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We apply a Bayesian approach to construct a large number of minimally constrained equations of state
(EOSs) and study their correlations with a few selected properties of a neutron star (NS). Our set of minimal
constraints includes a few basic properties of saturated nuclear matter and low-density pure neutron matter
EOS which is obtained from a precise next-to-next-to-next-to-leading-order (N*LO) calculation in chiral
effective field theory. The tidal deformability and radius of a NS with mass 1-2 M, are found to be
strongly correlated with the pressure of -equilibrated matter at densities higher than the saturation density
(po = 0.16 fm™3) in a nearly model-independent manner. These correlations are employed to parametrize
the pressure for ff-equilibrated matter, around 2p,, as a function of neutron star mass and the corresponding
tidal deformability. The maximum mass of the neutron star is also found to be strongly correlated with the

pressure of f-equilibrated matter at densities ~4.5p.
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I. INTRODUCTION

Gravitational-wave astronomy promises unprecedented
constraints on the equation of state (EOS) of neutron star
matter through the detailed properties of the gravitational
waveform observed during the merging of binary neutron
stars (BNSs). In addition, x-ray observations from the
Neutron Star Interior Composition Explorer (NICER)
instruments have also provided a compelling constraint
on the equation of state independently. The tidal deform-
ability parameters inferred from these gravitational-wave
events encode information about the EOS. For the first
time, a BNS event (GW170817) was observed by the
LIGO-Virgo detector from a low-mass compact binary
neutron star merger with a total mass of the system
274700 My [1,2]. Another gravitational-wave event
likely originating from the coalescence of BNSs,
GW190425, was observed [3] subsequently. These two
events have already triggered many theoretical investiga-
tions to constrain the EOS of neutron star matter [3—12].
The upcoming runs of LIGO-Virgo-KAGRA and the future
detectors, e.g., Einstein Telescope (ET) and Cosmic
Explorer (CE), are expected to observe many more BNS
signals emitted from coalescing neutron stars. The mass
and radius of NSs, observed either in isolation or in
binaries, by NICER [13-15] have offered complementary
constraints on the EOS. A sufficiently large number of such
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observations over a wide range of NS masses may be
employed to constrain several key quantities associated
with the EOS of f-equilibrated matter which are not readily
accessible in the terrestrial laboratory. The behavior of the
EOS at suprasaturation densities is generally studied using
the observed maximum neutron star mass, together with
radius and tidal deformability corresponding to the neutron
star with canonical mass 1.4 Mg [16—-18]. Recently, in
Refs. [19-24], efforts were made to constrain the EOS of
p-equilibrated matter which is relevant to the studies of
NS properties. The values of tidal deformability of NSs
with mass 1-2 M, are found to be strongly correlated with
the EOS at twice the saturation density.

Statistical tools are quite helpful in providing a quanti-
tative interpretation of NS observables. A Bayesian
approach is often applied to analyze gravitational-wave
signals, which involves nearly 15 parameters for binary
compact object mergers, to infer their source properties
[25]. It has been also extended to investigate the properties
of short gamma-ray bursts [26], neutron stars [27-29], the
formation history of binary compact objects [30-34], and to
test general relativity [35-38]. Of late, the Bayesian
approach has become a useful statistical tool for parameter
estimation in the field of nuclear physics and nuclear
astrophysics [39]. It allows one to obtain joint posterior
distributions of the model parameters and the correlations
among them for a given set of data. Various constraints on
the parameters known a priori are incorporated through
their prior distributions. Bayesian techniques have also
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been employed to constrain symmetry energy [40], masses,
and radii of NSs [41] using the bounds on the EOS obtained
from chiral effective field theory. Bayesian techniques have
been extensively applied to constrain the EOS for sym-
metric nuclear matter, f-equilibrated matter (BEM), and
density dependence of symmetry energy coefficient using
various finite nuclei and NS properties [42-53].

We use a Bayesian approach to construct large sets of
EOSs which correspond to the Taylor and % expansions
[53]. The expansion coefficients in the former case are the
individual nuclear matter parameters (NMPs), whereas in
the latter case they are their linear combinations. The EOSs
are consistent with a set of minimal constraints that
includes a few low-order nuclear matter parameters at
the saturation density and the EOS for the pure neutron
matter (PNM) at low densities obtained from a precise next-
to-next-to-next-to-leading-order (N*LO) calculation in chi-
ral effective field theory. The marginalized posterior dis-
tributions of NMPs and the various NS properties obtained
from the set of minimal constraints are found to be within
reasonable bounds. The correlations of various NS proper-
ties, such as tidal deformability, radius, and maximum
mass, with key EOS parameters are studied. These corre-
lations are investigated for a wide range of NS masses and
densities for the EOS.

The paper is organized as follows. The Taylor and %
expansions for the EOS of neutron star matter and the
Bayesian approach are briefly outlined in Sec. II. The
results for the posterior distributions of nuclear matter
parameters and associated NS properties together with their
correlations with some key quantities associated with EOSs
are presented in Sec. III. The main outcomes of the present
investigation are summarized in Sec. I'V.

II. METHODOLOGY

The energy per nucleon for neutron star matter E(p, §) at
a given total nucleon density p and asymmetry 6 can be
decomposed into the energy per nucleon for the symmetric
nuclear matter, E(p,0), and the density-dependent sym-
metry energy E,(p) in the parabolic approximation as

(1)

where § = (%) with p, and p, being the neutron and

E(p,8) = E(p,0) + Egy(p)8* + - -,

proton densities, respectively. The value of 6 at a given p is
determined by the condition of f equilibrium and the
charge neutrality. Once ¢ is known, the fraction of neutrons,
protons, electrons, and muons can be easily evaluated. In
the following, we expand E(p, 0) and Ey,, (p) appearing in
Eq. (1) using Taylor and % expansions. The coefficients of
expansion in the case of Taylor correspond to the individual
nuclear matter parameters. In the latter case, they are
expressed as linear combinations of the nuclear matter
parameters.

A. Taylor’s expansion

The E(p.0) and E,,(p) can be expanded around the
saturation density p, as [54-58]

E(p,0) = ZZ, (P;pfo)"’ (2)
Egm(p) Z% (’03_/):())”, (3)

so that
E(p,5) = Z%(an + b,6%) <p3_750>n’ (4)

where the coefficients a, and b, are the nuclear matter
parameters. We truncate the sum in Egs. (2) and (3) at
fourth order; i.e., n = 0—4. Therefore, the coefficients a,,
and b, correspond, respectively, to

an = 807 07 KO? QO’ Z()a

(5)
(6)

In Eqgs. (5) and (6), & is the binding energy per nucleon, K,
the incompressibility coefficient, J, the symmetry energy
coefficient, Ly its slope parameter, and Ky ,, o the symmetry
energy curvature parameter, and Qo (Qsym o) and Z(Zgym o)
are related to third- and fourth-order density derivatives of
E(p.0) [Egym(p)], respectively. The subscript zero indicates
that all the nuclear matter parameters are calculated at the
saturation density.

