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The equation of state (EOS) of cold dense matter remains one of the central open problems in nuclear
astrophysics. Its inference is complicated by the lack of ab initio theoretical control above about twice
nuclear saturation density, where the EOS must be extrapolated. Parametric schemes such as piecewise
polytropes (PP) are computationally efficient but impose restrictive functional forms, while nonparametric
approaches such as Gaussian processes (GP) offer greater flexibility at the cost of larger prior volumes. In
this work, we extend our hybrid EOS framework by replacing the high-density polytropic extension with a
Gaussian process representation of the squared sound speed, anchored at low densities by the SLy crust
EOS and a nuclear meta-model constrained by yEFT and laboratory measurements. Using a hierarchical
Bayesian analysis, we jointly constrain the EOS and the neutron star mass distribution with multimessenger
data, including NICER radius measurements, GW170817 and GW190425 tidal deformabilities, 2M
pulsars, and neutron skin experiments. We explore four scenarios defined by the choice of high-density
extrapolation (PP vs GP) and hot spot geometry in the NICER modeling of PSR J0030 + 0451 (ST + PDT
vs PDT-U). We find that GP extrapolations generally yield softer EOS posteriors with broader uncertainty
bands. Hot spot geometry assumptions also play an important role, leading to systematic shifts in the
inferred mass-radius relations. Bayesian evidence strongly favors the ST 4 PDT geometry over PDT-U
across both extrapolation schemes, while the GP extension is consistently preferred over PP, with
substantial support. Taken together, these results underscore the importance of both observational modeling
choices and EOS extrapolation strategies in shaping neutron star EOS inferences, and demonstrate that a
GP-based extension provides a robust framework for quantifying systematic uncertainties in high-density

matter.
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I. INTRODUCTION

Over the past decade, multimessenger observations have
revolutionized our understanding of the neutron star (NS)
equation of state (EOS). Gravitational-wave (GW) detec-
tions of binary neutron star (BNS) mergers (GW170817
[1-3], GW190425 [4]) have constrained tidal deformabil-
ities at intermediate densities, while NICER x-ray timing
[5-10] has provided complementary mass—radius measure-
ments. Observations of ~2M pulsars [11,12] have ruled
out soft EOSs unable to support such high maximum
masses. Laboratory measurements of neutron-skin thick-
nesses (PREX-II [13], CREX [14]) have further refined
constraints on the symmetry energy near nuclear saturation
density. On the theory side, chiral effective field theory
(yEFT) [see, e.g., Refs. [15-19]] provides a controlled
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description of nuclear interactions up to densities of
~1.5-2n,, where n, ~0.16 fm™> denotes the nuclear sat-
uration density, while perturbative QCD [20-22] is reliable
only at extremely high densities (~40n,). This leaves a
wide intermediate-density regime that must be bridged
phenomenologically.

A central challenge in EOS inference therefore lies in
extrapolating the EOS beyond the domain of theoretical
control. Parametric representations—such as piecewise
polytropes (PP) [23], spectral expansions [24], and
speed-of-sound parametrizations [25]—are widely used
because they are computationally efficient, but their
restrictive functional forms can bias the inferred pres-
sure-density relation [26] and associated neutron star
observables. Complementary approaches based on nuclear
metamodels [27] or relativistic mean-field (RMF) inter-
actions [28,29] retain an explicit connection to nuclear
microphysics, but likewise require assumptions [30] when
extrapolated to supranuclear densities relevant for neutron
star interiors. By contrast, nonparametric approaches, such
as Gaussian process (GP) representations [21,31-33], treat
the EOS as a distribution over functions rather than a fixed
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template. These methods allow greater flexibility and
broader prior support, but they can require larger datasets
for meaningful inference and may obscure direct physical
interpretation.

To balance these competing strengths and limitations,
hybrid EOS frameworks have been developed [30,34,35],
in which the EOS at low densities is anchored by a nuclear
meta-model [36] informed by empirical constraints (e.g.,
PREX/CREX, yEFT, and symmetry energy parameters),
while the high-density regime is extended using a phe-
nomenological extrapolation. This construction enables
systematic comparison of modeling assumptions while
retaining a firm physics-based foundation near nuclear
saturation density.

In this work, we extend our previous EOS inference
framework [37] in two important ways. First, we replace
the piecewise polytropic high-density extrapolation with a
Gaussian process representation of the squared sound
speed. This allows us to quantify the systematic errors
introduced by restrictive parametric forms and assess their
impact on the recovered pressure-density relation and
neutron star observables. Second, we modify the crust-
core junction procedure: whereas our earlier work imposed
continuity of the pressure at a single matching density
between the crust and the empirical meta-model, here we
adopt a thermodynamically consistent finite-interval blend-
ing construction in which only the pressure is interpolated,
while the chemical potential and energy density are
reconstructed from the fundamental relations for cold
barotropic matter. The center of the blending region is
set to an empirically estimated crust—core transition density
rather than an ad hoc fixed value (see Sec. II B). This
procedure allows for a smoother transition between crust
and core models while preserving the thermodynamic
relations across the matching region. By integrating con-
straints from multimessenger astrophysics (NICER, gravi-
tational waves, pulsar masses), nuclear theory, and
laboratory experiments within a hierarchical Bayesian
framework, we provide a systematic comparison of para-
metric and nonparametric EOS inference and establish
robust, bias-minimized constraints on the dense mat-
ter EOS.

II. EOS MODEL WITH GAUSSIAN PROCESS
EXTENSION

Our EOS construction combines three components: (i) a
fixed SLy [38] crust at low densities, (ii) a nuclear meta-
model (see Sec. I A) anchored near saturation density,
characterized by the symmetry energy slope L and curva-
ture Ky, and (iii) a high-density extension governed by a
Gaussian process representation of the squared sound
speed.

These components are joined in sequence as follows:

(i) forn < n.., the EOS is given by the fixed SLy crust;

(i) for n.. <n <n, the EOS is described by the
empirical meta-model; and
(iii) for n > n,, the EOS is extended using the GP
representation.
Here n.. denotes the crust—core transition density (treated
with a smooth blending construction, see Sec. II B), while
n, is the matching density at which the empirical meta-
model is joined to the GP extension.

