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Abstract
Over the past decade, an abundance of information from neutron-star observa-
tions, nuclear experiments and theory has transformed our efforts to elucidate
the properties of dense matter. However, at high densities relevant to the
cores of neutron stars (NSs), substantial uncertainty about the dense matter
equation of state (EoS) remains. In this work, we present a semiparametric
EoS framework aimed at better integrating knowledge across these domains in
astrophysical inference. We use a meta-model and realistic crust at low dens-
ities, and Gaussian process (GP) extensions at high densities. Comparisons
between our semiparametric framework to fully nonparametric EoS repres-
entations show that imposing nuclear theoretical and experimental constraints
through the meta-model up to nuclear saturation density results in constraints
on the pressure up to twice nuclear saturation density. We also show that our
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GP trained on EoS models with nucleonic, hyperonic, and quark compositions
extends the range of EoS explored at high density compared to a piecewise
polytropic extension schema, under the requirements of causality of matter
and of supporting the existence of heavy pulsars (PSRs). We find that max-
imum Tolman—Oppenheimer—Volkoff masses above 3.2 M, can be supported
by causal EoS compatible with nuclear constraints at low densities. We then
combine information from existing observations of heavy PSR masses, gravita-
tional waves emitted from binary NS mergers, and x-ray pulse profile modeling
of millisecond PSRs within a Bayesian inference scheme using our semipara-
metric EoS prior. With information from all public NS Interior Composition
ExploRer PSRs (including PSR J0030+0451, PSR J0740+4-6620, PSR J0437—
4715, and PSR J0614-3329), we find an astrophysically favored pressure at two
times nuclear saturation density of P(2pnuc) = 1.9877 2 x 10* dynem™2, a

radius of a 1.4 Mg, NS value of Ry 4 = 11470 % km, and Mipa, = 2.317933 Mg,
at the 90% credible level (C.L).

Keywords: neutron stars, nuclear equation of state, gravitational waves,
dense matter, Bayesian inference, multi-messenger astronomy

1. Introduction

Understanding the strong interaction of matter in regimes of low temperatures and high density
is a major challenge in nuclear physics. Experimental measurements of nuclei inform nuclear
matter across a range of densities [1—4]. Rare isotope beam facilities such as the Facility for
Rare Isotope Beams (FRIB) are exploring symmetric and asymmetric matter up to nuclear
saturation density [5], and heavy ion collisions inform our understanding of nuclear matter at
increasing ranges of temperature, density, and isospin asymmetry [6—8]. High density matter
can be described by nuclear theory frameworks with quantified uncertainties, such as chiral
effective field theory (xEFT), but these begin to break down by twice nuclear saturation density
[9]. Extending nuclear theory to very high density relies on unknown or poorly constrained
degrees of freedom, potentially including pions, kaons, hyperons and quarks [10].

Neutron stars (NSs) are extremely compact astrophysical objects with interiors composed
of strongly interacting neutron-rich matter at relatively low temperatures. Their macroscopic
properties are determined by the equation of state (EoS) of dense matter in beta equilibrium
and the theory of gravitation. Observations of NSs can therefore be used in combination with
theoretical and experimental nuclear physics results as a unique probe of dense matter.

Astrophysical observations have begun to produce robust constraints on the nuclear EoS.
Measurements relying on general relativity have provided NS properties in multiple ways.
Radio observations of galactic pulsars (PSRs) provide precise measurements of the heav-
iest NS masses through PSR radio timing [11-14]. The largest masses inferred from those
measurements imply that the pressure of strongly interacting matter inside the core of the star
must be sufficiently high to counterbalance the self-gravitation of massive stars. The LIGO-
Virgo-KAGRA network [15-18] of gravitational-wave (GW) observatories detects gravita-
tional waves emitted from merging compact objects. From binary NS (BNS) mergers, the
mass and tidal deformability can simultaneously be extracted from the signal. Gravitational
wave data for the loudest BNS merger detected to date, GW 170817 [19], provided significant
upper limits on the tidal deformability, a parameter that quantifies the strength of the influence
of neutron-star matter on the GW signal [20, 21]. This observational constraint leads to an
upper bound on the EoSs pressure around twice nuclear saturation density [21-23]. The NS
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Interior Composition ExploRer (NICER) x-ray telescope [24] makes simultaneous measure-
ments of the mass and radius of a few millisecond PSRs from x-ray pulse profile modeling (see
[25-30] and references therein). The x-ray pulse profile data of the first PSRs observed favored
models with moderately large radii, leading to a preference for EoSs with higher pressures;
however, recent NICER observations are consistent with smaller radii like those inferred from
GWs [29, 30].