It may be noticed from Eq. (4) that the coefficients a,
and b,, may display some correlations among themselves
provided the asymmetry parameter depends weakly on the
density. Furthermore, Eq. (4) may converge slowly at high
densities, i.e., p > 4p,. This situation is encountered for
the heavier neutron stars. Neutron stars with a mass around
2 M typically have central densities ~4—6p.

bn = JO! LO’ Ksym,O’ stm,O’ Zsym,O'

B. 5 expansion

An alternative expansion of E(p, §) can be obtained by
expanding E(p,0) and Egy,(p) as [59,60]

E(p,0) = nzi;(a;_» (2). )
Eqm(p) = gw;_z) (2)" )

Ep.6) = > dh s + Byat®) (2). o

- Po

=
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We refer to this as the § expansion. It is now evident from
Egs. (7) and (8) that the coefficients of expansion are no
longer the individual nuclear matter parameters, unlike in
the case of Taylor’s expansion. The values of the nuclear
matter parameters can be expressed in terms of the
expansion coefficients a’ and b’ as, respectively,

€9 111 1 1 ag
0 2 34 5 6||a
Ko |l=| =204 10 18||a] (0
0, 8 0 -8 10 0 ||
Z -56 0 40 40 O al
Jo 1 1 1 1 bg,
Lo 2 34 5 6 ||l¥
Kgmo | =] =2 0 4 10 18||&|. «an
Qgm0 8 0 -8 —-10 O b

The relations between the expansion coefficients and the
nuclear matter parameters are governed by the nature of the
functional form for E(p, 0) and Egy,(p). The off-diagonal
elements in the above matrices would vanish for the Taylor
expansion of E(p,0) and E,(p) as given by Eqs. (2) and
(3), respectively. Therefore, each of the expansion coef-
ficients is simply the individual nuclear matter parameter
given by Egs. (5) and (6). Inverting the matrices in Eqgs. (10)
and (11), we have

a6 = 36080 + 20K0 + Zo),

1
2 ¢
1
a’] = ﬁ (—96080 - 56K0 - 4Q0 - 420),
1
Cllz = ﬁ (108080 + 6OK0 + 12Q0 + 6Z0),
1
Clg = ﬁ (—57680 - 32K0 - 12Q0 - 4ZO)’

1
aﬁt :ﬁ(12080+8K0+4Q0+Z0), (12)

1
b6 = ﬁ (360]0 - 120L0 + 20Ksym,0 + Zsym.O)v

1
bll = ﬁ (—960.]0 —|— 328L0 —_ 56K5ym’0 - 4stm,0 —_ 4Zsym’0) N

1
bl =—
2704

1
bg = ﬁ (-576.]0 + 192L0 - 32K5ym.0 - 12stm'0 - 4ZSym’0),

(10807 —360L¢ 460K gy 0+ 12Q gm0 +6Zsymo)-

1
b:; :ﬂ(lzo‘lo _40L0 + 8I<sym.0 +4stm,0 JrZsym,O)' (13)

Each of the coefficients a’ and b’ is the linear combination
of nuclear matter parameters in such a way that the lower-
order parameters may contribute dominantly at low den-
sities. The effects of higher-order parameters become
prominent with the increase in density.

C. Bayesian estimation of nuclear matter parameters

A Bayesian approach enables one to carry out detailed
statistical analysis of the parameters of a model for a given
set of fit data. It yields joint posterior distributions of model
parameters which can be used not only to study the
distributions of given parameters but also to examine
correlations among model parameters. One can also incor-
porate prior knowledge of the model parameters and
various constraints on them through the prior distributions.
This approach is mainly based on the Bayes theorem,
which states that [61]

P(0|D) = w (14)
Z
where € and D denote the set of model parameters and the
fit data, respectively. The P(@|D) is the joint posterior
distribution of the parameters, £(D|@) is the likelihood
function, P(@) is the prior for the model parameters, and
Z is the evidence. The posterior distribution of a given
parameter can be obtained by marginalizing P(6|D) over
remaining parameters. The marginalized posterior distri-

bution for a parameter ; can be obtained as

P(6,|D) = / P(6|D)] [ 6. (15)
k#i
We use a Gaussian likelihood function defined as

(o) = [[— A=) (16)

j 2710?

Here, the index j runs over all the data, and d j and m ; are
the data and corresponding model values, respectively. The
o; are the adopted uncertainties. The evidence Z in Eq. (14)
is obtained by complete marginalization of the likelihood
function. It is relevant when employed to compare different
models. However, in the present work, Z is not very
relevant. To populate the posterior distribution of Eq. (14),
we implement a nested sampling algorithm by invoking the
Pymultinest nested sampling [62] in the Bayesian Inference
Library [25].

III. RESULTS AND DISCUSSIONS

We obtained the EOSs for BEM using Taylor and %
expansions as discussed in previous Egs. (4) and (9). The
coefficients of the Taylor expansion are the individual
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nuclear matter parameters, whereas they correspond to
linear combinations of nuclear matter parameters for the 5
expansion. We have constructed marginalized posterior
distributions for the nuclear matter parameters by applying
a Bayesian approach to both the expansions considered.
The nuclear matter parameters or the corresponding EOSs
are consistent with a set of minimal constraints that
includes basic properties of saturated nuclear matter and
low-density (p = 0.08-0.16 fm=3) EOS for pure neutron
matter from the (N*LO) calculation in chiral effective field
theory [63]. This large number of EOSs is employed
to evaluate the properties of the neutron star such as
tidal deformability, radius, and maximum mass. The
correlations of neutron star properties with the pressure
of f-equilibrated matter at a given density are studied. Most
of these correlations are sensitive to the choice of the
neutron star mass and EOS at a given density. Our results
for the correlations of tidal deformability with pressure for
p-equilibrated matter are analogous to those obtained using
a diverse set of nonrelativistic and relativistic mean-field
models (MFMs) that reemphasize their model independ-
ence. Such model-independent trends inspire us to para-
metrize the pressure for -equilibrated matter around 2p, in
terms of neutron star mass and the corresponding tidal
deformability.

A. Priors, likelihood, and filters

We apply a Bayesian approach to obtain two large sets of
EOSs corresponding to the Taylor and 5 expansions. The
posterior distributions for the NMPs are obtained by
subjecting the EOSs to a set of minimal constraints which
include some basic properties of nuclear matter evaluated at
the saturation density p, and EOS for the pure neutron
matter at low density. The constraints on the nuclear matter
parameters are incorporated through the priors and those
from the EOS for the pure neutron matter through the
likelihood function. Not all the nuclear matter parameters
are well constrained. Only a very few low-order nuclear
matter parameters constrained within narrow bounds are
the binding energy per nucleon ¢, = —16.0 & 0.3 MeV,
nuclear matter incompressibility coefficients K, = 240 +
50 MeV for the symmetric nuclear matter, and symmetry
energy coefficient J, = 32.0 =5 MeV. The values of ¢,
and J, are very well constrained by the binding energy
of finite nuclei over a wide range of nuclear masses
[10,64—68]. The value of K, is constrained from the
experimental data on the centroid energy of isoscalar giant
monopole resonance in a few heavy nuclei [69,70]. The
values of L have been extracted from experimental data on
a variety of phenomena in the finite nuclei as well as from
neutron star observations. The model-independent estimate
of L, is expected to be derived from the measurement of
neutron-skin thickness in asymmetric nuclei. Recent meas-
urement of neutron-skin thickness in 2°Pb nucleus yields
Ly =106 =37 MeV [71]. However, this value of L, has

only marginal overlap at the lower side with those deter-
mined using experimental data on isovector giant dipole
resonances in several nuclei [72] and recent neutron star
observations [73]. The remaining nuclear matter parameters
Qo> Zo» Kgymo> Osymo> and Zgyp o are constrained only
poorly [24,74-77]. The priors for the nuclear matter
parameters employed in the present work are listed in
Table 1. The prior distributions of ¢y, Kq, and J, are
assumed to be Gaussian with rather smaller width, whereas
the other higher-order nuclear matter parameters corre-
spond to Gaussian distribution with very large width. We
have also repeated our calculations with uniform priors for
the higher-order nuclear matter parameters, and the results
for the median values are found to be practically unaltered
and uncertainties are modified marginally, up to 10% (not
shown). In what follows, we present only those results
which are obtained with priors as listed in Table 1.