A. Nuclear meta-model

The empirical meta-model [39] (see also Ref. [40] for a
general discussion of the meta-model framework)
expresses the energy per nucleon of nuclear matter as a
function of baryon density n and isospin asymmetry
6=1-2Y,,

e(n,8) = eg(n) + esym(n)é2 + 0O(8%), (1)

where the isoscalar part e¢g(n) and the symmetry energy
esym(n) are expanded around the saturation density n, as

eo(n) = eg(ng) + =227 + -+, (2)

K
esym(n) = esym(”O) + L)( + %){2 + -

o (3)
with y = (n —ng)/(3ng). The coefficients are the standard
nuclear matter parameters (NMPs): ¢y(ng) is the binding
energy at saturation, K|, is the incompressibility, ey (1) is
the symmetry energy, and L and Ky, are its slope and
curvature. The p-equilibrated EOS is obtained by imposing
charge neutrality and the condition of chemical equilibrium
under weak interactions, u, — u, = u,, which determines
the proton fraction Y, as a function of density. The pressure
and energy density are then given by P = n’de/dn and
e = n(my + e), respectively, where my = 931.494 MeV
is the nucleon mass, evaluated along the S-equilibrium
track, yielding the EOS as a function of baryon density
n alone.

The lower-order NMPs are well constrained by nuclear
experiments and are fixed following our previous work
[35]. Specifically, we fix the saturation density ng, =
0.16 fm™ and the energy per nucleon at saturation
eo(ng) = =159 MeV. A survey of 53 experimental
results [41] found ey, (n9) = 31.7 3.2 MeV and K, =
240 £ 30 MeV. Previous Bayesian analyses combining
gravitational-wave and x-ray observations found that cur-
rent multimessenger data do not provide significant con-
straints on these parameters [30,35], so we fix g, (19) and
K, at their survey median values of 31.7 MeV and
240 MeV, respectively, rather than unnecessarily increasing
the dimensionality of the EOS parametrization. Since the
present data do not favor or constrain a particular range of
eym(ng) and K,, our results remain robust under
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TABLE I. Prior ranges of the NS EOS and mass distribution
model hyperparameters used in this work. The notation U and N/
stands for uniform and normal distribution, respectively.

Model Parameters Units Prior
EOS L MeV U (0, 150)
Kom MeV U(-600, 100)
n, ng U(1,2)
l n N (1,0.25)
n N(1.25,0.2)
c2 e N(0.5,0.25)
Mass /41 Mg U(0.9, u,)
(] M@ U(Ool,o'z)
Ha MO U(O9’ Mmax)
05 Mg U(0.01,1.0)
w U(0.1,0.9)

reasonable variations of these parameters. This leaves the
slope L and the curvature K, of the symmetry energy as
the two free parameters of the meta-model, both sampled
with broad uniform priors as listed in Table I.

B. Crust-core blending

In our earlier work [37,43], the crust—core junction was
determined by enforcing continuity of the pressure at a
single matching density. While this prescription yields
a thermodynamically consistent EOS, it generally leads
to a discontinuity in the derivative dP/de, and hence in the
squared speed of sound c2, at the matching point. A finite-
interval connection between crust and core models can
provide a smoother transition, but requires care: interpolat-
ing multiple thermodynamic quantities with a density-
dependent blending function can lead to violations of
first-law consistency, including the identity c¢2 = dP/de.
In the present analysis, we therefore adopt a thermody-
namically consistent finite-interval matching procedure in
which only the pressure is interpolated across the blending
region, while the chemical potential and energy density are
reconstructed from the fundamental relations for cold
barotropic matter [44].

Instead of performing a single-point match, we connect
the SLy crust and the empirical meta-model across a finite
density interval centered on the crust—core transition
density. Rather than fixing n.. to an ad hoc value, we
estimate it self-consistently from the symmetry energy
parameters using the empirical fit of Ducoin et al. [45],

Nee =323 x 1074 (Lo; + 0.426K (1 01) + 0.0802 [fm~],
(4)

where Ly, and Ky, o are the symmetry energy slope and

curvature evaluated at n,; = 0.1 fm=3. This relation was
derived from the crossing of the dynamical spinodal with

the p-equilibrium line across a wide range of Skyrme
and relativistic nuclear models [45], and yields transition
densities in the physically expected range 0.06-0.10 fm™,
consistent with more microscopic extended Thomas-Fermi
calculations [46]. In our meta-model, where ey, (n) =
eoymo + Ly + 3 Kymy? with y = (n—ng)/(3ng), these
coefficients reduce to
Loy =L+ Ksym)(refv Ksym.Ol = Ksym’ (5)

where yer = (nyer — 19)/(3n0). Since L and Ky, are free
parameters in our inference, n.. varies self-consistently
across the posterior rather than being fixed at a single value.
The blending half-width is held fixed at An = 0.004 fm=3,
which is a purely numerical smoothing parameter chosen
small enough to have no impact on the inferred EOS. We
define the blending region n;, € [n.. — An, n.. + An].

Within this interval, we construct a smooth (C*) weight
function following the prescription of Ref. [47],

_ f(x) X = ny— (ncc B An)
w(n,) =t 0= A, (©
where
=

This function satisfies w =0 at n..—An, w=1 at
n.. + An, and is infinitely differentiable inside the interval.
We blend only the pressure,

Pblend(nb) = (1 - W)PSLy(nb) + WPemp(nb)7 (8)

and reconstruct the remaining thermodynamic quantities
from the fundamental relations for cold barotropic matter,
as advocated in Ref. [44]. In particular, the chemical
potential is obtained from

_ " 1 dPplenq
) = o) + [

dn, 9)
where n; = n.. — An. The energy density then follows
from

e(np) = npp(np) = Ppiena(np)- (10)

To ensure continuity of the chemical potential at
n.. + An, we apply a constant shift Ay to the core-side
energy density, following the matching prescription of
Ref. [44]. This guarantees continuity of P, yu, and € across
the matching region.

The squared speed of sound is subsequently computed
consistently from
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, dpP

5 =—- (11)
This construction preserves thermodynamic consistency
by building the EOS from a single interpolated pressure
function, while the C* weight ensures a smooth transition
between crust and core models. Compared to a single-point
matching procedure, it significantly reduces numerical
artifacts in the stiffness of the EOS and improves stability

when sampling over wide ranges of (L, Kgyp).

C. Gaussian process high-density extension

Beyond the matching density n,, the squared sound
speed c2(n) is modeled as a Gaussian process (GP),
following Refs. [21,31,48]. To map the causal domain
c? €10, 1] to the real line, we introduce an auxiliary variable

$(n) = —log (ZL - 1). (12)

ci(n)

The GP prior is then placed on ¢(n),

b(n) ~./\/<—1n <iz- 1>,K(n,n’)>, (13)

Cy

with a squared-exponential kernel

K(n,n'") = nexp {—7 (14)

where 7 controls the variance of fluctuations and ¢ sets the
correlation length in density. The mean function corre-
sponds to the logit transform of a reference sound speed 2.

