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Abstract

In this work, we perform a Bayesian inference of the crust—core transition density p, of neutron stars based on the neutron-
star radius and neutron-skin thickness data using a thermodynamical method. Uniform and Gaussian distributions for the p,
prior were adopted in the Bayesian approach. It has a larger probability of having values higher than 0.1 fm= for p, as the
uniform prior and neutron-star radius data were used. This was found to be controlled by the curvature K, of the nuclear
symmetry energy. This phenomenon did not occur if K, was not extremely negative, namely, K,,,, > —200 MeV. The value
of p, obtained was 0.075700 fm™2 at a confidence level of 68% when both the neutron-star radius and neutron-skin thickness
data were considered. Strong anti-correlations were observed between p,, slope L, and curvature of the nuclear symmetry
energy. The dependence of the three L-K,,, correlations predicted in the literature on crust—core density and pressure was
quantitatively investigated. The most probable value of 0.08 fm~> for p, was obtained from the LK, relationship proposed

by Holt et al. while larger values were preferred for the other two relationships.

Keywords Crust—core transition density of neutron stars - Neutron-star radius - Neutron-skin thickness - Bayesian inference

approach - L-K,,, correlations

1 Introduction

The determination of the crust—core transition density p, in
neutron stars (NSs) is important not only for predicting bulk
NS properties [1] but also for the finite nucleic properties
[2-4]. However, constraining the transition density remains
a challenge owing to the intricate structure of the inner crust
in NSs. In the past years, various theoretical models have
been used to estimate the transition density. These include
the dynamical method [5-9], Thomas-Fermi approximation
method [10], random phase approximation [4], thermody-
namical method [11-13], Vlasov method[14], compress-
ible liquid-drop model [15] and meta-modeling approach
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[16]. These methods yield different predictions, namely, p,
=0.071 + 0.011 fm=3 is estimated in the meta-modeling
approach [16]; p, = 0.0955 + 0.0007 fm~> is obtained by
comparing with the excitation energies of giant resonances,
energy-weighted pygmy dipole strength, and dipole polar-
izability data using the relativistic nuclear energy density
functionals [2]; p, = 0.04 —0.065 fm™3 is obtained using
the EOS including the momentum-dependent interaction of
neutron-rich nuclear matter constrained by the isospin diffu-
sion data in heavy-ion reactions[8]; p,=0.069 —0.098 fm™3
is estimated from the thermodynamical method [13]; and p,
=0.058~0.092 fm~3 is determined using the Thomas-Fermi
method [10]. The values predicted by the dynamical method
are usually smaller than those predicted by the thermody-
namical method by approximately 0.01 fm~3[8].

The nuclear symmetry energy plays a dominant role in
accurately describing the crust—core interface of NSs. The
crust—core transition density is known to be highly sensitive
to the isospin dependence of the nuclear equation of state
(EOS) [1]. In particular, the slope L and curvature Ksym of
the nuclear symmetry energy, as well as the L-K,,, corre-
lation, have been reported to be strongly correlated with the
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crust—core transition density [12, 15, 16]. In a recent study
[15], a Bayesian approach was used to infer the distribution
of p, based on low-density constraints for neutrons and sym-
metric nuclear matter from the effective field theory. However,
the obtained p, distribution and correlations between p, and
the EOS parameters depend strongly on the surface energy
parameter. In the present work, we perform a Bayesian infer-
ence of the crust—core transition density in NSs based on the
NS radius and neutron-skin thickness data. The dependence
of the L-Ky,, correlations predicted in the literature on the
posterior distribution of p, is discussed.

The remainder of this study is organized as follows. In the
next section, we outline the theoretical framework, including
the thermodynamical method, EOS metamodeling method,
nuclear droplet model, and Bayesian inference approach. In
Sect. 3, we probe the crust—core transition density and its
correlations with the EOS parameters using the NS radius
and neutron- skin thickness data in the Bayesian framework.
We also explore the effect of the L-K,, correlation on the
crust—core transition density and pressure. Finally, we sum-
marize our results.