We know that the direct application of the lattice QCD
simulations is challenging to hadronic physics at finite
density due to the sign problem in Monte Carlo simula-
tions. However, analytical calculations in terms of the
effective degrees of freedom at low energy (p < pg) like
chiral effective theory are valid with negligible uncertainty.
The precise N3LO calculations are usually fitted to the
nucleon-deuteron scattering cross section or few-body
observables and even saturation properties of heavier nuclei
[78]. The low-density EOS for the pure neutron matter
obtained from a (N’LO) calculation in chiral effective field
theory [63] is employed as pseudodata to obtain a simple
likelihood function as given by Eq. (16). The d’s and the ¢’s
in Eq. (16) are the pseudodata for the energy per neutron
and the corresponding uncertainties taken from Ref. [63],
respectively. This has been employed in many of the past

TABLE I. The prior distributions of the nuclear matter param-
eters. The nuclear matter parameters considered are the binding
energy per nucleon (gy), incompressibility coefficient (Kj),
symmetry energy coefficient (J,), its slope parameter (L),
and symmetry energy curvature parameter (K o), and
Q0(Qsymo) and Zy(Zgym ) are related to third- and fourth-order
density derivatives of E(p,0) [Egm(p)], respectively. All the
nuclear matter parameters are evaluated at saturation density
po = 0.16 fm~3. The parameters of Gaussian distribution (G) are
the mean (u) and standard deviation (o).

NMPs (in MeV) Pr-Dist u o

£ G —16 0.3
Ky G 240 50
Qo G —400 400
Zy G 1500 1500
Jo G 32 5
Ly G 50 50
Kymo G —100 200
Ogym,o G 550 400
Zymo G —-2000 2000
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analyses as their pseudodata [22,79—82]. We have consid-
ered the values of energy per neutron over the density range
p = 0.08-0.16 fm=3. At densities lower than 0.08 fm~3,
the neutron star matter is expected to be clusterized.

We have filtered the nuclear matter parameters by
demanding that (i) the pressure for the p-equilibrated
matter should increase monotonically with density
(thermodynamic stability), (ii) the speed of sound must
not exceed the speed of light (causality), and (iii) the
maximum mass of the neutron star must exceed 2 Mg
(observational constraint). The causality breaks down at
higher density mostly for the Taylor EOS. In such cases, we
use the stiffest EOS, P(¢) = P,, + (¢ —¢,,), where P,, and
€,, are the pressure and corresponding energy density at
which the causality breaks, respectively [83].

B. Posterior distribution of nuclear matter parameters

To undertake the correlation systematics as proposed, we
need a large number of EOSs with diverse behavior and
corresponding neutron star properties. The posterior dis-
tributions for the nuclear matter parameters for the Taylor
and § expansions are obtained by subjecting the EOS to a
set of minimal constraints as discussed above. The joint
posterior distribution of the NMPs for a given model
depends on the product of the likelihood and the prior
distribution of nuclear matter parameters [Eq. (14)]. The
posterior distribution of each individual parameter is
obtained by marginalizing the joint posterior distribution
with the remaining model parameters. If the marginalized
posterior distribution of a nuclear matter parameter is
localized more than the corresponding prior distribution,
then the nuclear matter parameter is said to be well
constrained by the data used for model fitting.

The corner plots for the marginalized posterior distribu-
tions for the nuclear matter parameters in one and two
dimensions obtained for Taylor and % expansions are
displayed in Figs. 1 and 2, respectively. The differences
between the one-dimensional posterior distributions for the
nuclear matter parameters and corresponding prior distri-
butions reflect the role of low-density EOSs for pure
neutron matter in constraining the nuclear matter param-
eters. The EOS for the pure neutron matter mainly con-
strains the values of J, Ly, and Ky, o and to some extent
Qgymo and Zg, 0. The shapes and the orientations of the
confidence ellipses suggest that the correlations among
most of the NMPs are weak. Most strong correlations exist
only between Qg — Zy, Ly — Jy, and Ly — Ky, o for both
the expansions with correlation coefficient r ~ 0.8. The
Ky — Qq correlation is slightly better in the case of §
expansion (r ~ —0.6) as compared to Taylor (r ~ —0.18).
The median values of the nuclear matter parameters and the
corresponding 68% (90%) confidence intervals obtained
from the marginalized posterior distributions are listed in
Table III (see the Appendix). We also provide the values for
the nuclear matter parameters obtained without the PNM

constraints. The low-density pure neutron matter mainly
constrains those nuclear matter parameters which are
associated with the density dependence of the symmetry
energy. The median values of L, and K, , which
determined the linear and quadratic density dependence
of the symmetry energy, become smaller, suggesting softer
symmetry energy “at high density” with the inclusion of
pure neutron matter constraints. Furthermore, the uncer-
tainties on L, reduced by more than 50%. The median
value of Qg remain more or less unaltered. From the
recent measurement of the neutron-skin thickness for 2°*Pb
nucleus (PREX-II) [71,84], ARy, = 0.283 £0.071 fm,
the value of L, has been determined to be 106+
37 MeV [71]. This value of L, agrees with the ones
obtained in the present work with PNM constrained only
within 90% confidence interval.

C. Properties of neutron stars

Once the EOS for the core and crust are known, the
values of NS mass, radius, and tidal deformability corre-
sponding to a given central pressure can be obtained by
solving Tolman-Oppenheimer-Volkoff equations [85,86].
The EOSs for the core region of a neutron star, correspond
to the f-equilibrated matter over the density range 0.5-8p,),
are obtained from the posterior distributions of nuclear
matter parameters for the Taylor and § expansions. The core
EOSs are matched to the crust EOSs for obtaining the NS
properties. The EOS for the outer crust is taken to be the
one given by Baym, Pethick, and Sutherland [87]. The
inner crust that joins the inner edge of the outer crust and
the outer edge of the core is assumed to be polytropic [88]:
p(e) = ¢; + c,¢”. Here, the parameters ¢, and ¢, are
determined in such a way that the EOS for the inner crust
matches with the outer crust at one end (p = 10™* fm™?)
and with the core at the other end (0.5p). The polytropic
index y is taken to be equal to 4/3. The radii of neutron
stars with mass ~1 M are more sensitive to the treatment
of crust EOSs [89]. It is demonstrated that the treatment of
crust EOSs employed in the present work may introduce
uncertainties of about 50—100 m in the radii of NSs having
mass 1.4 M. It is shown in Ref. [90] that the choice of
EOS for the inner crust does not significantly impact the
values of tidal deformability which depends on the Love
number k, as well as the compactness parameter.

We have obtained the distributions of A;4, R4, Rs 7,
and M, using the posterior distributions for the nuclear
matter parameters corresponding to the Taylor and %
expansions. The corner plots for these NS properties are
displayed in Fig. 3. The effective priors for the NS
properties as shown by green lines are obtained using
the priors for the nuclear matter parameters. The posterior
distributions of NS properties are narrower than the
corresponding effective priors, indicating the significance
of the low-density EOS for the pure neutron matter.
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FIG. 1. Corner plots for the nuclear matter parameters (in MeV) obtained for Taylor expansions for the EOS of asymmetric nuclear
matter. The one-dimensional marginalized posterior distributions (salmon) and the prior distributions (green lines) are displayed along
the diagonal plots. The vertical lines indicate a 68% confidence interval of nuclear matter parameters. The confidence ellipses for two-
dimensional posterior distributions are plotted with 1o, 26, and 36 confidence intervals along the off-diagonal plots. The distributions of
nuclear matter parameters are obtained by subjecting them to minimal constraints (see the text for details).
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FIG. 2. The same as Fig. 1, but for § expansions for the EOS of asymmetric nuclear matter.