The GP hyperparameters are drawn hierarchically from
broad normal priors,

£ ~N(1.0n,, (0.25n,)2).
n~N(1.25,02%),
&2 ~ N(0.5,025%), (15)

ensuring that the ensemble of EOSs spans a wide range of
plausible supranuclear behaviors. At the matching density
n;, the GP is anchored to the meta-model prediction,
ensuring continuity of the EOS.

From each realization of ¢(n) we reconstruct the EOS by
inverting to obtain ¢2(n), integrating the baryon chemical

potential, and computing the energy density and pressure

i) =wewp (["Ean). e

1

e(n) =¢,+ /nu(n/)dn’, (17)

P(n) = nu(n) —e(n). (18)

This GP construction automatically enforces causality
and thermodynamic stability, while providing much greater
flexibility than polytrope-based models. By comparing
inferences under the two frameworks, we can directly
quantify the systematic errors introduced by parametric
versus nonparametric extrapolations of the EOS at high
densities.

III. INFERENCE METHODOLOGY

Following our previous work [37], we employ a hier-
archical Bayesian framework to jointly constrain the
neutron star EOS and the mass distribution. This approach
integrates diverse datasets spanning theory, experiment,
and observation. The posterior distribution of the model
parameters is obtained via Bayes’ theorem

P(D|0)P(0)

POID) = =5

(19)

where 6 represents the set of model parameters—including
EOS parameters (fgog) and mass distribution parameters
(@pop)—and D denotes the combined dataset. The like-
lihood P(D|@) encodes the agreement between model
predictions and data, while P(@) represents prior knowl-
edge or theoretical constraints. The evidence P(D) serves
as a normalization constant and is not required for
parameter estimation. A complete summary of the model
parameters and their prior ranges is provided in Table 1.

A. EOS model parameters

The EOS hyperparameters considered in this work are

(1) L: slope of the symmetry energy at saturation

density,

(i) Kgym: curvature of the symmetry energy,

(iii) n,: transition density between the empirical meta-

model and the GP EOS, and

(iv) Z,n,e2: hyperparameters of the GP EOS, corre-

sponding to the correlation length, variance, and
reference sound speed squared.

In our Bayesian framework, we additionally treat the
random seed used to generate Gaussian process realizations
as a parameter. Specifically, we assign a uniform prior over
integer values between 1 and 10,000. This choice ensures
that the stochasticity inherent to GP draws is explicitly
tracked within the inference process. By retaining the seed
as part of the posterior, any EOS sample can be uniquely
reconstructed, which in turn allows us to evaluate other
macroscopic neutron star properties in a consistent and
reproducible manner.
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B. Mass distribution parameters

We describe the neutron star mass distribution using a
two-component Gaussian mixture, capturing the presence
of distinct sub-populations. The model is characterized by:

(1) uy, po: mean masses of the two Gaussian com-

ponents,

(il) o4, 0,: corresponding standard deviations, and

(iii) w: mixture weight of the first component, with the
second assigned a weight of 1 —w.

In compact form, the probability density for a neutron

star mass M is written as

P(M) = [WN (Mu1,01)/B + (1 =w)N (M|ps, 0,)/C]
X U(M|Mminvaax)v (20)

where N/ (M|u, 6%) denotes a normal distribution with mean
u and variance ¢ and the term U(M|M i, M,y ) reads

e i My, <M <M
U(M|Mmins Mmax) = {MmaX_Mmin min

max»

0 else.
(21)

C. Likelihood components

The likelihood function is constructed by combining the

following datasets and theoretical inputs:

(i) NICER: Simultaneous mass-radius inferences for
PSRs J0030 + 0451 [49,50], JO740 + 6620 [51,52],
J0437 — 4715 [9,53], and PSR J0614 — 3329 [10].

(i) Gravitational waves: Tidal deformability posteriors
from GW170817 [2] and GW190425 [4].

(iii) Theory priors: Chiral effective field theory (yEFT) at
low densities [54,55], and perturbative QCD
(pQCD) at asymptotically high densities [20-22].

(iv) Laboratory experiments: Neutron skin thickness
measurements from PREX-II [56] and CREX
[14], which are directly related to the symmetry
energy.

(v) Radio pulsar masses: Three classes of neutron star
mass measurements [57,58]. These include precise
individual masses (from Shapiro delay or relativistic
orbital parameters), as well as binary systems with
total mass or mass ratio constraints combined with
the mass function, marginalizing over inclination.

We do not include the mass-radius data for PSR J1231 —

1411 to provide a cleaner comparison with earlier works.
As shown by [59], the Bayesian analysis of this system is
sensitive to radius priors and exhibits convergence issues,
motivating its exclusion here.

D. Full likelihood

Combining all ingredients, the full likelihood used in this
work can be expressed schematically as

L(DIOros: Opop) = Law (Daw|Oeos: Opop)
x Lnicer (Pnicer [Pk0s: Opop)
X Litass (DRadiof0s)
X E;(EFF(HEOS)EPQCD(HEOS)
X Lskin(Dskin|Oro0s ) - (22)

We note that both yEFT calculations and neutron-skin
measurements primarily constrain the EOS of isospin-
symmetric or pure neutron matter, rather than matter in
p-equilibrium. In the present analysis, these inputs are
therefore incorporated as approximate likelihoods on the
underlying empirical nuclear parameters, which in turn
determine the f-equilibrated EOS. As such, their impact on
neutron star observables is mediated through the assumed
isospin dependence of the EOS near saturation density.
Detailed derivations and discussions of each likelihood
component can be found in [37]. Posterior samples are
drawn using a nested sampling algorithm implemented in
PyMultiNest [60].

IV. RESULTS

To quantify the impact of EOS extrapolation strategy and
NICER hot spot geometry assumptions, we analyze four
scenarios: (i) GP high-density extension with JO030 mod-
eled under the ST+ PDT hot spot geometry, (ii) GP
extension with the PDT-U geometry, (iii) PP high-density
extension with ST + PDT, and (iv) PP extension with PDT-
U. In what follows, we use “GP” and “PP” to specifically
refer to the choice of high-density extrapolation, while
“ST + PDT” and “PDT-U” indicate the assumed hot spot
geometry of JOO30’s x-ray pulse profile.

A. Impact of modeling assumptions on EOS parameters

Figure 1 shows the posterior distributions of three key EOS
parameters that are common across all scenarios: the sym-
metry energy slope L, the curvature of the symmetry energy
Km, and the transition density n, at which the empirical
meta-model is matched to the high-density extension.

A systematic trend emerges: across both EOS extrapo-
lation strategies, adopting the PDT-U hot spot geometry
systematically shifts the inferred values of L and Ky,
toward higher medians compared to the ST 4 PDT case.
This effect is robust to whether the high-density EOS is
modeled with a GP or PP extension, and the two extrapo-
lation schemes provide broadly similar posteriors for L
and Kyp,.