2 Theoretical framework

2.1 Crust-core transition density
and isospin-dependent parametric EOS
for the core of NSs

In the present work, the crust—core transition density was esti-
mated by adopting the thermodynamical approach under the
condition that the energy per nucleon E(p, §) in nuclear matter
at nucleon density p and isospin asymmetry 6 = (p, — p,,) /p
could be approximated by the isospin-parabolic expansion:

E(p, ) % Ey(p) + Ey(p) - 6. (1)

The crust—core transition point is obtained when the uniform
matter starts separating into a mixture comprising single
nucleons and clusters. The transition density is specifically
calculated using the vanishing effective incompressibility
of uniform NS matter under f§ equilibrium and charge-neu-
trality conditions:

d’E, dE,
K,=p—2+2p—2
w=P dp? pdp
d’E, dE, dE_\?
+6% | PP ——2 4 2p—22 27 (22 .
’ dp? ’ dp sym |\ P dp

@
Therefore, the transition density p, can be obtained by solv-
ing K, = 0. Notably, the crust—core transition density can be
overestimated when the parabolic approximation (Eq. 1) is
used [8]. As shown in Fig. 5 of Ref. [8], this overestimation
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mainly appears in the region where the parameters L and
Ky, are large, namely, L > 60 MeV and K, > -100 MeV.
However, after filtered by the NS radius data, the probabil-
ity that they fall into the above-mentioned intervals is very
small, according to our earlier calculations [17]. Therefore,
employing the parabolic approximation hardly changes the
present results. Furthermore, it can also reduce the discrep-
ancy between the thermodynamical method used in the
present work and other approaches, such as the dynamical
method, when the EOS parameters are compared with the
NS radius data.

The transition pressure can be approximated as [18]

"9 o\ py ;
1-35, dE . (p) )
+ p[5t TEsym(pt) + pd—p 51; ’
P

where 6, is isospin asymmetry corresponding to p,. E, and
Ey, in Egs. (1) and (2) are the energy per particle in sym-
metric nuclear matter (SNM) and nuclear symmetry energy,

respectively. They can be parameterized as

E(p) =E,( )+Ko P —po 2+Jo p=0o\’ @
ORI\ T3, 6\ 30 /-

— K — 2
P — Py sym [ P — Py
E p =E Po) + L +
sym( ) sym( O) < 3[70 > 2 < 3/)0 >

N Jym (0= \

6 \ 3py )~
where Ej(p,) = —15.9 MeV is the energy per particle at the
saturation density p, for SNM. K, = 9p§[02E0(p)/6p2]|

®

P=Po
and J, = 27p3[03E0(p) /0031 p=p, FEPresent the incompress-
ibility and skewness parameters of SNM at p, respec-
tively. Furthermore, E,(py), L = 3p0[aESym(p)/ap]|p:po,
Koym = 990[0°Eqys(0)/ 0% p=pp A0 U, = 273 [0°E 1, (0)/09°) 5o,
denote the magnitude, slope, curvature, and skewness of
nuclear symmetry energy at p,, respectively. According
to the systematics of terrestrial nuclear experiments and
predictions of various nuclear theories, K, Ey,(p,), and
L have the ranges of 220-260 MeV, 28.5-34.9 MeV, and
30-90 MeV [19-23], respectively. Based only on theoreti-
cal predictions [24, 25], the parameters J,, K, and Jg,,
characterizing the nuclear EOS at high densities have wide
ranges of —800 < J, < 400 MeV, —400 < K, < 100 MeV,
and =200 < J,,, < 800 MeV, respectively.

In the framework of the minimum NS model, the
non-rotating NS comprises neutrons, protons, electrons,
and muons under f equilibrium and charge neutrality
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conditions, and the relationship between the pressure and
nucleon density in the core of NSs

de(p, 6)
2 €/’dp /p ©)

P(p,8)=p
is controlled by the energy density e(p, §) = p[E(p, §)+
My] + €(p, 5). Here, My and €,(p,5) denote the average
nucleon mass and energy densities for leptons which are
calculated by the noninteracting Fermi gas model[26],
respectively. 6 can be obtained using the charge neutral-
ity condition p, = p. + p, and the f-equilibrium condition
Hy — Hp = He = M, R 48E,(p), where p denotes the chemi-
cal potential calculated by the expression u; = de(p, 6)/dp,
for the ith particle.

The EOS for the core of the NSs can be constructed in
terms of (4), (5), and (6). Below the crust—core transition
density, the NV EOS [27] and BPS EOS [1] were employed
for the inner and outer crusts, respectively.