In order to constrain the EoS with astrophysical information, a Bayesian inference scheme
requires a model and prior distribution of possible EoSs. There exists in the literature a number
of parametric EoS constructions used to build those distributions, such as piecewise polytropes
(PP) [31], spectral representations [32], the meta-model [33], and sound speed parametriz-
ations [34, 35]. More recently, non-parametric representations based on Gaussian process
(GP) regression, see [36—39], have provided methods for generating EoSs with larger variab-
ility in the pressure-energy density space. Unlike parametrizations which implicitly require a
particular functional form for the EoS, the GP method allows for prior support across the full
space of causal and thermodynamically stable EoSs. A non-parametric approach therefore can
avoid potential biases which arise from a priori excluding the true EoS via an inapt choice
of functional form for the parametrization [40]. In contrast to fully agnostic approaches, the
meta-model [33] utilizes nuclear empirical parameters in the construction of the EoS. Said
parameters are informed by terrestrial laboratory experiments, such as heavy ion collisions [2]
in order to build nuclear-physics informed EoSs.

In this work, we build on the approach taken in [41], and present a semiparametric method
to build physically realistic EoSs based on the meta-modeling approach constrained by nuc-
lear theory and experiments at low density, and using GP generated extensions above nuc-
lear density. Our methodology is presented in section 2. In section 2.1, we detail our con-
struction of the EoS: section 2.1.1 briefly reviews the meta-model used for the low density
EoS, and section 2.1.2 presents our formalism for the high density GP extensions. Section 2.2
briefly reviews the EoS inference framework including details on hierarchical Bayesian ana-
lyses using astrophysical data. We present results in section 3 comparing the EoS distributions
in pressure-density and characteristic macroscopic NS parameters with different methods of
prior generation in section 3.1.2. Finally, we revisit posterior EoS distribution informed by
astrophysical observations in section 3.2.1.

2. Methodology

2.1. EoS model

Details about constructing our EoS prior using a semiparametric framework are presented
here. At low densities, we employ the meta-model informed by nuclear experiment and theory.
Beyond the stitching density, we generate GP extensions of the EoS trained with tabulated EoSs
from the literature, specifically the set used in [42]. We note that we do not use the piecewise
polytrope fits of [42], but train our GP on the original nuclear theory EoSs collected in that
work.

2.11 Meta-model.  Similarly to [41], we use the meta-model approach discussed in [33] to
construct the low density EoS using the Crust Unified Tool for EoS Reconstruction (CUTER,
see Zenodo repository in [41]). In this non-relativistic approach, the energy per baryon of
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nucleonic matter e at zero-temperature is expressed as a parabolic expansion in the isospin
asymmetry parameter 6 = (n, — n,)/n

e(n,0) =eis(n) + ey (n)52—|—t;§G (n,9) , (1

with n the baryon density, n, and 7, the neutron and proton density respectively, ;; the energy
of isospin symmetric matter (also referred to as isoscalar energy), and e;, the symmetry energy
(also referred to as isovector energy). The parabolic expansion is corrected by a kinetic term
which depends on several nuclear parameters:

tlt:G (n75) = t;G (nvé;nsatvm:atv Am;kdt) ) (2)

with mg,, the Landau effective mass in symmetric matter defined at nuclear saturation density
nsa’, and the isosplit Am,, in neutron matter defined at ng,, see equation (6) of [33]. Both
the energy of symmetric matter and the symmetry energy are formulated as a fourth order
truncated Taylor expansion around ng, in which each order reveals additional parameters, so
called nuclear empirical parameters, such that

eis (1) = eis (5150, {Xis } My, Amgy, b) 3
eiv (1) = eiy (1 nsat, {Xiv } s M, Amy, b) )
{Xis} = {Esat, Ksat, Osats Zsat } Q)
{Xiv} = {ESymaLSym’KSym» QSym’ZSym} : (6)

We can identify here the isoscalar {X;} and isovector {X;,} nuclear empirical parameters
defined at ngy: Egy the symmetric matter (or isoscalar) energy, K, the isoscalar incompress-
ibility, O, the isoscalar skewness, Zg, the isoscalar kurtosis, Egyn, the symmetry energy, Lgym
the slope of the symmetry energy, Ky, the isovector incompressibility, Qsym the isovector
skewness and Zgy, the isovector kurtosis. The parameter b is introduced in [33] and ensures
the correcting term to the potential energy quickly vanishes. For details on the explicit formu-
las for the kinetic term, the isoscalar and isovector energies, we refer to equations (6)—(9) and
equations (16)—(24) of [41] or to equations (13)—(16) and equations (22)—(31) of [33].