The behavior of the transition density parameter n,
highlights differences between the four scenarios. GP-
based models tend to prefer somewhat lower transition
densities compared to PP-based models, but the exact
posteriors vary with the assumed hot spot geometry.
This indicates that both the extrapolation strategy and
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FIG. 1. Posterior distributions for the symmetry energy slope L,

curvature K, and transition density n, under four scenarios: GP

high-density extrapolation with JO030 ST + PDT (blue), GP with
JO030 PDT-U (orange), PP with J0O030 ST + PDT (green), and PP
with JO030 PDT-U (red). The prior distribution is shown in gray.

the treatment of JO030’s pulse profile introduce distinct
systematics into the inferred matching density.

B. Constraints on GP hyperparameters

Figure 2 shows the posterior distributions of the GP
hyperparameters that regulate the high-density extrapola-
tion of the EOS: the correlation length #, the variance
amplitude #, and the reference mean squared sound speed
¢2. These are compared to the broad hierarchical priors
described in Table I.

The variance amplitude # remains almost completely
prior dominated. Its posterior closely follows the prior
distribution, demonstrating that the current multimessenger
dataset does not meaningfully constrain the typical size of
local fluctuations in the squared sound speed.

By contrast, the data strongly inform both # and &2. The
posteriors of &2 are consistently shifted relative to the prior,
reflecting that the dataset places nontrivial constraints on
the average stiffness of the EOS at supranuclear densities.
Moreover, the two hot spot geometries for PSR J0030 +
0451 yield nearly identical posteriors for 2, indicating that
this parameter is robust against pulse-profile modeling
choices.

The correlation length ¢ exhibits more nuanced behav-
ior. In both hot spot geometries, the posterior median of ¢
lies below the prior mean, suggesting that the data

0.69+31%

0.90+932

= W 0030 ST + PDT
1 = W J0030 PDT-U
hos = = Prior
i L
] 1261313
s 1287317
oF
2
of 5
&~ [
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ol r 0.59+9:18
oL e g 0.60+317
o?
of ol
v r"' _-i
o™ ,r': 1".._
NI ) N |
RSN N NN TN 2 P

1tns] n a

FIG. 2. Posteriors of GP hyperparameters compared with
priors. 5 remains prior dominated, &2 is robust across hot spot
geometries, while £ shifts to smaller values in both cases, with
PDT-U favoring the shortest correlation lengths.

generally favor shorter correlation lengths than assumed
a priori—that is, the EOS is allowed to vary less smoothly
with density than the prior would indicate. Furthermore, a
geometry dependence is evident: the PDT-U solution drives
¢ to even smaller values than the ST 4 PDT case. This
preference can be interpreted as follows: since the PDT-U
geometry infers larger neutron star radii, it requires a stiffer
EOS at intermediate densities. Reconciling this with the
remaining observational and theoretical inputs necessitates
more localized adjustments in the sound-speed profile,
which are enabled by reducing #. By contrast, the ST +
PDT geometry is more compatible with the combined
dataset and therefore favors smoother high-density extrap-
olations with moderately larger 7.

C. Reconstructed high-density EOS and
stellar structure under different
modeling assumptions

Figure 3 presents the inferred pressure-density relations
(top), mass-radius curves (middle), and sound-speed pro-
files (bottom) for the four inference scenarios, comparing
GP and PP extrapolations combined with either the ST +
PDT or PDT-U hot spot geometry of PSR J0030 + 0451.

With only nuclear-theory and experimental likelihoods
applied, the GP extrapolation already behaves differently
from the PP case. GP EOSs favor systematically softer
posteriors in the density range 1 — 3n,, while also spanning
a visibly broader envelope across all densities. By contrast,
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the PP representation produces narrower credible regions,
but at the cost of stronger dependence on its restrictive
functional form.

Adding astrophysical data (NICER, GW, and pulsar
masses) dramatically improves the constraints. Under the
ST + PDT geometry, the GP EOS posteriors are signifi-
cantly softer than PP, yielding smaller radii, higher maxi-
mum masses, and larger central densities. The PDT-U

Nuclear

Nuclear + Astro (W JO030 ST + PDT)

geometry shifts the posteriors toward stiffer EOSs with
correspondingly larger radii, but the differences between
GP and PP extrapolations remain evident in the widths of
their credible bands.

The sound-speed reconstructions highlight these
differences most clearly. For the ST + PDT case, the GP
EOS produces somewhat tighter constraints on ¢2(n) up to
~3.3n,, while for PDT-U the informative range extends

Nuclear + Astro (J0030 PDT-U)

1037

1036 |

pldyn/cm?]

1034 L

1033

n[ns]

nlnsl nns]

Nuclear Nuclear + Astro (W J0030 ST + PDT) Nuclear + Astro (J0O030 PDT-U)
[ GP [ GP
o PP o PP
~2
=
=
J0030 J0030
ST + PDT PDT-U
8 10 12 14 8 10 12 14 8 10 12 14 16
R (km) R (km) R (km)
Nuclear Nuclear + Astro (W J0030 ST + PDT) Nuclear + Astro (J0O030 PDT-U)

[ GP
o PP

n[ns]

FIG. 3.

n[ns]

nlns]

Posterior distributions of the EOS obtained with GP and PP extrapolations under two hot spot geometries of PSR J0030 +

0451 (ST + PDT and PDT-U). Top: pressure-density relation. Middle: mass-radius curves. Bottom: squared sound speed vs density.
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only to ~2.5n,. Moreover, the ST + PDT solution admits
central densities higher than those of PDT-U, and the GP
posteriors reveal a dip in ¢? near the central density in this
case. Such features are inaccessible in the PP representa-

tion, which enforces stepwise continuity.

12.15%34
12.80%933
11.80%322

D. Macroscopic neutron star properties

Figure 4 shows the posterior distributions of macro-
scopic neutron star properties inferred from our EOS
models: the radius R4 and tidal deformability A4 of a
1.4M, star, the maximum mass M, the corresponding

—— GP, W 0030 ST + PDT
—— GP, W J0030 PDT-U

4067192
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598153 PP, W J0030 PDT-U
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central density n,,,,, and the central pressure p,... Results
are compared across the four scenarios combining GP or PP
extrapolations with the ST + PDT or PDT-U hot spot
geometry of PSR J0030 + 0451.

For R;4 and A;4, both the extrapolation strategy and
the hot spot geometry play important roles. Within the
ST + PDT geometry, GP models predict systematically
smaller radii and tidal deformabilities than PP models,
with median shifts of about ~350 m and ~80, respec-
tively. Changing the hot spot geometry has a larger effect:
moving from ST+ PDT to PDT-U increases R;, by
roughly ~1.1 km and A; 4 by about ~270 in the GP case.
While the precise values differ for PP, the same trend
holds: PDT-U always favors larger radii and tidal deform-
abilities than ST + PDT.