The posterior distributions of A;,4 and R, for both the
expansions are quite close to each other. The differences
begin to appear for the case of R, y;, which become even
larger for the maximum mass. This is due to the fact that
the Taylor EOSs are much more stiffer than those for %.

The dichotomy in the high-density behavior of the Taylor
and % expansions would help us to understand the extent to
which the correlations of the EOSs with the properties of
NSs, for masses in the range 1-2 M, are model depen-
dent. It is clear from off-diagonal plots that A, 4 is strongly
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(km), and the maximum mass M, (M) for Taylor (top) and §
(bottom) expansions. The green lines represent effective priors
obtained using the priors for nuclear matter parameters (see also
Table I).

correlated with R4, and the correlation coefficient is
r~0.9. The A, 4 and R, 4 also display stronger correlations
with R, ; (r ~ 0.8) for the case of Taylor and somewhat
moderate correlations (r ~0.7) for the 5 expansion. The
maximum mass of the neutron star is almost uncorrelated
with the other NS properties considered.

We have summarized in Table IV (see the Appendix) the
median values of NS properties along with 68% (90%)

confidence intervals. Like in the case of nuclear matter
parameters, the NS properties get significantly constrained
by the EOS of pure neutron matter at low density. For
instance, the median values of A;4 become smaller by
about 15% and the associated uncertainties by about 40%
with the pure neutron matter constraints. The median values
of R;, and the corresponding uncertainties also become
noticeably smaller. The R,,; and M, do not show
significant changes with the inclusion of low-density pure
neutron matter constraints. With the PNM constraints, the
90% confidence interval of the neutron star properties such
as tidal deformability, radius, and mass overlap with the
currently available bounds A;4 € [70,580] [4], R4 €
[11.41,13.61] km [91], Ry¢; € [11.8,13.1] km [92], and
My 2209 Mg [93].  The My, = 248700 M,
obtained for the Taylor EOSs is on the slightly higher side
in comparison to the ones derived by combining the
GW170817 observations of merging of binary neutron
stars and quasiuniversal relation [94]. The observed electro-
magnetic emissions in the form of a kilonova and the
detection of a gamma-ray burst have been linked to the
formation of a black hole and, thus, have been utilized to
infer the maximum mass of a stable neutron star. However,
such inference of the maximum mass is subjected to
uncertainties originating from model dependence of post-
merger dynamics. Recent observation of the GW190814
event, a neutron star black hole-binary neutron star merger,
has triggered an assessment of the maximum mass of a
stable neutron star [95]. While there are different opinions
available in the literature, the nature of a compact object in
the range of 2.5-2.67 M being a neutron star or black hole
seems to be an unsettled issue to date [94-99]. So the
maximum mass (M,,,) we got for the Taylor model
supporting the static NS of mass greater than 2.5 Mg
may not be ruled out at present.

We obtain joint probability distribution P(M,R) for a
given mass and radius for both the Taylor and § expansions.
They display qualitatively very much similar trends. In
Fig. 4, we plot the P(M, R) obtained for the § expansion.
The 90% confidence interval is represented by a red dashed
line. The color gradient from orange to dark purple
represents the lowest to highest probability. The most
probable values for R;, and R, ; are approximately
13.3 and 12.3 km, respectively. The P(M, R) is maximum
forM ~1.4-2.0 Mg and R ~ 12.4-13.4 km. The 90% con-
fidence interval has significant overlap with LIGO-Virgo
and NICER estimations. It may be, however, pointed out
that the main objective of the present work is to construct
large sets of EOSs with diverse behavior to assess various
correlation systematics as follows.

D. Correlations of neutron star properties with EOSs

We randomly select 1000 EOSs and corresponding NS
properties from marginalized posterior distributions

obtained for the Taylor as well as 5 expansions. They
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FIG. 4. Plot for joint probability distribution P(M,R) as a
function of the mass and radius of the neutron star obtained for §
expansion. The red dashed line represents the 90% confidence
interval. The outer and inner gray shaded regions indicate the
90% (solid) and 50% (dashed) confidence interval of the LIGO-
Virgo analysis for the BNS component from the GW170817
event [100-102]. The rectangular regions enclosed by dotted
lines indicate the constraints from the millisecond pulsar PSR
JO030 + 0451 (purple and black) NICER x-ray data [103,104]
and PSR J0740 4 6620 (green) [92].

are used to study the correlations of various NS properties
with key quantities determining the behavior of the EOS.
The correlations of A;4, Ry4, Ryo7, and M, with the
pressure of f-equilibrated matter over a wide range of
densities are evaluated. The values of correlation coeffi-
cients are plotted as a function of the density in Fig. 5. We
also display the values of correlation coefficients for NS
properties with the pressure of f-equilibrated matter calcu-
lated using unified EOSs for a diverse set of 41 non-
relativistic and relativistic MFMs [89]. The various NS
properties considered show strong correlations with
Pggm(p) around a particular density. The density at which
the correlation is maximum increases with the NS mass.
The values of Ay, and R;, are strongly correlated with
Pgem(p) at density ~1.5-2.5p,. The R,q; is strongly
correlated with Pggy(p) around 3pg. The M, is strongly
correlated with Pggy(p) around 4.5p,. Our results for the
Taylor and % expansions for the region of maximum
correlations are in line with those obtained using a diverse
set of mean-field models, except for the case of R, ;.
Thus, it seems possible that the EOS over a range
of densities beyond p, can be constrained in a nearly
model-independent manner with the help of various NS
observables.

In Table V (see the Appendix), we list the values of
correlation coefficients obtained between the NS properties
and the EOSs at some selected densities. The correlation

1.0r

0.5-

r(x, Pgu(p))

0.0-

1.0r

o
)
g

r(x, Pgeu(p))

o
2
N

P/Po

FIG. 5. The correlation coefficients r(x, Pggv(p)), as approxi-
mated by both Taylor and % expansion along with the mean-field
theory calculations, are shown in this figure. Here, x represents
either of the tidal deformability A4, radii R;4 and R,;, or
maximum mass M, of the neutron star, whereas Pggy(p)
represents the pressure for B-equilibrated matter at a density p.
The calculations are performed with neutron star properties
obtained using marginalized posterior distributions of nuclear
matter parameters in Taylor and § expansions. For comparison,
the results are also displayed for a diverse set of nonrelativistic
and relativistic microscopic MFMs.

coefficients are obtained using 100 and 1000 EOSs,
corresponding to Taylor and % expansions, randomly
selected from the posterior distributions. We also present
the results which are obtained by combining 1000 EOSs
corresponding to each of the expansions. The values of
correlation coefficients for the combined set of EOSs are
close to those obtained separately. The values of the
correlation coefficients are close to those obtained for
mean-field models listed in second column. We plot in
Fig. 6 the variations of Pgry(p), at selected densities, with
Ai 4, Ri4, Ry7, and M, for which the correlations are
stronger. We compare our results with those obtained from
a diverse set of mean-field models. The correlation lines
obtained by combining results of the Taylor and § expan-
sions are also plotted to estimate the values of Pggy(p) at
selected densities with the help of NS properties. The
equations for the correlation lines are obtained using linear
regression as
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FIG. 6. The variations of pressure for f-equilibrated matter
[Peem(p)] at selected densities versus tidal deformability A, 4,
radii R; 4 and R, (7, and maximum mass M, of the neutron star.
The red dashed lines are obtained by linear regression [see
Eq. (17) in Sec. III D].

