictions for the speed of sound and the
proton fraction in the two approaches: while the squared
speed of sound seems to saturate for RMF models around
0.6, Skyrme models show a linear increase with density,
taking values that can go beyond 0.7 at 5py; the spread on x,,
is much larger for Skyrme models, taking values up to 0.4 or

400 F Prior
3 Myo7a0 0.4F Skyrme 0.8+ Skyrme
300 |2 Muorso + EXPT <
AL 03t T 06
L Skyrme N sditte %
200 02p [EEEEGEE o4t 3
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1.0 2.0 3.0 4.0 5.0 1.0 2.0 3.0 4.0 5.0

P(po)

" "
1.0 2.0 3.0 4.0 5.0

FIG. 5. The 95% confidence intervals for the posterior dis-
tributions of the pressure (P), proton fraction (x,) and squared
speed of sound (c2) for the neutron star matter as a function of
baryon density for the Skyrme (top) and RMF (bottom) mean-
field models corresponding to different scenarios as indicated
(see text).

more, while RMF do not go beyond 0.3. In Table III, we
give the central squared speed of sound and density of
1.4M 4 and 2.08 M stars. After applying all constraints the
squared speed of sound takes similar values for 1.4M stars
in both descriptions, but Skyrme models predict a quite
larger value for 2.08M, stars, the medians being 0.66 for
Skyrme models and 0.5 for RMF models. Concerning the
central densities, Skyrme models predict slightly larger
densities, and, in particular, for the 2.08M, stars a larger
compactness because a smaller radius is also predicted.
We also perform a quantitative comparison between the
EOSs from different scenarios through the Kullback-Liebler
divergence (D ). The Dy . comparing distributions P and

Q is defined as Dy (P||Q) = [*2 P(x) logz(g(&%)dx. We
evaluate the Dy; as a function of baryon density for two
distributions of the EOSs corresponding to two different
scenarios. In Fig. 6, the solid (dashed) lines represent the
value of Dy; obtained for the distributions of EOSs for the
Mo740 + EXPT (ALL) scenario with respect to the M g4
scenario. The values of Dy, for the solid lines indicate that
the experimental data provide tighter constraints on the EOS
in the vicinity of p,. The proximity between solid and
dashed lines indicates that including astrophysical obser-
vations does not impose tighter constraints beyond those set
by the experimental data. However, the differences between
the solid and dashed curves around 2-3p, in both the
models suggests that astrophysical observations on NS radii
and tidal deformability marginally constrain the EOS within
this density range.

— Mj0740 + EXPT
— ALL

Skyrme

Dy (bits)

P(po)

FIG. 6. The variations of Kullback-Liebler divergence (Dy; ) as
a function of baryon density. The values of Dg; shown by the
solid (dashed) line is obtained for the scenario Mjy749 + EXPT
(ALL) with respect to the Mjy74, Scenario.
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Finally, we would like to compare our results on the
radius of the 1.4M star with other results existing in the
literature. In Ref. [105], the authors made an estimation of
the radius of a 1.4M, star, R, 4 = 11.981’8"28 km, using an
extension of the nuclear-physics and multimessenger
astrophysics framework NMMA, which includes data
from gravitational-wave signal from the GW 170817 event,
the kilonova AT2017gfo and the gamma-ray burst
GRBI170817A afterglow, together with nuclear-physics
constraints at low densities and x-ray and radio observa-
tions of isolated neutron stars. This predicted value is in
agreement with several other predictions listed in Table I of
Ref. [105] which have been obtained essentially from
observational data and nuclear-physics constraints at low
densities for yEFT calculations for neutron matter, except
for the study [57] where data from HIC [50,51,77] has also
been considered. In Ref. [57] the predicted radius of a
1.4My NS is 12.01707% km considering astro and HIC
constraints; however, taking only the HIC constraints the
radius is larger, 12.06’_“11;1183 km. The quite large radius
predicted in our study 13.32f8"§§’ km (Skyrme) and
13.127937 km (RMF) is compatible with the prediction
from [106] from the HIC data. Note, however, that in
our study we have considered a larger set of HIC and
experimental nuclear data. In Ref. [64] the R, =

12.9“_“8'? km has been obtained using a diverse set of data
from finite nuclei, HIC, GW170817 and NICER which
compare well with R; 4 ~ 13 km as obtained in the present
work (see Table III). These results suggest that lower
values of R, 4 obtained in [105] and references therein may
be due to the constraints from yEFT for pure neutron
matter at low density. In a recent study [107] a combined
analysis has been performed using GW170817, kilonova
and NICER data which predict radius of 1.4Mg NS
12.30%0%¢ and 13.20%039) km for two different hot spot
models used in the NICER analysis.