2.2 Neutron skin and nuclear droplet model

The neutron-skin thickness of a finite nucleus in the nuclear
droplet model (DM) is obtained according to the following
expression [3, 28]:

3 e’z 5
IV ] R S NP |
® \/;|: 70Esym(p0) * 2R\ " P (7)

where ¢*Z/70 Eqm(py) is a correction term owing to the
Coulomb interaction. R = r,A!/3 indicates the nuclear
radius, while b, and bp denote the surface widths of the neu-
tron and proton density profiles, respectively. b, = b, = 1
fm is usually used in the standard DM. The quantity 7 in Eq.
(7) is calculated as[3]

2ry < Ksym> |
r=—2 (1 -x=22)xAY365 - 6,) 8
3E,,(p0) 2L c ®)
with
_ Po— Pa 5= ez 9
30 €T 20Em(pp)R ®)

Here, p, = 0.1 fm™ and p, = 0.08 fm~ for the 2°*Pb and
*8Ca nuclei, respectively.

2.3 Bayesian inference approach

The Bayesian theorem is expressed as

P(M|D) = CP(D|M)P(M) (10)

where C is a normalization constant. P(M|D) denotes the
obtained posterior probability distribution function (PDF)
of the model M when the dataset D is provided. P(D| M)
is a likelihood function obtained by comparing the theo-
retical results from model M with data D, and P(M) is the

prior probability of model M representing knowledge of the

theoretical parameters of M before comparison with data D.

In the present work, we randomly sampled the transition
density in the range of 0.03 fm =3 < p, < 0.2 fm ~3, and the
matched six-parameter set was determined by solving the
equation K, = 0 using Eq. (2). Two methods were adopted to
generate the posterior PDF of the transition density. One was
based only on the observed data of the NS radii, while the
other was based on both the NS radius data and neutron-skin
thickness data. In the first method, we used the six matched
parameters to construct the NS EOS in the framework of
the minimum NS model, as described above, and substitute
them in the TOV equation to compute the theoretical values
of the NS radii. We then obtained the likelihood of the tran-
sition density or the matched set of parameters by compar-
ing the theoretical values of the NS radii with the observed
values using the following likelihood function:

1 [ (Rth - Robs)z]
exp [-————|.

P(DIM) = —

an

2no

Here, Ry, is the theoretical values while R, and o repre-
sent the observed values and 1o error bar for the NS radii,
respectively. The NS EOS generated above should satisfy
the thermodynamical stability condition (dP/de > 0, where
P is the pressure inside NSs) and the causality condition
0< vf < ¢%, v, and ¢ denote the speed of sound and light,
respectively) at all densities, and should be stiff enough to
support the maximum mass of the NS observed thus far. A
sharp cut-off of 1.97 M, was used in this analysis.

In the second method, the matched six-parameter set was
obtained using Eq. (2) by sampling the transition density.
We then set as the input to the DM to calculate the theoreti-
cal values of the neutron-skin thickness for 2Pb and “*Ca.
We discarded these parameter sets and transition densities
when the calculated values for the neutron-skin thickness
were far from the experimental values using the following
likelihood function:

P(DIM) = (12)

’ 202

(AR — AR
exp | ——————
2o

Here ARS}) and ARﬁ:p are the theoretical and experimental
values, respectively, and ¢’ represents the 1o error bars for
the experimental data. Subsequently, the remaining param-
eter sets were used to construct the NS EOS and estimate the
posterior PDFs of the transition density, as described above.
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The observed data for the NS radii and experimental data
for the neutron-skin thickness used in this study are summa-
rized in Table 1. These NS data include: (i) R, , = 1 1.913 km
at 90% confidence level (CFL) by analyzing the GW 170817
source reported by the LIGO/Virgo Collaboration [29]; (ii)
R, =10.8%! km at 90% CFL by analyzing the same source
of GW170817 [30]; (iii) R,, = 117"} km at 90% CFL
reported earlier by analyzing the quiescent low-mass X-ray
binaries (QLMXBs) [31]; (iv) Reported by the NICER Col-

laboration [33, 36] at 68% CFL, R = 12.71*}13 with mass of

1.34*0 PM [32] and R = 13.02* | 24 with mass of 1.44*) "M,

[36] for the source of PSR J0030+0451, R = 13.7*7¢ with

mass of 2.08f8:g;Mo for the source of PSR J07404-6620. The

data for the neutron-skin thickness were AR, = 0.121*)0%¢
fm and AR, = 0.283*(07" fm for **Ca and ***Pb, respectively,
which were obtained from Refs. [34, 35] recently reported by
the CREX and PREX-2 Collaborations.