PBEM<2p0)
———— = —(0.96£0.1 0473 £ 0. 2)A
MoV fi3 (0.96+0.10) + (0.0473 £0.0002) A, 4,
Pgem(200) R4
———— = — (—85.63 +0.89 8.01 £0.06)—=,
MeV fm3 ( )+ ( )km
Pgem(3p0) Ry o7
——— = —(=233.16 -2.85 25.86 +£0.23) ——,
MeV fm3 ( )+ ( ) km
P 4. M
M = (—895.85£4.00) + (524.75 £ 1.70) —=.
MeV fm™ Mg

(17)

We extend our analysis for the correlations of the
pressure for the f-equilibrated matter with tidal deform-
ability over a wide range of neutron star mass. In Fig. 7, we
display a color-coded graph for the correlations of tidal
deformability of neutron stars for the mass 1.2-2.0 M
with the pressure for f-equilibrated matter at densities
0.5-5p¢ [r(Ay, Peem(p))]- One can easily obtain the value
of the correlation coefficient as a function of the density at a
given NS mass. The Pggy(p) at p ~ 1.5-2.5p, are strongly
correlated (r ~0.8-1) with tidal deformability for NS
masses in the range 1.2-2.0 M. Hence, Pggy(p) can
be parametrized at a given p as

Pgem(p)

—————=a(M)+ b(M)A\y. 18

MeV fm™3 a(M) + b(M) Ay (18)
with mass-dependent coefficients a(M) and b(M)

expanded as

1.0
0.8

—

—

06 &

=

&

o

0.4 &

=
0.2
0.0

1.6
M(M,)

FIG. 7. Dependence of correlation coefficients between tidal
deformability (Aj,) and the pressure of f-equilibrated matter
[Pgem(p)] on neutron star mass (M) and density (p) is depicted in
this plot. Here, py, = 0.16 fm~3 is used only for scaling purposes.

a(M) = (ag+ a\(M — M) + ay(M — My)?),  (19)

b(M) = (by + by (M — Mo) + by (M — M)*).  (20)

respectively, where M is taken to be 1.4 M, and the
values of a; and b; are estimated using a Bayesian
approach with the help of Pggy(p) and tidal deformability
obtained for Taylor and 5 expansions. For a given p,
Eq. (18) is fitted using the tidal deformability correspond-
ing to NS mass 1.2-2.0 M. The priors for a; and b; are
taken to be uniform in the range of —100 to 100. The
calculations are performed for p = 1.5, 2.0, and 2.5p,. All
the a;’s are strongly correlated with corresponding b;’s.
The median values of parameters a; and b; and associated
uncertainties are summarized in Table II. It may be noticed
that the values of aq and b, for the case of Pggy(2pg) are
not the same as those in Eq. (17). This may be partly due
to the strong correlations between a, and b, of Eq. (18).
Moreover, Eq. (17) is fitted to the values of tidal
deformability at a fixed NS mass 1.4 M. To validate
our parametrized form for Pggy(p), we have calculated
the values of Pggy(2p9) using Eq. (18) with the help
of tidal deformability for 1.4 M obtained for a large
number of mean-field models which includes the one
considered in Fig. 5 along with those taken from
Refs. [23,81,105]. The average deviation of Pggpm(200),
obtained using Eq. (18), from the actual values is about
10%. We find marginal improvement when the terms
corresponding to quadratic in tidal deformability are
included in Eq. (18).

In Fig. 8, we display the variations of tidal deformability
as a function of the mass and pressure for f-equilibrated
matter at p = 1.5, 2.0, and 2.5p. These results are obtained
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TABLE II. The median values and associated 68% (90%) uncertainties for the parameters, appearing in Eq. (18), obtained from their
marginalized posterior distributions. The values of parameters b, by, and b, as listed are scaled up by a factor of 10.

Pressure (in MeV fm™) ag a; a, by b, b,
Par( 1570 0SSOEY 1860 0 Tas1 IO 0176 S im0l 0740 SR 1152 0800
a0} 014675000 0,508 01508 57,000/ 02507) 4031080 2234 SN 3 705 020D
Pyen(250) 7.345 5 os0t00a0) ~15-1021516700521) 68411 555K00ams) 09061501 oone) 4518 5nutonns) 8115 0012(0005)

using the parametrized form for Pggy(p) as given by
Eq. (18). One can easily estimate the values of Pggy(p) for
p ~ 2po once the values of tidal deformability known in NS
mass ranges 1.2-2.0 M.

Pgeu(1.5p,)(MeVim3)

Pgen(2p0) (MeVEm-3)

v
3
Pgu(2.5p,)(MeVim-3)

16
M(M,)

FIG. 8. The median values of pressure for f-equilibrated matter
is shown here as a function of the neutron star mass and its tidal
deformability at densities 1.5p, (top), 2.0py (middle), and 2.5p,
(bottom).

IV. CONCLUSIONS

We have used Taylor and 5 expansions of equations of
state to construct marginalized posterior distributions of the
nuclear matter parameters which are consistent with the
minimal constraints. Only a few low-order nuclear matter
parameters, such as the energy per nucleon, incompress-
ibility coefficient for the symmetric nuclear matter, and
symmetry energy coefficients at the saturation density (p,),
are constrained in narrow windows along with the low-
density pure neutron matter EOS obtained from a precise
N3LO calculation in chiral effective field theory. The tidal
deformability, radius, and maximum mass are evaluated
using large sets of minimally constrained EOSs.

The correlations of neutron star properties over a wide
range of mass with various key quantities characterizing the
EOSs are investigated. We find that the values of tidal
deformability and radius for the neutron star with 1.4 Mg
are strongly correlated with the pressure for the $-equilibrated
matter at density ~2py. The radius for 2.07 M neutron star is
strongly correlated with the pressure for #-equilibrated matter
at density ~3p,. The maximum mass of the neutron star is
correlated with the pressure for the -equilibrated matter at
density ~4.5p,. These correlation systematics are in harmony
with those obtained for unified EOSs for the f-equilibrated
matter available for a diverse set of nonrelativistic and
relativistic mean-field models. We exploit the model inde-
pendence of correlations to parametrize the pressure for
p-equilibrated matter, in the density range 1.5-2.5p,, in
terms of the mass and corresponding tidal deformability
of the neutron star. Such a parametric form may facilitate a
back-of-the-envelope estimation of the pressure at densities
around 2p,, for a given value of tidal deformability of neutron
stars with mass in the range of 1.2-2.0 M.
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APPENDIX: SOME USEFUL TABLES

We present our results in tabular form which are obtained
with the minimal constraints. The values of the nuclear
matters, properties of neutron stars, and their correlations
with various key quantities associated with EOSs are listed
in Tables III-V. These results are depicted in Figs. 1-6.

TABLE III. The median values and associated 68% (90%) uncertainties for the nuclear matter parameters from their marginalized
posterior distributions. The results are obtained for Taylor and § expansions with and without PNM constraints.