V. CONCLUSIONS

We have performed a systematic investigation to assess
the implications of a comprehensive set of data, encom-
passing nuclear physics experiments and astrophysical
observations concerning neutron star properties, on the
EOSs obtained within the nonrelativistic and relativistic
mean-field models. The nonrelativistic model relies on a
Skyrme-type effective interaction, while the relativistic
mean-field model is derived from an effective Lagrangian
which incorporates nonlinear terms for o, @, and p
mesons. The experimental dataset includes bulk properties
from finite nuclei and heavy-ion collisions, contributing
with information on the symmetry energy, the symmetry
energy pressure, and the pressure for symmetric nuclear
matter up to twice the saturation density. Additionally, the

astrophysics data considered are the mass-radius posterior
distribution for PSR J0030 4 0451 and PSR J0740 +
6620 and posterior distribution for dimensionless tidal
deformability for binary neutron star components from the
GW170817 event. We have employed a Bayesian frame-
work to investigate the constraints imposed by these data
on nuclear matter properties. Three scenarios are explored:
(i) priors updated with the PSR JO740 + 6620 mass
constraint only, (ii)) PSR J0740 + 6620 mass constraint
plus experimental data, and (iii) all the data considered.

Our determined values largely align within 68% con-
fidence intervals with most of the fitted data or observa-
tions (see Fig. 2). The RMF model tends to overestimate
the symmetry energy at densities of 0.05 and 0.115 fm~>
derived from isovector dipole resonance and nuclear
masses, respectively. The dimensionless tidal deformabil-
ity from the Skyrme model aligns slightly better with the
corresponding astrophysical observations for a neutron
star of 1.36M . The underlying EOSs, initially constrained
by the PSR J0740 4 6620 mass, narrow further with the
inclusion of experimental data. Interestingly, the impact on
the EOSs by further inclusion of astrophysical observa-
tions is only marginal. This is especially evident in
the distributions of neutron star mass-radius and mass-
tidal deformability. These trends are also quantitatively
reflected from the values of KL divergence obtained by
comparing the distributions of the EOS from different
scenarios. It implies that more precise observations are
required to confine the EOSs in narrower bounds. Finally,
we remark that there is a significant discrepancy in the
values of nuclear matter parameters obtained from the
Skyrme and RMF models, despite both originating from
the same dataset. In particular, as alluded above, Skyrme
forces predict a softer symmetric nuclear matter EOS as
well as softer symmetry energy around saturation density.
Note, however, that although the Skyrme forces predict a
softer EOS at saturation density, they are also the ones that
predict larger values for the speed of sound and the proton
fraction in the center of ~2M  stars. It is also observed that
the value of R; 4, ~ 12 km in the previous analysis may be
due to the low-density constraints from yEFT for pure
neutron matter.
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APPENDIX: PRIOR DISTRIBUTION OF THE
MODEL PARAMETERS

In Tables IV and V we have provided the prior distri-
butions of the model parameters of Skyrme and RMF
models. For Skyrme model the priors are on the nuclear
matter parameters whereas for the RMF model the priors
are on the coupling constants. The effective priors on the
nuclear matter parameters for RMF are also provided.
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TABLE IV. Prior distributions of the NMPs for the Skyrme model. Here p,, ¢, and K, are assumed as gaussian (G) distribution with
median y and standard deviation ¢. Uniform (U) priors are used for the rest of the parameters with a minimum min and maximum max.
The NMPs are listed in the units of MeV. Effective mass m™* has the unit of nucleon mass, my

po (G) eo (G) Ko(G) Jo (U) Ly (U) Koymo (U) m” (U)
Min/u 0.16 -16 230 24.7 -114 -328.5 0.5
Max/o 0.005 0.3 30 40.3 149.4 2379 1

TABLE V. The uniform prior is considered for the parameters of the RMF models (NL). Specifically, B and C are (b x 10%) and
(c x 10%), respectively. It follows that “b” and “c” are going into Lagrangian density. The ‘min’ and ‘max’ entries denote the minimum
and maximum values of the uniform distribution. All the parameters are dimensionless. Additional row for effective priors in NMP is
included (90% CI). It is to be noted to calculate effective priors of NMPs in the RMF model the only e, and p, constrain is implemented.

(95) (9) (9,) B C © (Ay)
Min 5.5 5.5 55 0.5 -10.0 0.0 0
Max 155 15.5 20.5 10.0 10.0 0.04 0.12

NMP (py = 0.16 £0.01) (eg = —16+0.03) (K, =24073)) (Qp = —5651%) (Jo =36119) (Lo =553 (Kyymo = —166733)
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