The maximum mass follows a consistent but distinct set
of trends. PDT-U solutions yield larger M, than ST +
PDT in both GP and PP cases, reflecting their preference
for stiffer EOSs. In addition, GP extrapolations systemati-
cally predict higher M, than PP under the same geometry.
This is in contrast to the behavior of R, 4 and A, 4, where
GP tends to give smaller values than PP. The pattern
highlights the flexibility of the GP representation: it can
accommodate large maximum masses while allowing softer
intermediate-density behavior.

The corresponding central densities and pressures under-
score these differences. ST + PDT models, which favor
softer EOSs, are associated with higher n,,,, and p,,.x than
PDT-U. This outcome is expected: softer EOSs must reach
higher central densities and pressures to support massive
stars, whereas stiffer EOSs achieve the same or larger M,
at lower central densities and pressures.

Finally, we note that the posterior distributions of the
neutron star mass distribution parameters are not shown
here, as they are largely insensitive to the choice of hot spot
geometry or EOS extrapolation scheme. These results are
consistent with our previous analyses [37,43], where the
corresponding distributions were presented in detail. For
completeness, we simply refer the reader to those ear-
lier works.

E. Model comparison via Bayesian evidence

We assess the relative support for different modeling
assumptions using Bayesian evidence, considering both

TABLE II.

(i) the hot spot geometry in pulse-profile modeling
(ST 4 PDT vs PDT-U), and (ii) the high-density extrapo-
lation scheme for the EOS (piecewise polytrope vs
Gaussian process). Following the interpretation of Kass
and Raftery [42], we interpret differences in log-evidence in
terms of the strength of model preference. The resulting
log-evidence values for all model combinations are sum-
marized in Table II.

For the PP model, the evidence difference between ST +
PDT and PDT-U is AlogZ ~3.68, corresponding to
log;o BF ~ 1.59. This constitutes strong evidence in favor
of ST + PDT. For the GP model, the preference is even
stronger: AlogZ ~4.52, or log,o BF ~ 1.96, which con-
stitutes very strong evidence. Thus, under both extrapola-
tion schemes, ST + PDT is favored, with the GP extension
providing the sharper distinction.

Comparing the extrapolation strategies themselves, the
GP extension is preferred over PP in both hot spot
geometries. For ST + PDT, the evidence difference is
AlogZ =~ 2.08, corresponding to a Bayes factor (BF) of
about 8 (log;, BF ~ 0.9), indicating substantial evidence
for GP. For PDT-U, the difference 1is smaller,
Alog Z =~ 1.24, corresponding to a Bayes factor of about
3.5 (log;o BF = 0.54), indicating substantial evidence.

Overall, the dataset decisively favors the ST 4 PDT hot
spot geometry, and within either geometry, shows a sub-
stantial preference for the GP extrapolation. The combi-
nation of ST+PDT+GP is the most strongly
supported model.

F. Comparison with Ng et al. [61]

Our results can be compared directly with the recent work
of Ng et al. [61], who also adopt a semi-nonparametric EOS
framework based on Gaussian processes. Using a compa-
rable set of astrophysical observations, they report R, 4 =
1145098 km and M, = 2.317035 M, (90% CL), whereas
our ST +PDT + GP analysis yields R, 4 = 11.87)3) km
and M, = 2.29J_r8"22§M o- Although the median values are
consistent, the credible intervals reported by Ng et al. [61]
are noticeably broader than those obtained in this work.

An important difference lies in the inference methodol-
ogy. Ng et al. [61] do not provide explicit details of their
sampling scheme. However, their Gaussian-process

Bayesian evidence comparison for EOS extrapolation models (PP vs GP) and hot spot geometries

(ST 4 PDT vs PDT-U). Quoted values are log-evidences with sampling uncertainties. Evidence differences A log Z
are shown for both hot spot and extrapolation comparisons. Interpretation follows Kass and Raftery [42].

EOS model Geometry logZ Alog Z (Geom.) AlogZ (EOS)

PP ST + PDT —11.838 +0.019 ~ + 3.68 (favor ST + PDT) ~ —2.08 (vs GP)
PP PDT-U —15.517 £ 0.129 ~ —1.24 (vs GP)
GP ST + PDT -9.754 £ 0.015 ~ +4.52 (favor ST + PDT) ~ + 2.08 (vs PP)
GP PDT-U —14.276 + 0.041 ~ + 1.24 (vs PP)
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framework closely follows Landry et al. [31] and Essick
et al. [48], where posterior distributions are obtained via
direct Monte Carlo draws of EOS realizations from the GP
prior, reweighted by the likelihood. Convergence in that
approach is typically monitored using the effective sample
size. While this procedure is formally correct, it is computa-
tionally inefficient in high-dimensional problems where the
posterior occupies only a small fraction of the prior volume.
As a result, many samples carry negligible weight, limiting
the effective number of posterior draws and leading to
broader credible intervals.

By contrast, our analysis employs nested sampling as
implemented in PyMultiNest, which adaptively explores the
high-likelihood regions of parameter space and simulta-
neously yields Bayesian evidence estimates. This strategy
achieves a more efficient exploration of the posterior
distribution, resulting in tighter constraints on R;, and
M .., Wwhile also enabling robust model comparison
between different EOS extrapolation strategies and hot
spot geometries. We therefore attribute part of the broader
uncertainties in Ng et al. [61] to the sampling methodology,
in addition to possible differences in prior choices and
observational inputs.

V. CONCLUSION

In this work, we have extended our earlier hybrid EOS
framework [37] by replacing the high-density piecewise-
polytropic extrapolation with a Gaussian process represen-
tation of the squared sound speed. This allows a systematic
comparison between parametric and nonparametric extrapo-
lation strategies while retaining the same physics-informed
SLy crust and nuclear meta-model near saturation density.

Using a hierarchical Bayesian framework that incorpo-
rates constraints from NICER, gravitational waves, radio
pulsar mass measurements, neutron-skin thickness experi-
ments, and theoretical input from yEFT and pQCD, we
performed joint inference of the neutron star EOS and mass
distribution under four scenarios: two EOS extrapolations
(PP and GP) and two hot spot geometries for PSR JO030 +
0451 (ST + PDT and PDT-U).