Without PNM With PNM
NMPs (in MeV) Taylor s Taylor 2
“ o0y E S50zt 600350 600 g
Ko 236422551050 233,381 Tx(w305) 2374305 750320 23196231 e
2 eI s s NS assnaeer
2 LAl STEEIE e007 BTSN s SRS et
Jo 3237 ) 3237023 3188200y 159 3187 0 e)
L 985711116 560 90 10572 205 52
Koms SSSSIEISTE aonSRI s O g Thme
Qymo EIBEM 705.36135, 72(727:30) 699.56 333 5a(530.10) 726491354 S1(es ey
Zoymo _p (7+119067(2153.84) 1390 39T 1518:69(2526.53) 555 3471205.62(2255.28) _1622.35+1606.61(2788.70)

—820.92(1473.09)

1856.18(3623.74)

—782.52(1415.84) —1911.81(3468.40)

TABLE IV. Similar to Table III, but for the neutron star properties, namely, the tidal deformability (A 4), radii (R;4 and R, (7), and

maximum mass (M ,,,).

Without PNM With PNM
NS properties Taylor 3 Taylor 3
SREETS assEEE aen DRI wes i
Ry (k) la69" 208 41571705 BaTLD B2ty
Raay (k) 2SR 27932 72735508 D020
Monax (Mo) 2451 006013) 2.19 5 001009) 248 507101 220 5000011)
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TABLE V. The comparison of values for Pearson’s correlation coefficient (r) obtained from randomly selected 100 and 1000 EOSs
using both Taylor and § expansions. The values of correlation coefficients are also obtained by combining 1000 EOSs from each of the
expansions. For comparison, the values of r obtained for a diverse set of mean-field models are also presented in the second column.

MFM Taylor 3 Combined
Name of pairs 41 100 1000 100 1000 2000
Ay 4-Pem(2p0) 0.90 0.98 0.98 0.99 0.98 0.98
R 4-Pgem(2p0) 0.83 0.93 0.93 0.94 0.93 0.93
R507-Pev(3p0) 0.81 0.93 0.91 0.92 0.92 0.93
M ax-Prem (4.5p0) 0.99 0.97 0.98 0.95 0.96 0.99

[1] B.P. Abbott et al., Phys. Rev. X 9, 011001 (2019).
[2] B.P. Abbott et al., Astrophys. J. 882, L24 (2019).
[3] B.P. Abbott et al., Astrophys. J. 892, L3 (2020).
[4] B.P. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017).
[5] T. Malik, N. Alam, M. Fortin, C. Providéncia, B.K.
Agrawal, T.K. Jha, B. Kumar, and S.K. Patra, Phys.
Rev. C 98, 035804 (2018).
[6] S. De, D. Finstad, J. M. Lattimer, D. A. Brown, E. Berger,
and C. M. Biwer, Phys. Rev. Lett. 121, 091102 (2018).
[7] E.J. Fattoyev, J. Piekarewicz, and C.J. Horowitz, Phys.
Rev. Lett. 120, 172702 (2018).
[8] P. Landry and R. Essick, Phys. Rev. D 99, 084049
(2019).
[9] J. Piekarewicz and F. J. Fattoyev, Phys. Rev. C 99, 045802
(2019).
[10] T. Malik, B.K. Agrawal, J.N. De, S.K. Samaddar,
C. Providéncia, C. Mondal, and T. K. Jha, Phys. Rev. C
99, 052801 (2019).
[11] B. Biswas, P. Char, R. Nandi, and S. Bose, Phys. Rev. D
103, 103015 (2021).
[12] H. D. Thi, C. Mondal, and F. Gulminelli, Universe 7, 373
(2021).
[13] A.L. Watts et al., Rev. Mod. Phys. 88, 021001 (2016).
[14] M. C. Miller et al., Astrophys. J. 887, L24 (2019).
[15] T. Riley et al., Astrophys. J. Lett. 887, L21 (2019).
[16] N.-B. Zhang, B.-A. Li, and J. Xu, Astrophys. J. 859, 90
(2018).
[17] B.J. Cai and B.A. Li, Phys. Rev. C 103, 034607
(2021).
[18] H. Gil, P. Papakonstantinou, and C. H. Hyun, Int. J. Mod.
Phys. E 31, 2250013 (2022).
[19] J.M. Lattimer and M. Prakash, Astrophys. J. 550, 426
(2001).
[20] A. Maselli, V. Cardoso, V. Ferrari, L. Gualtieri, and P. Pani,
Phys. Rev. D 88, 023007 (2013).
[21] B.P. Abbott ef al., Phys. Rev. Lett. 121, 161101 (2018).
[22] Y. Lim and J. W. Holt, Phys. Rev. Lett. 121, 062701
(2018).
[23] C.Y. Tsang, M. B. Tsang, P. Danielewicz, W. G. Lynch,
and F. J. Fattoyev, Phys. Lett. B 796, 1 (2019).
[24] C. Y. Tsang, M. B. Tsang, P. Danielewicz, W. G. Lynch,
and F. J. Fattoyev, Phys. Rev. C 102, 045808 (2020).
[25] G. Ashton et al., Astrophys. J. Suppl. Ser. 241, 27 (2019).

[26] S. Biscoveanu, E. Thrane, and S. Vitale, Astrophys. J. 893,
38 (2020).

[27] M. W. Coughlin and T. Dietrich, Phys. Rev. D 100, 043011
(2019).

[28] F. Hernandez Vivanco, R. Smith, E. Thrane, P. D. Lasky,
C. Talbot, and V. Raymond, Phys. Rev. D 100, 103009
(2019).

[29] S. Biscoveanu, S. Vitale, and C.-J. Haster, Astrophys. J.
884, L32 (2019).

[30] M. E. Lower, E. Thrane, P. D. Lasky, and R. Smith, Phys.
Rev. D 98, 083028 (2018).

[31] 1. M. Romero-Shaw, P. D. Lasky, and E. Thrane, Mon. Not.
R. Astron. Soc. 490, 5210 (2019).

[32] A. Ramos-Buades, S. Husa, G. Pratten, H. Estellés,
C. Garcia-Quirés, M. Mateu-Lucena, M. Colleoni, and
R. Jaume, Phys. Rev. D 101, 083015 (2020).

[33] I. M. Romero-Shaw, N. Farrow, S. Stevenson, E. Thrane,
and X. J. Zhu, Mon. Not. R. Astron. Soc. 496, .64 (2020).

[34] M. Zevin, C. P. L. Berry, S. Coughlin, K. Chatziioannou,
and S. Vitale, Astrophys. J. 899, L17 (2020).

[35] D. Keitel, Res. Notes. AAS 3, 46 (2019).

[36] G. Ashton and S. Khan, Phys. Rev. D 101, 064037 (2020).

[37] E. Payne, C. Talbot, and E. Thrane, Phys. Rev. D 100,
123017 (2019).

[38] Z.C. Zhao, H.N. Lin, and Z. Chang, Chin. Phys. C 43,
075102 (2019).

[39] S. Wesolowski, N. Klco, R. J. Furnstahl, D. R. Phillips, and
A. Thapaliya, J. Phys. G 43, 074001 (2016).

[40] R. Somasundaram, C. Drischler, I. Tews, and .
Margueron, Phys. Rev. C 103, 045803 (2021).

[41] C. Drischler, S. Han, J. M. Lattimer, M. Prakash, S. Reddy,
and T. Zhao, Phys. Rev. C 103, 045808 (2021).

[42] 1. Tews, J. M. Lattimer, A. Ohnishi, and E. E. Kolomeitsev,
Astrophys. J. 848, 105 (2017).

[43] T. Carreau, F. Gulminelli, and J. Margueron, Phys. Rev. C
100, 055803 (2019).

[44] H.D. Thi, T. Carreau, A.F. Fantina, and F. Gulminelli,
Astron. Astrophys. 654, A114 (2021).