The Metropolis-Hastings algorithm within a Markov chain
Monte Carlo (MCMC) approach was adopted to generate the
posterior PDFs of the model parameters. The PDFs of the indi-
vidual parameters and the PDFs for the two-parameter correla-
tions were calculated by integrating over all other parameters
using the marginal estimation approach. The initial samples
in the so-called burn-in period were discarded [37] so that the
MCMC process started from an equilibrium distribution. In the
present analysis, 40,000 steps and the remaining one million
steps were used for the burn-in progress and for calculating the
PDF of the transition density, respectively.

3 Results and discussions

3.1 Exploring the crust-core transition density
via NS observations

The posterior PDFs of the crust—core transition density p,,
corresponding transition pressure P,, and their correlations

with the EOS coefficients are plotted in Fig. 1. Two types of
priors for p, were adopted in the calculations. The first form
is a uniform distribution, which is a better choice because we
have no information about p,. This is illustrated by the black
curves in Fig. 1. The second form, which is indicated by the
purple curve in Fig. 1, is a Gaussian distribution with an
average value of 0.078 fm~3 and standard deviation of 0.04,
as in. [3]. The panels located in the two upper rows show the
posterior PDFs of the correlations mentioned above using
uniform priors for p,. The panels in the two bottom rows
show the results obtained using the Gaussian priors. These
results are based only on the observed data of the NS radii,
as summarized in Table 1.

A two-humped posterior distribution for p, was observed
for both the uniform and Gaussian priors used in the calcu-
lations. The first peak which is located at p, = 0.08 fm™3, is
often used as a fiducial value in the literature. The second
peak is located at p, = 0.1 fm™3. The 68 % and 90 % cred-
ible intervals calculated using the highest posterior density
interval approach for p, and P, are listed in Table 2. Relative
to the prior distributions, the posterior PDFs of p, narrow
down to small intervals, which indicates that the crust—core
transition density is sensitive to the NS radius. It has a higher
probability of falling into the region where the values of p,
exceed 0.1 fm~ when an uninformative prior is used. This
can be attributed to the correlations between p, and some
EOS parameters, which will be discussed later.

A better constraint on p, was found when the Gaussian
prior was used in comparison with those using the uniform
prior. It is easy to understand that more information is avail-
able for the Gaussian prior than for the uniform prior before
comparing them with the NS radius data. The generated
ranges of P,, namely, 0.05:1):32 MeV/fm? using the uniform
prior and O.Ifgfs MeV/fm? using the Gaussian prior at the
68% confidence level, as listed in Table 2, covered those
calculated using the meta-modelling, dynamical, and ther-
modynamical models, as shown in Table I in Ref. [15]. How-
ever, the most probable values are smaller than them. Our
results for p, are consistent with those in literature.

Table 1 Data for the NS radius and neutron-skin thickness used in the present work

Mass(M,,) Radius R (km) Source and Reference
1.4 11.9*]4(90% CFL) GW170817 [29]

1.4 10.8"74 (90% CFL) GW170817 [30]

L4 11.74}1(90% CFL) QLMXBs [31]
1.3440-3 12.71*}15 (68% CFL) PSR J0030+0451 [32]
1.44%012 13.0*}2 (68% CFL) PSR J0030+0451 [33]
2.08+007 13.7+24(68% CFL) PSR J0740+6620 [33]
Nucleus ARnp (fm) Source and Reference
*Ca 0.12170929(68% CFL) CREX[34]

208pp 0.283+0971(68% CFL) PREX-2[35]

-0.071
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Fig. 1 (Color online) Posterior

PDFs of the crust—core transi- Fe —— PDF using uniform prior
tion density and pressure as well & — PDF using Gaussian prior
as their correlations with the 2 g;':;osmi':;:
EOS parameters. The calcula- ?,_
tions are performed by adopting A
the uniform (blue curves) and
Gaussian (red curves) priors 7
for the transition density based uE_
on the NS radius data. For <
comparison, the uniform (black 0.8
curve) and Gaussian (purple '7; 0.6
curve) forms for the prior distri- '; 04
butions of the transition density § 8‘2
are included. The correlations in =
the two upper (bottom) rows are
calculated by using the uniform
(Gaussian) prior for the transi- ”-';
tion density < \