We sample all the aforementioned nuclear parameters across a uniform distribution bounded
by the experimentally informed values presented in table 1 (following [41, 43]). We apply nuc-
lear theory constraints on the energy per nucleon of pure neutron matter using YEFT calcula-
tions presented in [44] in the interval of baryon density n € [0.02 fm 3, o) - After adding the
leptonic contribution, we compute a set of S-equilibrated EoSs up to the fixed reference value
for saturation density 7,,. = 0.16 fm~3 according to the method described in [41]. The crust
inhomogeneities are treated within the Cold Compressible Liquid Drop Model as described in
[45], and the surface parameters are fitted to the atomic mass table AME2020 [46] with the
method presented in [41]. The core crust transition is calculated consistently using the CLDM
and meta-model approach with a minimum energy compared to homogeneous and inhomo-
geneous matter.

We use a fourth order truncated Taylor expansion in the meta-model. As discussed in [33]
(section III.E) the meta-model may fail to reproduce realistic EoSs at high density where the
higher order terms become important. Additionally, by construction, the meta-model describes
only nucleonic matter, but it has been hypothesized that ‘exotic’ degrees of freedom such
as hyperons (baryons with a strange quark) or deconfined quarks could exist in the core of

7 Note that the nuclear saturation density ngy is not fixed, and should not be confused with the reference value for
saturation density in lead, which is denoted rnyc. Here nga 7 ninye.
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Table 1. Meta-model nuclear parameters X and the prior bounds from which they are

sampled (following [41]). The mean effective mass and effective isosplit are normalized
mn+mp

to m = ——5—*, with my, and m,, the neutron and proton mass respectively.
Parameter X Xinin Xmax
Hgat 0.15 0.17
Esat —-17.0 —15.0
Kiat 190.0 270.0
Osat —1000 1000
Zsat —3000 3000
Esym 26.0 38.0
Lsym 10.0 80.0
Ksym —400 200
Osym —2000 2000
Zsym —5000 5000
m*/m 0.6 0.8
Am* /m 0.0 0.2

b 1.0 10.0

NSs. For these reasons, we transition into a different representation of the EoS at densities
n 2 ny = nyye. We discuss the choice of this transition density in more detail in appendix B.
While PP were used with the meta-model in [41] to model the EoS beyond #, here we use
GP extensions for an agnostic high density EoS.

2.12. GP formalism.  There are many different approaches for the high density EoS in the
literature (see section 5 of [47]) leading to potential EoSs with a variety of theoretically or phe-
nomenologically motivated functional forms. Here, we turn to a nonparametric approach for
constructing EoSs at densities past the stitching density p,.. We use GPs which are stochastic
processes with the ability to encode the uncertainties in a function. GPs demonstrate increased
model freedom over parameterized EoS [40], in that they do not assume a particular functional
form of the EoS a priori, and allow for non-zero probabilities for any causal and thermody-
namically stable EoSs.

Our high density EoS is constructed to describe the pressure p as a function of p, the
baryonic rest-mass density, using an average baryon mass such that our transition density
Ny = Npye corresponds to poue = 2.65 x 10 gecm = following [2, 48].

Within GPs, a real-valued, continuous function f is taken as an element of an infinite-
dimensional vector space, such that the GP gives a joint probability density for the function
values f; ;= f(x;) over a domain X = {x;}, where correlations in function values are modeled
as a multivariate Gaussian distribution A/. The distribution is described by two moments: its
mean function f and covariance matrix Y. The GP then takes the form of

where elements of the covariance matrix are computed using covariance functions (kernels)
and the mean /i is the expectation value of a function f such that,

fi={f)=E[f], ®)
E,‘j :K(x,-,xj) . (9)
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To generate EoSs using the GP formalism, we follow the works of [36, 37] in that our GP
is built on an auxiliary variable introduced in [32], namely ¢ given by,

d
¢ (logp) =1n (Czd; - 1) (10)

where ¢ is the energy density. Although it is possible to immediately sample from the pressure-
density plane directly, realizations from a GP enacted onto the EoS function space may yield
EoSs exhibiting acausality and thermodynamic instability, so it is in our interest to sample
in the ¢—p plane. For ¢ € R, by construction, the sound speed of a corresponding EoS will
remain causal ¢, = y/dp/de < ¢ and thermodynamic stability dp/de > 0 is enforced.