Our previous works [37,43] demonstrated that hot spot
geometry assumptions strongly influence EOS inferences
when using piecewise-polytropic extrapolations, with the
PDT-U model favoring larger radii and stiffer EOSs than
the ST + PDT configuration. Here we show that the same
qualitative behavior persists with the GP extension, con-
firming that this effect is robust across extrapolation
strategies. Quantitatively, GP-based EOSs yield broader
posteriors than PP models, but generally predict higher
maximum masses and smaller neutron star radii. Bayesian
model comparison strongly favors the ST + PDT geometry
over PDT-U in both extrapolation schemes, and—while not
decisive overall—provides substantial support for the GP
extension over the PP model, particularly in the ST +
PDT case.

Overall, our results highlight that both astrophysical
systematics (hot spot geometry assumptions) and theoreti-
cal systematics (EOS extrapolation schemes) continue to
play a central role in dense-matter inference. Looking
forward, the evidence in favor of the GP framework
suggests that nonparametric extrapolations may offer a
more reliable path toward robust, bias-minimized EOS
constraints in the multimessenger era.

ACKNOWLEDGMENTS

B. B. thanks the anonymous referees for useful sugges-
tions which helped to improve the manuscript. B.B.
acknowledges the support from the Alexander von
Humboldt Foundation through a Humboldt Research
Fellowship for Postdoctoral Researchers. Calculations were
performed on the facilities at the SUNRISE HPC facility
supported by the Technical Division at the Department of
Physics, Stockholm University.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Observation of gravitational waves from
a binary neutron star inspiral, Phys. Rev. Lett. 119, 161101
(2017).

[2] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Properties of the binary neutron star merger
GW170817, Phys. Rev. X 9, 011001 (2019).

[3] B.P. Abbott et al. (LIGO Scientific and Virgo Collab-
orations), GW170817: Measurements of neutron star

radii and equation of state, Phys. Rev. Lett. 121,
161101 (2018).

[4] B.P. Abbott ef al. (LIGO Scientific and Virgo Collabora-
tions), GW190425: Observation of a compact binary coa-
lescence with total mass ~3.4M, Astrophys. J. Lett. 892,
L3 (2020).

[5] T.E. Riley, A.L. Watts, S. Bogdanov, P.S. Ray, R. M.
Ludlam, S. Guillot, Z. Arzoumanian, C.L. Baker, A. V.
Bilous, D. Chakrabarty, K.C. Gendreau, A.K. Harding,

123032-10


https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.3847/2041-8213/ab75f5

EQUATION OF STATE EXTRAPOLATION SYSTEMATICS: ...

PHYS. REV. D 113, 123032 (2026)

W.C.G. Ho, J.M. Lattimer, S.M. Morsink, and T.E.
Strohmayer, A NICER view of PSR JO030 + 0451: Nested
samples for millisecond pulsar parameter estimation,
10.5281/zenodo.3386449 (2019).

[6] Thomas E. Riley et al., A NICER view of the massive pulsar
PSR J0740 + 6620 informed by radio timing and XMM-
Newton spectroscopy, Astrophys. J. Lett. 918, L27 (2021).

[7] M. C. Miller et al., PSR JO030 + 0451 mass and radius from
NICER data and implications for the properties of neutron
star matter, Astrophys. J. Lett. 887, L24 (2019).

[8] M. C. Miller et al., The radius of PSR J0740 + 6620 from
NICER and XMM-Newton data, Astrophys. J. Lett. 918,
L28 (2021).

[9] Devarshi Choudhury et al., A NICER view of the nearest
and brightest millisecond pulsar: PSR J0437 — 4715, As-
trophys. J. Lett. 971, L20 (2024).

[10] Lucien Mauviard et al., A NICER view of the 1.4 solar-mass
edge-on pulsar PSR J0614 — 3329, arXiv:2506.14883.

[11] John Antoniadis et al., A massive pulsar in a compact
relativistic binary, Science 340, 6131 (2013).

[12] H. Thankful Cromartie et al., Relativistic Shapiro delay
measurements of an extremely massive millisecond pulsar,
Nat. Astron. 4, 72 (2019).

[13] Brendan T. Reed, F.J. Fattoyev, C.J. Horowitz, and J.
Piekarewicz, Implications of PREX-II on the equation of
state of neutron-rich matter, arXiv:2101.03193.

[14] D. Adhikari et al. (CREX Collaboration), Precision deter-
mination of the neutral weak form factor of “8Ca, Phys. Rev.
Lett. 129, 042501 (2022).

[15] Evgeny Epelbaum, Hans-Werner Hammer, and UIf-G.
Meissner, Modern theory of nuclear forces, Rev. Mod.
Phys. 81, 1773 (2009).

[16] R. Machleidt and D. R. Entem, Chiral effective field theory
and nuclear forces, Phys. Rep. 503, 1 (2011).

[17] Hans-Werner Hammer, Andreas Nogga, and Achim
Schwenk, Three-body forces: From cold atoms to nuclei,
Rev. Mod. Phys. 85, 197 (2013).

[18] Kai Hebeler, Three-nucleon forces: Implementation and
applications to atomic nuclei and dense matter, Phys.
Rep. 890, 1 (2021).

[19] C. Drischler, J. W. Holt, and C. Wellenhofer, Chiral effective
field theory and the high-density nuclear equation of state,
Annu. Rev. Nucl. Part. Sci. 71, 403 (2021).

[20] Tyler Gorda, Aleksi Kurkela, Risto Paatelainen, Saga Sippi,
and Aleksi Vuorinen, Soft interactions in cold quark matter,
Phys. Rev. Lett. 127, 162003 (2021).

[21] Tyler Gorda, Oleg Komoltsev, and Aleksi Kurkela, Ab-initio
QCD calculations impact the inference of the neutron-star-
matter equation of state, Astrophys. J. 950, 107 (2023).

[22] Oleg Komoltsev and Aleksi Kurkela, How perturbative
QCD constrains the equation of state at neutron-star
densities, Phys. Rev. Lett. 128, 202701 (2022).

[23] Jocelyn S. Read, Benjamin D. Lackey, Benjamin J. Owen,
and John L. Friedman, Constraints on a phenomenologically
parameterized neutron-star equation of state, Phys. Rev. D
79, 124032 (2009).

[24] Lee Lindblom, Spectral representations of neutron-star
equations of state, Phys. Rev. D 82, 103011 (2010).

[25] S. K. Greif, G. Raaijmakers, K. Hebeler, A. Schwenk, and
A. L. Watts, Equation of state sensitivities when inferring

neutron star and dense matter properties, Mon. Not. R.
Astron. Soc. 485, 5363 (2019).

[26] Isaac Legred, Katerina Chatziioannou, Reed Essick, and
Philippe Landry, Implicit correlations within phenomeno-
logical parametric models of the neutron star equation of
state, Phys. Rev. D 105, 043016 (2022).