Q

240 2150 0 150 30 32 34 40 60 80-300-150 0 1500 400 0 1 2 0.08 0.16

K (MeV)

Table2 Most probable values and the 68% and 90% credible inter-
vals of p, and P, calculated by using the uniform prior, Gaussian
prior, neutron-star plus neutron-skin thickness data (NS4+NST),

I (MeV) Esym(po)(MeV) L(MeV)

K (MeV) J_(MeV) P(MeV fm*) p(fm”)

sym

L — Ky, correlation in Ref. [38] by Holt et al. L — K,,, correlation
in Ref. [39] by Mondal et al., and L — Koym correlation in Ref. [24] by
Tews et al.

Uniform prior Gaussian prior NS+NST Holt et al. [38] Mondal et al. [39] Tews et al. [24]

0.06 0.06 0.01 0.025 0.005 0.025 0.005 0.01 0.005 0.01 0.005 0.01

P O'OSJ—ro.oos’O‘OStvozs 0’08:).03’0'08:).03 0'075t().()1 ’0'075:).01 0'08:).005’0'08:).0|5 O'Ito.m ’O'Ito.nz O'Ito,m ’O'Ito,()z
125 213 0.28 0.6 0.2 0.64 0.01 0.18 0.18 0.28 0.18 0.28

P, 0‘05:).04’0‘05J—ro.()4 O'ltOJ ’O'ltoAl O'lto.os’o'lto.os 0'16J—r0.06’0'16t0.08 O'6to.14’0'6t028 0'6t0,14’0'6t0.26

We explored the correlations among p,, P,, and the
EOS parameters. Here, we did not consider the correla-
tions between the EOS parameters, which were consistent
with those reported in our previous publications[17, 40].
Low-order parameters such as E,(p) and K, were barely
correlated with the transition. However, as mentioned in
Refs. [12], the condition K, = 0 required a larger p, as K|
increased. This phenomenon is observed in Fig. 1, where
a weak positive correlation is observed between p, and K|
when both the uniform and Gaussian priors are used.

Strong correlations among p, and the isovector compress-
ibility Ky, skewness Jy,, were discovered, which was con-
sistent with the results reported in Refs. [16]. The negative
correlation between p, and K, was inconsistent with the
results of Ref. [16], in which the EOS parameters were fil-
tered by the predictions from the effective field theory and
surface coefficients were determined by the nuclear masses
in the framework of the extended Thomas Fermi approxima-
tion method. The positive correlations between p, and Jy,
and p, and P, (shown in Fig. 1) are consistent with those
reported in Ref. [15, 16]. The transition was unaffected by

the skewness of the symmetric nuclear matter, J,,.

L exhibited a negative correlation with p,. Interestingly,
a positive correlation appeared in the region p, > 0.1 fm™>
when the uniform prior was used; however, this did not
occur when the Gaussian prior was used. Is this related to
the shoulder indicated in the posterior PDF of p, using the
uniform prior in Fig. 1, ? To answer this question, we plot
the L-K,,, correlations from the three types of calcula-
tions, as indicated in Fig. 2, namely, using the uniform and
Gaussian priors based on the NS radius data, and the uni-
form prior based on both the NS radius and neutron-skin
thickness data. Two phenomena are observed in Fig. 2.
They are the anti-correlation shown in the left and right
panels, and the very weak correlation shown in the mid-
dle panel between L and K,,,, as shown in the left panel
in Fig. 2, K, has a high probability to stay in the region
where K, is extremely negative, i.e. K, <-200 MeV.
The latter is clearly responsible for the shoulder because
the shoulder for the posterior PDF of p, disappears, as
shown in Fig. 3 although the L-K , anti-correlations are
the same in their calculations in the left and right pan-
els. Therefore, K,,, plays a more important role in con-
straining the crust—core transition density of NSs than the

@ Springer
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Fig.2 (Color online) Correlations between L and K., calculated
from the NS radius data using the uniform (left) and Gaussian (mid-
dle) priors, and from both the neutron-star radius and neutron-skin
thickness data (right) using the uniform prior

L—KSyIn correlation, as studied in Ref. [12]. The transition

pressure was weakly correlated with the EOS parameters.