[45] T.E. Riley, G. Raaijmakers, and A. L. Watts, Mon. Not. R.
Astron. Soc. 478, 1093 (2018).

[46] G. Raaijmakers et al., Astrophys. J. Lett. 893, L21 (2020).

[47] J.-L. Jiang, S.-P. Tang, Y.-Z. Wang, Y.-Z. Fan, and D.-M.
Wei, Astrophys. J. 892, 1 (2020).

043024-13


https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.3847/2041-8213/ab3800
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevC.98.035804
https://doi.org/10.1103/PhysRevC.98.035804
https://doi.org/10.1103/PhysRevLett.121.091102
https://doi.org/10.1103/PhysRevLett.120.172702
https://doi.org/10.1103/PhysRevLett.120.172702
https://doi.org/10.1103/PhysRevD.99.084049
https://doi.org/10.1103/PhysRevD.99.084049
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevC.99.052801
https://doi.org/10.1103/PhysRevC.99.052801
https://doi.org/10.1103/PhysRevD.103.103015
https://doi.org/10.1103/PhysRevD.103.103015
https://doi.org/10.3390/universe7100373
https://doi.org/10.3390/universe7100373
https://doi.org/10.1103/RevModPhys.88.021001
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/1538-4357/aac027
https://doi.org/10.3847/1538-4357/aac027
https://doi.org/10.1103/PhysRevC.103.034607
https://doi.org/10.1103/PhysRevC.103.034607
https://doi.org/10.1142/S0218301322500136
https://doi.org/10.1142/S0218301322500136
https://doi.org/10.1086/319702
https://doi.org/10.1086/319702
https://doi.org/10.1103/PhysRevD.88.023007
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.062701
https://doi.org/10.1103/PhysRevLett.121.062701
https://doi.org/10.1016/j.physletb.2019.05.055
https://doi.org/10.1103/PhysRevC.102.045808
https://doi.org/10.3847/1538-4365/ab06fc
https://doi.org/10.3847/1538-4357/ab7eaf
https://doi.org/10.3847/1538-4357/ab7eaf
https://doi.org/10.1103/PhysRevD.100.043011
https://doi.org/10.1103/PhysRevD.100.043011
https://doi.org/10.1103/PhysRevD.100.103009
https://doi.org/10.1103/PhysRevD.100.103009
https://doi.org/10.3847/2041-8213/ab479e
https://doi.org/10.3847/2041-8213/ab479e
https://doi.org/10.1103/PhysRevD.98.083028
https://doi.org/10.1103/PhysRevD.98.083028
https://doi.org/10.1093/mnras/stz2996
https://doi.org/10.1093/mnras/stz2996
https://doi.org/10.1103/PhysRevD.101.083015
https://doi.org/10.1093/mnrasl/slaa084
https://doi.org/10.3847/2041-8213/aba8ef
https://doi.org/10.3847/2515-5172/ab0c0b
https://doi.org/10.1103/PhysRevD.101.064037
https://doi.org/10.1103/PhysRevD.100.123017
https://doi.org/10.1103/PhysRevD.100.123017
https://doi.org/10.1088/1674-1137/43/7/075102
https://doi.org/10.1088/1674-1137/43/7/075102
https://doi.org/10.1088/0954-3899/43/7/074001
https://doi.org/10.1103/PhysRevC.103.045803
https://doi.org/10.1103/PhysRevC.103.045808
https://doi.org/10.3847/1538-4357/aa8db9
https://doi.org/10.1103/PhysRevC.100.055803
https://doi.org/10.1103/PhysRevC.100.055803
https://doi.org/10.1051/0004-6361/202141192
https://doi.org/10.1093/mnras/sty1051
https://doi.org/10.1093/mnras/sty1051
https://doi.org/10.3847/2041-8213/ab822f
https://doi.org/10.3847/1538-4357/ab77cf

PATRA, IMAM, AGRAWAL, MUKHERIJEE, and MALIK

PHYS. REV. D 106, 043024 (2022)

[48] H. Giiven, K. Bozkurt, E. Khan, and J. Margueron, Phys.
Rev. C 102, 015805 (2020).

[49] B. Biswas, Astrophys. J. 921, 63 (2021).

[50] P. Landry, R. Essick, and K. Chatziioannou, Phys. Rev. D
101, 123007 (2020).

[51] S. Huth et al., Nature (London) 606, 276 (2022).

[52] B. Biswas, Astrophys. J. 926, 75 (2022).

[53] S.M. A. Imam, N. K. Patra, C. Mondal, T. Malik, and
B. K. Agrawal, Phys. Rev. C 105, 015806 (2022).

[54] L.-W. Chen, C.M. Ko, and B.-A. Li, Phys. Rev. C 72,
064309 (2005).

[55] L.-W. Chen, B.-J. Cai, C. M. Ko, B.-A. Li, C. Shen, and
J. Xu, Phys. Rev. C 80, 014322 (2009).

[56] W.G. Newton, J. Hooker, M. Gearheart, K. Murphy, D.-H.
Wen, F.J. Fattoyev, and B.-A. Li, Eur. Phys. J. A 50, 41
(2014).

[57] J. Margueron, R. Hoffmann Casali, and F. Gulminelli,
Phys. Rev. C 97, 025805 (2018).

[58] J. Margueron and F. Gulminelli, Phys. Rev. C 99, 025806
(2019).

[59] J. M. Lattimer and M. Prakash, Phys. Rep. 621, 127 (2016).

[60] H. Gil, P. Papakonstantinou, C. H. Hyun, T.-S. Park, and
Y. Oh, Acta Phys. Pol. B 48, 305 (2017).

[61] A. Gelman, J.B. Carlin, H.S. Stern, D.B. Dunson,
A. Vehtari, D.B. Rubin, J. Carlin, H. Stern, D. Rubin,
and D. Dunson, Bayesian Data Analysis, 3rd ed. (CRC
Press, Boca Raton, FL, 2013).

[62] J. Buchner, A. Georgakakis, K. Nandra, L. Hsu, C. Rangel,
M. Brightman, A. Merloni, M. Salvato, J. Donley, and
D. Kocevski, Astron. Astrophys. 564, A125 (2014).

[63] K. Hebeler, J. M. Lattimer, C. J. Pethick, and A. Schwenk,
Astrophys. J. 773, 11 (2013).

[64] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and
R. Schaeffer, Nucl. Phys. A635, 231 (1998).

[65] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and
R. Schaeffer, Nucl. Phys. A627, 710 (1997).

[66] C. Mondal, B. K. Agrawal, and J. N. De, Phys. Rev. C 92,
024302 (2015).

[67] C. Mondal, B. K. Agrawal, J. N. De, and S. K. Samaddar,
Phys. Rev. C 93, 044328 (2016).

[68] A. Sulaksono, T.J. Buervenich, P.G. Reinhard, and
J. A. Maruhn, Phys. Rev. C 79, 044306 (2009).

[69] U. Garg and G. Colo, Prog. Part. Nucl. Phys. 101, 55
(2018).

[70] B. K. Agrawal, S. Shlomo, and V. K. Au, Phys. Rev. C 72,
014310 (2005).

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

[72] X. Roca-Maza, X. Viiias, M. Centelles, B. K. Agrawal,
G. Colo’, N. Paar, J. Piekarewicz, and D. Vretenar, Phys.
Rev. C 92, 064304 (2015).

[73] R. Essick, I. Tews, P. Landry, and A. Schwenk, Phys. Rev.
Lett. 127, 192701 (2021).

[74] M. Ferreira and C. Providéncia, Phys. Rev. D 104, 063006
(2021).