[27] Gabriele Montefusco, Marco Antonelli, and Francesca
Gulminelli, Frozen and f-equilibrated f and p modes of
cold neutron stars: Nuclear metamodel predictions, Astron.
Astrophys. 694, A150 (2025).

[28] Silvia Traversi, Prasanta Char, and Giuseppe Pagliara,
Bayesian inference of dense matter equation of state within
relativistic mean field models using astrophysical measure-
ments, Astrophys. J. 897, 165 (2020).

[29] Luca Passarella, Jerome Margueron, and Giuseppe Pagliara,
Relativistic mean-field predictions for the dense-matter
equation of state and application to neutron stars, Phys.
Rev. C 112, 035805 (2025).

[30] Bhaskar Biswas, Prasanta Char, Rana Nandi, and Sukanta
Bose, Towards mitigation of apparent tension between nuclear
physics and astrophysical observations by improved modeling
of neutron star matter, Phys. Rev. D 103, 103015 (2021).

[31] Philippe Landry and Reed Essick, Nonparametric inference
of the neutron star equation of state from gravitational wave
observations, Phys. Rev. D 99, 084049 (2019).

[32] Philippe Landry, Reed Essick, and Katerina Chatziioannou,
Nonparametric constraints on neutron star matter with
existing and upcoming gravitational wave and pulsar ob-
servations, Phys. Rev. D 101, 123007 (2020).

[33] Nikhil Sarin, Hiranya V. Peiris, Daniel J. Mortlock, Justin
Alsing, Samaya M. Nissanke, and Stephen M. Feeney,
Measuring the nuclear equation of state with neutron star-
black hole mergers, Phys. Rev. D 110, 024076 (2024).

[34] Bhaskar Biswas, Rana Nandi, Prasanta Char, Sukanta Bose,
and Nikolaos Stergioulas, GW190814: On the properties of
the secondary component of the binary, Mon. Not. R.
Astron. Soc. 505, 1600 (2021).

[35] Bhaskar Biswas, Impact of PREX-II and combined radio/
NICER/XMM-Newton’s mass—radius measurement of PSR
JO740 + 6620 on the dense-matter equation of state, As-
trophys. J. 921, 63 (2021).

[36] 1. Bombaci and U. Lombardo, Asymmetric nuclear matter
equation of state, Phys. Rev. C 44, 1892 (1991).

[37] Bhaskar Biswas and Stephan Rosswog, Simultaneously
constraining the neutron star equation of state and mass
distribution through multimessenger observations and nu-
clear benchmarks, Phys. Rev. D 112, 023045 (2025).

[38] F. Douchin and P. Haensel, A unified equation of state of
dense matter and neutron star structure, Astron. Astrophys.
380, 151 (2001).

[39] 1. Bombaci and U. Lombardo, Asymmetric nuclear matter
equation of state, Phys. Rev. C 44, 1892 (1991).

[40] Gabriele Montefusco, Marco Antonelli, and Francesca
Gulminelli, An asymptotically causal metamodel for neu-
tron star equations of state, arXiv:2604.00196.

[41] M. Qertel, M. Hempel, T. Klidhn, and S. Typel, Equations of
state for supernovae and compact stars, Rev. Mod. Phys. 89,
015007 (2017).

[42] Robert E. Kass and Adrian E. Raftery, Bayes factors, J. Am.
Stat. Assoc. 90, 773 (1995).

123032-11


https://doi.org/10.5281/zenodo.3386449
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ad5a6f
https://doi.org/10.3847/2041-8213/ad5a6f
https://arXiv.org/abs/2506.14883
https://doi.org/10.1126/science.1233232
https://doi.org/10.1038/s41550-019-0880-2
https://arXiv.org/abs/2101.03193
https://doi.org/10.1103/PhysRevLett.129.042501
https://doi.org/10.1103/PhysRevLett.129.042501
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1016/j.physrep.2011.02.001
https://doi.org/10.1103/RevModPhys.85.197
https://doi.org/10.1016/j.physrep.2020.08.009
https://doi.org/10.1016/j.physrep.2020.08.009
https://doi.org/10.1146/annurev-nucl-102419-041903
https://doi.org/10.1103/PhysRevLett.127.162003
https://doi.org/10.3847/1538-4357/acce3a
https://doi.org/10.1103/PhysRevLett.128.202701
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.79.124032
https://doi.org/10.1103/PhysRevD.82.103011
https://doi.org/10.1093/mnras/stz654
https://doi.org/10.1093/mnras/stz654
https://doi.org/10.1103/PhysRevD.105.043016
https://doi.org/10.1051/0004-6361/202452727
https://doi.org/10.1051/0004-6361/202452727
https://doi.org/10.3847/1538-4357/ab99c1
https://doi.org/10.1103/7qs4-wb95
https://doi.org/10.1103/7qs4-wb95
https://doi.org/10.1103/PhysRevD.103.103015
https://doi.org/10.1103/PhysRevD.99.084049
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1103/PhysRevD.110.024076
https://doi.org/10.1093/mnras/stab1383
https://doi.org/10.1093/mnras/stab1383
https://doi.org/10.3847/1538-4357/ac1c72
https://doi.org/10.3847/1538-4357/ac1c72
https://doi.org/10.1103/PhysRevC.44.1892
https://doi.org/10.1103/8lv3-1ywb
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1103/PhysRevC.44.1892
https://arXiv.org/abs/2604.00196
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1103/RevModPhys.89.015007
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1080/01621459.1995.10476572

BHASKAR BISWAS

PHYS. REV. D 113, 123032 (2026)

[43] Bhaskar Biswas and Prasanta Char, Systematics from
NICER pulse profiles drive uncertainty in multi-messenger
inference of the neutron star equation of state, Phys. Rev. D
112, 063049 (2025).

[44] M. Fortin, C. Providencia, A. R. Raduta, F. Gulminelli, J. L
Zdunik, P. Haensel, and M. Bejger, Neutron star radii and
crusts: Uncertainties and unified equations of state, Phys.
Rev. C 94, 035804 (2016).

[45] Camille Ducoin, Jerome Margueron, Constanca
Providencia, and Isaac Vidana, Core-crust transition in
neutron stars: Predictivity of density developments, Phys.
Rev. C 83, 045810 (2011).

[46] Pietro Klausner, Marco Antonelli, and Francesca
Gulminelli, Properties of the neutron star crust informed
by nuclear structure data, Phys. Rev. C 113, 025808 (2026).

[47] S. Burrello, F. Gulminelli, M. Antonelli, M. Colonna, and
A.F. Fantina, Bayesian inference of neutron star crust
properties using an ab-initio-benchmarked metamodel,
Phys. Rev. C 112, 035802 (2025).