3.2 Effect of the neutron-skin thickness
and comparison with other calculations

The neutron-skin thickness is known to be an effective probe
for nuclear symmetry energy, especially its slope parameter
[41, 42]. The latter plays an important role in determining
the crust—core transition density of NSs. The results pre-
sented in Fig. 3 are the same as those in Fig. 1 but based on
both the NS radius data and neutron-skin thickness data. In
the calculations, we first performed a Bayesian inference of
the coefficients E,,,(py), L and K, within the framework of
the nuclear droplet model, as described in Sec. 2.2 based on
the neutron-skin thickness data reported by the CREX [34]
and PREX-2 [35] Collaborations as listed in Table 1. Sub-
sequently, we regarded the obtained distributions of these
parameters and the matched transition density as their priors
to infer the posterior PDF of the transition density based on
the NS radius data within the minimum NS model. Nota-
bly, there is a significant controversy regarding constraining
the slope of the symmetry energy through the neutron-skin
thickness data of “*Ca and 2%8Pb reported by the CREX and

[

PREX-2 Collaborations. A recent study demonstrated that
the ranges of the slope L obtained from CREX and PREX-2
were completely inconsistent [43]. Therefore, more accurate
measurements are required. Fortunately, there are methods
for determining the neutron-skin thickness, such as the con-
figurational information entropy analysis [44, 45].

As seen in Fig. 3, the correlations are roughly same as
those in Fig. 1. A weak anti-correlation between the symme-
try energy magnitudes E ., (p,) and p, was observed, owing
to the constraint from the neutron-skin thickness data on
Egym(py). The range for K, is smaller than that obtained
using only the NS radius data, which is also because of the
effect of the neutron-skin thickness data. The constraint on
p, obtained is improved in comparison with those based only
on NS data, as listed in Table 2 because the parameters L and
K, are better constrained when the neutron-skin thickness
data are considered.

In Fig. 4 we compare our results with those inferred
using a compressible liquid-drop model within a Bayesian
framework [15], which employs two filters, namely, the low
density (LD) behavior of the energy functionals that should
be rigorously limited in the uncertainty intervals of the effec-
tive field theory calculations for symmetric and pure neutron
matter [46] and the high density (HD) behavior of the func-
tionals that should obey the conditions such as positive sym-
metry energy at all densities and causality [15]. Our results
were consistent with theirs. There P, had a long tail for when
the uniform prior was used in the calculations, because a
large probability of p, existed in the region at p, > 0.1 fm=>.
The most probable values of P, obtained in this study were
smaller than those in Ref. [15].

3.3 Effect of L-K

sym Correlations

As L-K,, correlations significantly affect both the
crust—core transition density and pressure [12]. To further
explore this effect, we considered three typical L-K,,, cor-
relations predicted in the literature as the priors to infer
the posterior PDF of p,. For completeness and ease of

Fig. 3 (Color online) Posterior
PDFs of the crust—core transi- — _ g]rfr
tion density and pressure and <§ 10
their correlations with the EOS > o
parameters. In the calculations, § P
both the neutron-skin thickness - 0.0 PN N /\a
and NS radius data are adopted. —
The prior distribution (black 0.12
curve) for the transition density ”‘; 0.09 0
is included = . \

= 0.06

220 240 100 150 20030 32 34 40 60 80 -300-150 0-200-150-100 0.0 0.5 1.0 0.1 02
K,MeV) J(MeV) E_ (p)(MeV) L(MeV) K (MeV) ] (MeV) P (MeV fm”) p|(fm‘3)
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a 30 = Uniform prior =
Gaussian prior
20 | -
10 | .
0
0.04 0.08 0.12 0.16
-3
p(fm”)
S T T T T T
4 = -
=
S _
2 .
1 -
O ) e | i, —
0.0 0.5 1.0 1.5 2.0 25 3.0
3
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Fig.4 (Color online) Posterior PDFs of the crust—core transition den-
sity and pressure based on only the NS radius data using the uniform
(blue curve) and Gaussian (red curve) priors, and based on both the
NS radius and neutron-skin thickness data using the uniform prior
indicated by NS+NST (black curve). The results presented in Ref.
[15] shown by LD-EPJA2019 and HD-EPJA2019 are included for
comparison

discussions, we briefly describe the three correlations. The
first one is based on the theoretical predictions from 240
Skyrme Hartree-Fock and 263 relativistic mean-field calcu-
lations [39] by Mondal et al. and written as

Kym = (—4.97 + 0.07)(3E,y,(py) — L) + 66.80 + 2.14 MeV.