We use kernels comprised of hyperparameters to create a covariance matrix and modify the
covariances between function values, altering model attributes such as correlation length scales
and ultimately obtain prior support across a broad range of pressures for samples drawn from
the GP. The specific hyperparameter choices made in constructing our EoS prior, and their
implicated effects are discussed in appendix A. Common kernels used in GP regression meth-
ods include the squared-exponential kernel [49], which generates smooth functions sampled
by the GP with variations on a chosen length scale.

In this work, we implement the rational quadratic kernel K4 [50],

o — 2\ T
Kug (xi,37) =7 (1 + |al> an

which can be interpreted as an infinite sum of squared-exponential covariance functions with
dissimilar length scales. Here, + is the overall covariance strength, « is a measure of scale-
mixture, and £ is the characteristic length scale for correlations. By implementing the rational
quadratic kernel, we effectively allow the functions generated by the GP to vary across multiple
length scales.

Additionally, we incorporate a model uncertainty kernel denoted K into our covariance
matrix, computed from nuclear theory input training models,

K ) = 5 (6 = 6)) (6~ 6))) (12)

where quantities with () indicate relation to nuclear theory models. Here N(*) represents

the total number of training input models, and d)f”) denotes a nuclear theory training model’s
¢ value at a given density point. Included in the nuclear training data are EoSs with nucleons,
hyperons and phase transition to deconfined quarks in the core, allowing our GP to emulate
a variety of features. The specific selection of nuclear theory models used for GP training is
described in section 2 of [42].

In this work, the GP region acts as an extension to meta-model EoSs at low density, so we
condition our GP on the existence of the meta-model EoS at p,. For a GP to sample from a
conditional joint probability distribution, the covariance matrix X can be decomposed into 4
sub-matrices,

K K*
where K holds the covariances for the testing points (where the GP predicts values at before
conditioning), K* contains the covariances between testing and conditioning points, and K** is
the covariance matrix for the conditioning point(s)®. The covariance matrix ¥ is of dimensions

8 Quantities with asterisks indicate domain points with which we condition the GP at.
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N x N; we denote g the number of points at which we condition the GP on. We condition the
GP on a given meta-model only at py;, therefore g = 1. K** is then a matrix of dimensions g X g,
K* of dimension (N — g) X ¢, and K of dimension (N — g) x (N — g). Modifying the original
GP to sample from the conditional distribution (see appendix A from [49] for a derivation),
the resulting GP assumes the form,

¢; (logp) ~N(<¢i> + ?Z(K**)/;l (0] — (7))
K — im(K**)_lK::j> : (14)

mn

Once we have our set of ¢;(log p), we recover the GP EoS extension’s energy densities and
pressures using the first law of thermodynamics in the zero temperature limit,

_pTte
P

de

dp. (15)

2.2. Astrophysical observations

In the assumption of non-spinning NSs in general relativity, macroscopic properties of NSs
such as their masses, radii, and tidal deformability, are uniquely determined by the EoS, the
central density, Tolman—Oppenheimer—Volkoff (TOV) equations [51, 52] and the Love number
equations [53, 54]. We can therefore constrain the NS EoS using observations of macroscopic
parameters. Observations most predominantly used for constraining the EoS by astrophysical
means are radio measurements of mass for massive PSRs, GWs from BNS mergers, and x-ray
pulse profile modeling of millisecond PSRs (x-ray).

In this work, we use a hierarchical Bayesian framework to impose the astrophysical con-
straints from each class of observation on the EoS set; our approach is similar to the framework
discussed in the works of [55, 56]. The probability likelihood for a given EoS is comprised of
the marginal likelihoods obtained from each set of observations. In this regard, the posterior
probability for a given EoS is given by,

P(d|e)P (€)
P(d)
where P (e) is the prior on the EoS, P(d|¢) the likelihood of some observational data d given

an EoS ¢, P(d) the evidence, and P(¢|d) is the posterior. The marginalized likelihood from all
observations can be obtained from the relation,

P (d|e) :ﬁ(é) :H,c,- ((3) 17)

with £; indicating the probability likelihood from each observation class consisting of PSR,
GW, or x-ray. Using LWP [36, 37, 40, 55-57], an inference code for computing marginal likeli-
hoods of EoS based on gravitational wave data, we constrain our EoS distribution accordingly.