[48] Reed Essick, Philippe Landry, and Daniel E. Holz, Non-
parametric inference of neutron star composition, equation
of state, and maximum mass with GW170817, Phys. Rev. D
101, 063007 (2020).

[49] Serena Vinciguerra et al., An updated mass-radius analysis
of the 2017-2018 NICER data set of PSR J0O030 + 0451,
arXiv:2308.09469.

[50] Serena Vinciguerra, Tuomo Salmi, Anna L. Watts, Devarshi
Choudhury, Thomas E. Riley, Paul S. Ray, Slavko
Bogdanov, Yves Kini, Sebastien Guillot, Deepto
Chakrabarty, Wynn C.G. Ho, Daniela Huppenkothen,
Sharon M. Morsink, Zorawar Wadiasingh, and Micheal
T. Wolft, An updated mass-radius analysis of the 2017-2018
NICER data set of PSR J0030 + 0451, 10.5281/zen-
0d0.8239000 (2023).

[51] Tuomo Salmi et al., The radius of the high mass pulsar PSR
JO740 + 6620 with 3.6 years of NICER data,
arXiv:2406.14466.

[52] Tuomo Salmi, Devarshi Choudhury, Yves Kini, Thomas Riley,
Serena Vinciguerra, Anna L. Watts, Michael T. Wolff, Zaven
Arzoumanian, Slavko Bogdanov, Deepto Chakrabarty, Keith
Gendreau, Sebastien Guillot, Wynn C.G. Ho, Daniela
Huppenkothen, Renee M. Ludlam, Sharon M. Morsink, and
Paul S. Ray, Data and software for: “The radius of the high-

mass pulsar PSR J0740 4 6620 with 3.6 yr of NICER data”,
10.5281/zenodo.10519473 (2024).

[53] Devarshi Choudhury, Tuomo Salmi, Vinciguerra Serena,
Thomas Riley, Yves Kini, Anna L. Watts, Bas Dorsman,
Slavko Bogdanov, Sebastien Guillot, Paul S. Ray, Daniel
Reardon, Ronald A. Remillard, Anna Bilous, Daniela
Huppenkothen, James Lattimer, Nathan Rutherford,
Zaven Arzoumanian, Keith Gendreau, Sharon Morsink,
and Wynn C. G. Ho, Reproduction package for: “A NICER
view of the nearest and brightest millisecond pulsar: PSR
J0437 — 4715”7, 10.5281/zenodo.13766753 (2024).

[54] BUQEYE Collaboration, BUQEYE software repository,
https://bugeye.github.io/software/ (2020), Bayesian uncer-
tainty quantification for equation of state.

[55] C. Drischler, R.J. Furnstahl, J. A. Melendez, and D.R.
Phillips, How well do we know the neutron-matter equation
of state at the densities inside neutron stars? A Bayesian
approach with correlated uncertainties, Phys. Rev. Lett. 125,
202702 (2020).

[56] D. Adhikari et al. (PREX Collaboration), An accurate
determination of the neutron skin thickness of 2°%Pb
through  parity-violation in  electron  scattering,
arXiv:2102.10767.

[57] Yi-Zhong Fan, Ming-Zhe Han, Jin-Liang Jiang, Dong-
Sheng Shao, and Shao-Peng Tang, Maximum gravitational
mass MTOV = 2.25 - 0.07 + 0.08M © inferred at about
3% precision with multimessenger data of neutron stars,
Phys. Rev. D 109, 043052 (2024).

[58] Justin Alsing, Hector O. Silva, and Emanuele Berti, Evi-
dence for a maximum mass cut-off in the neutron star mass
distribution and constraints on the equation of state, Mon.
Not. R. Astron. Soc. 478, 1377 (2018).

[59] Tuomo Salmi et al., A NICER view of PSR J1231 — 1411:
A complex case, Astrophys. J. 976, 58 (2024).

[60] J. Buchner, A. Georgakakis, K. Nandra, L. Hsu, C. Rangel,
M. Brightman, A. Merloni, M. Salvato, J. Donley, and D.
Kocevski, X-ray spectral modelling of the AGN obscuring
region in the CDFS: Bayesian model selection and cata-
logue, Astron. Astrophys. 564, A125 (2014).

[61] Sunny Ng, Isaac Legred, Lami Suleiman, Philippe Landry,
Lyla Traylor, and Jocelyn Read, Inferring the neutron star
equation of state with nuclear-physics informed semipara-
metric models, arXiv:2507.03232.

123032-12


https://doi.org/10.1103/mgsg-c6tn
https://doi.org/10.1103/mgsg-c6tn
https://doi.org/10.1103/PhysRevC.94.035804
https://doi.org/10.1103/PhysRevC.94.035804
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/PhysRevC.83.045810
https://doi.org/10.1103/mm6h-3jqs
https://doi.org/10.1103/74qx-8ym8
https://doi.org/10.1103/PhysRevD.101.063007
https://doi.org/10.1103/PhysRevD.101.063007
https://arXiv.org/abs/2308.09469
https://doi.org/10.5281/zenodo.8239000
https://doi.org/10.5281/zenodo.8239000
https://arXiv.org/abs/2406.14466
https://doi.org/10.5281/zenodo.10519473
https://doi.org/10.5281/zenodo.13766753
https://buqeye.github.io/software/
https://buqeye.github.io/software/
https://buqeye.github.io/software/
https://doi.org/10.1103/PhysRevLett.125.202702
https://doi.org/10.1103/PhysRevLett.125.202702
https://arXiv.org/abs/2102.10767
https://doi.org/10.1103/PhysRevD.109.043052
https://doi.org/10.1093/mnras/sty1065
https://doi.org/10.1093/mnras/sty1065
https://doi.org/10.3847/1538-4357/ad81d2
https://doi.org/10.1051/0004-6361/201322971
https://arXiv.org/abs/2507.03232

	Equation of state extrapolation systematics: Parametric vs nonparametric inference of neutron star structure
	I. INTRODUCTION
	II. EOS MODEL WITH GAUSSIAN PROCESS EXTENSION
	A. Nuclear meta-model
	B. Crust-core blending
	C. Gaussian process high-density extension

	III. INFERENCE METHODOLOGY
	A. EOS model parameters
	B. Mass distribution parameters
	C. Likelihood components
	D. Full likelihood

	IV. RESULTS
	A. Impact of modeling assumptions on EOS parameters
	B. Constraints on GP hyperparameters
	C. Reconstructed high-density EOS and stellar structure under different modeling assumptions
	D. Macroscopic neutron star properties
	E. Model comparison via Bayesian evidence
	F. Comparison with Ng et al. [61]

	V. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