[75] M. Dutra, O. Lourenco, J. S. Sa Martins, A. Delfino, J. R.
Stone, and P.D. Stevenson, Phys. Rev. C 85, 035201
(2012).

[76] M. Dutra, O. Lourenco, S.S. Avancini, B.V. Carlson,
A. Delfino, D. P. Menezes, C. Providéncia, S. Typel, and
J.R. Stone, Phys. Rev. C 90, 055203 (2014).

[77] C. Mondal, B.K. Agrawal, J.N. De, S.K. Samaddar,
M. Centelles, and X. Vifias, Phys. Rev. C 96, 021302
(2017).

[78] C. Drischler, J. W. Holt, and C. Wellenhofer, Annu. Rev.
Nucl. Part. Sci. 71, 403 (2021).

[79] A. Ekstrom, G.R. Jansen, K. A. Wendt, G. Hagen, T.
Papenbrock, B. D. Carlsson, C. Forssén, M. Hjorth-Jensen,
P. Navritil, and W. Nazarewicz, Phys. Rev. C 91, 051301
(2015).

[80] Y. Lim and J. W. Holt, Eur. Phys. J. A 55, 209 (2019).

[81] T. Malik, M. Ferreira, B. K. Agrawal, and C. Providéncia,
Astrophys. J. 930, 17 (2022).

[82] S. Ghosh, B.K. Pradhan, and D. Chatterjee, and
J. Schaftner-Bielich, Front. Astron. Space Sci. 9, 864294
(2022).

[83] N. K. Glendenning, Phys. Rev. D 46, 4161 (1992).

[84] D. Adhikari et al. (PREX Collaboration), Phys. Rev. Lett.
126, 172502 (2021).

[85] J.R. Oppenheimer and G. M. Volkoff, Phys. Rev. 55, 374
(1939).

[86] R. C. Tolman, Phys. Rev. 55, 364 (1939).

[87] G. Baym, C. Pethick, and P. Sutherland, Astrophys. J. 170,
299 (1971).

[88] J. Carriere, C.J. Horowitz, and J. Piekarewicz, Astrophys.
J. 593, 463 (2003).

[89] M. Fortin, C. Providencia, A.R. Raduta, F. Gulminelli,
J. L. Zdunik, P. Haensel, and M. Bejger, Phys. Rev. C 94,
035804 (2016).

[90] J. Piekarewicz and F. J. Fattoyev, Phys. Rev. C 99, 045802
(2019).

[91] M. C. Miller et al., Astrophys. J. Lett. 918, L.28 (2021).

[92] T.E. Riley et al., Astrophys. J. Lett. 918, L.27 (2021).

[93] R. W. Romani, D. Kandel, A. V. Filippenko, T. G. Brink,
and W. Zheng, Astrophys. J. Lett. 908, L46 (2021).

[94] L. Rezzolla, E. R. Most, and L. R. Weih, Astrophys. J. Lett.
852, L25 (2018).

[95] R. Abbott et al. (LIGO Scientific, Virgo Collaborations),
Astrophys. J. Lett. 896, L44 (2020).

[96] A. Tsokaros, M. Ruiz, and S.L. Shapiro, Astrophys. J.
905, 48 (2020).

[97] Y. Lim, A. Bhattacharya, J. W. Holt, and D. Pati, Phys.
Rev. C 104, 1032802 (2021).

[98] C. Drischler, S. Han, J. M. Lattimer, M. Prakash, S. Reddy,
and T. Zhao, Phys. Rev. C 103, 045808 (2021).

[99] A. Li, Z. Miao, S. Han, and B. Zhang, Astrophys. J. 913,
27 (2021).

[100] B.P. Abbott et al., Phys. Rev. Lett. 121, 161101 (2018).

[101] B.P. Abbott et al., Phys. Rev. X 9, 011001 (2019).

[102] R. Abbott et al., SoftwareX 13, 100658 (2021).

[103] T.E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[104] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019).

[105] M. Ferreira, M. Fortin, T. Malik, B. K. Agrawal, and
C. Providéncia, Phys. Rev. D 101, 043021 (2020).

[106] I. M. Romero-Shaw et al., Mon. Not. R. Astron. Soc. 499,
3295 (2020).

043024-14


https://doi.org/10.1103/PhysRevC.102.015805
https://doi.org/10.1103/PhysRevC.102.015805
https://doi.org/10.3847/1538-4357/ac1c72
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1038/s41586-022-04750-w
https://doi.org/10.3847/1538-4357/ac447b
https://doi.org/10.1103/PhysRevC.105.015806
https://doi.org/10.1103/PhysRevC.72.064309
https://doi.org/10.1103/PhysRevC.72.064309
https://doi.org/10.1103/PhysRevC.80.014322
https://doi.org/10.1140/epja/i2014-14041-x
https://doi.org/10.1140/epja/i2014-14041-x
https://doi.org/10.1103/PhysRevC.97.025805
https://doi.org/10.1103/PhysRevC.99.025806
https://doi.org/10.1103/PhysRevC.99.025806
https://doi.org/10.1016/j.physrep.2015.12.005
https://doi.org/10.5506/APhysPolB.48.305
https://doi.org/10.1051/0004-6361/201322971
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.92.024302
https://doi.org/10.1103/PhysRevC.92.024302
https://doi.org/10.1103/PhysRevC.93.044328
https://doi.org/10.1103/PhysRevC.79.044306
https://doi.org/10.1016/j.ppnp.2018.03.001
https://doi.org/10.1016/j.ppnp.2018.03.001
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevLett.126.172503
https://doi.org/10.1103/PhysRevC.92.064304
https://doi.org/10.1103/PhysRevC.92.064304
https://doi.org/10.1103/PhysRevLett.127.192701
https://doi.org/10.1103/PhysRevLett.127.192701
https://doi.org/10.1103/PhysRevD.104.063006
https://doi.org/10.1103/PhysRevD.104.063006
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.90.055203
https://doi.org/10.1103/PhysRevC.96.021302
https://doi.org/10.1103/PhysRevC.96.021302
https://doi.org/10.1146/annurev-nucl-102419-041903
https://doi.org/10.1146/annurev-nucl-102419-041903
https://doi.org/10.1103/PhysRevC.91.051301
https://doi.org/10.1103/PhysRevC.91.051301
https://doi.org/10.1140/epja/i2019-12917-9
https://doi.org/10.3847/1538-4357/ac5d3c
https://doi.org/10.3389/fspas.2022.864294
https://doi.org/10.3389/fspas.2022.864294
https://doi.org/10.1103/PhysRevD.46.4161
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRevLett.126.172502
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1086/151216
https://doi.org/10.1086/151216
https://doi.org/10.1086/376515
https://doi.org/10.1086/376515
https://doi.org/10.1103/PhysRevC.94.035804
https://doi.org/10.1103/PhysRevC.94.035804
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.1103/PhysRevC.99.045802
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/abe2b4
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.3847/2041-8213/ab960f
https://doi.org/10.3847/1538-4357/abc421
https://doi.org/10.3847/1538-4357/abc421
https://doi.org/10.1103/PhysRevC.104.L032802
https://doi.org/10.1103/PhysRevC.104.L032802
https://doi.org/10.1103/PhysRevC.103.045808
https://doi.org/10.3847/1538-4357/abf355
https://doi.org/10.3847/1538-4357/abf355
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1016/j.softx.2021.100658
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.1103/PhysRevD.101.043021
https://doi.org/10.1093/mnras/staa2850
https://doi.org/10.1093/mnras/staa2850