13)
The second was obtained from Ref. [24] by Tews et al. and
written as

Kym = 3.50L — 305.67 + 24.26 MeV. (14)

In the framework of the Fermi liquid theory, Holt and
Lim [38] derived the expressions L = 6.70E,,(py)—
148.60 + 4.37 MeV and Kym = 18.50E,,(py) — 613.18 + 9.62
MeV. Thus, we can formulate the last relationship between
Land K, as [12]

sym

Ky = 2.76L — 203.07 £ 21.69 MeV. (15)
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Fig.5 (Color online) L — Kym correlations from Tews et al. [24] (red
curves), Mondal et al. [39] (black curves), and Holt et al. [38] (green
curves). The solid and dashed lines denote the mean values and
boundaries of each correlation, respectively. Adapted from Ref. [12]

The correlations are shown in Fig. 5. The discrepancy
between the correlations obtained by Mondal et al. and Tews
et al. is not very large because they are from the same sets of
theoretical predictions. However, the results shown in Figs. 2
and 5 differ significantly. This illustrates that the L-K,,
correlations are strongly model-dependent, and constraining
them has a long way to go.

In the Bayesian inference approach, after considering the
abovementioned correlations, L and K, were no longer
independent when we randomly sampled them between their
specific ranges. The uniform prior for p, and only the NS
radius data were employed in the calculations performed in
this subsection. The generated posterior PDFs for p, and P,
are presented in Fig. 6, and the corresponding confidence
intervals are summarized in Table 2. As stated in Refs. [12],
the L — K, correlations play a significant role in constrain-
ing both the transition density and pressure. We observe
that: (i) The results from the relations by Mondal et al. and
Tews et al. were completely consistent primarily because
these two correlations largely overlapped within the allowed
error limits. (ii)The most probable values obtained from the
relations by Holt et al. differed significantly from the other
two cases. For the latter, the transition density and pressure
were larger than those for the former because K, was not
extremely negative in the relationship by Holt et al., that
is, Ky, with values higher than approximately -115 MeV
as shown by the green curves in Fig. 5. The present results
are consistent with those reported in Ref. [12], in which the
authors studied the effects of L — K, correlations on the
crust—core transition density and pressure by adopting fixed
values of the other parameters in Eqs. (4) and (5).
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Fig.6 (Color online) Posterior PDFs of the crust—core transition den-
sity and pressure as the three correlations of L — K, as in Fig. 5 are
used in the calculations

4 Summary

In summary, Bayesian inference of the crust—core tran-
sition density based on the NS radius and neutron-skin
thickness data was performed using the thermodynamical
approach to calculate the crust—core transition density and
an explicitly isospin-dependent parametric EOS for the
core of NSs within the minimum NS model. Uniform and
Gaussian forms of the prior distributions of the transition
density were employed in the calculations. The transition
density had a higher probability of taking values larger
than 0.1 fm™ when the uniform prior was used, which
did not occur when a the Gaussian prior was used. This
phenomenon was attributed to values of K, which were
smaller than — 200 MeV.

Negative (positive) correlations between p, and L and
p and K ., (between p; and K, between p, and J,, and
between p, and P,) were observed. Based on the NS radius
data reported thus far, the 68 % confidence intervals gen-
erated for p, were 0.0870%%. fm=3 and 0.08*)0! fm™ when
uniform and Gaussian priors were adopted, respectively.
When the EOS parameters were first filtered using the

neutron-skin thickness data, a value of 0.075%0 0% fm™

was obtained. We also checked the impact of L-K,, cor-

relations on the posterior PDFs of p, and P,. The results
from the L-K,, relationships reported by Tews et al. [24]

sym
and Mondal et al.[39] completely overlapped, whereas
those reported by Holt et al. [38] were smaller than those
obtained from the other two L-K,,, relations.
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