P (e|d) = (16)

2.2.1. Radio. Observed masses of heavy PSRs in binaries limit the lower bound for the
maximum mass of NSs, acting as a threshold for each EoS to minimally support. When con-
straining EoSs with massive PSR measurements, a standard technique is to perform rejection
sampling for any EoS that does not support the observed mass. In our framework, we repres-
ent the probability likelihood of the mass measurement as a Gaussian with the tails set to the
uncertainty values reported by the observation. As in the case of PSR J0348 + 0432, with a
mass of m = 2.01 & 0.04 Mg, at 1-o, each EoS of the posterior is compatible with a maximum

7



Class. Quantum Grav. 42 (2025) 205008 S Ngetal

mass above this mass threshold. In our study, we use PSR observations PSR J0348 4 0432
[12], PSR JO740 + 6620 [13], and PSR J1614—2230 [58].

2.2.2. GWs.  During the late stages of a BNS merger inspiral, the internal structure of the
NSs prescribed by their EoS begin to affect both the orbital phase of the binary and amplitude
of the emitted gravitational waves [59]. Most dominantly, the effects on the phase accelerates
the coalescence due to the external tidal field exerted onto one star from the other. As a measure
of the deforming effect, the parameterized dimensionless tidal deformability A is given by,

o) 5
A=k <Z> (18)

where k; is the Love number correspondent to the / =2 leading order perturbation [53].

When detecting gravitational wave signals, the most accurately measured quantity is the
gravitational wave phase which explicitly depends on A, to leading order. Both &, and R
are EoS dependent, and it is therefore possible to constrain the NS EoS directly from grav-
itational wave inference of A values. To date, the two BNS mergers that have been detected
by advanced LIGO and Virgo are GW170817 [19, 20, 60] and GW 190425 [61]. Although our
analysis includes GW190425, tidal constraints from this event are minimal and show close to
no effect in the context of the hierarchical inference when in comparison to the inclusion of
tidal information obtained from GW170817.

2.2.3. xray.  Millisecond PSRs can emit pulsed soft x-ray signals from hotspots on their
surfaces. Through pulse profile modeling, which describes both the thermal x-ray emission
and its transmission through the spacetime surrounding the NS, the mass and radius of the
object can be inferred [62].

NICER has collected observational data for several nearby PSRs. Observations of the PSR
JO030 + 0451 with a mass ~1.3 — 1.7M, have led to radius estimates from 11.7 to 14.4km
[25, 27, 63]. The massive PSR JO740 4 6620 has a prior mass measurement of 2.08 £ 0.07 M,
from PSR-timing in radio [13], and the incorporation of pulse profile modeling led to large
radius estimates of 12.4—13.7 km [28, 64, 65]. Additionally, x-ray pulse profile and radio PSR
timing observations of PSR J0437—4715 have led to a mass measurement of 1.418 - 0.037 M
and radius of 11.361)23 km [29] from PSR timing in radio [66]. The most recent observa-
tion of millisecond PSR J0614-3329 [30] in x-ray and radio has led to an inferred mass of
1.4470-06 M, and radius estimates of 10.297 -9 km. Our analysis uses x-ray observations of
JO030+0451 [25, 27], J0740 [26, 28], J0437-4715 [29], and J0614-3329 [30].

2.2.4. The population of compact objects. Generically, the population of NSs must be
inferred simultaneously with the EoS in order to avoid biases [67]. Nonetheless, if the number
of observations is small, this bias will also be small; therefore, in this work we fix the popula-
tion of compact objects. Since we do not know for certain that any particular compact object in
a GW binary is a NS, we assume that the components of GW170817 and GW 190425 are NSs
if their masses are less than the TOV maximum mass for a given EoS. We assume therefore
that the population of merging compact objects is uniform on my,m; € (1.0,3.0) Mg, where
the range contains the bulk of the posterior mass distribution for the observed events. On the
other hand, PSRs are known to be NSs, therefore when we sample the mass, we require that
the TOV mass limit of a given EoS exceed the sampled mass in order to assign it nonzero like-
lihood. We assume the galactic NS population is also uniform, although because we require

8
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Figure 1. Semiparametric models trained on different types of core compositions and
their rate of change of their sound speeds, with respect to logarithmic energy density.
All training EoS are shown in the top panel. Specific composition informed draws, and
draws from the overarching distribution are shown in the bottom panel.

the population maximum mass to be less than the TOV maximum mass, the population max-
imum mass will generically depend on the EoS. We assume that PSRs like J0740 4 6620 and
J0348 4- 0432 are formed up to the TOV maximum mass, since they are identified as candid-
ates for the maximum NS mass, but that J0437-4715, J0614-3329, and J0O030 + 0451 come
from a uniform population with mass inference that is not restricted by the TOV maximum
mass. The primary effect is that only J0740 4 6620 and J0348 + 0432 include an Occam pen-
alty associated with the increased prior volume since the density of the prior for these sources
goes like 7w(m) o< 1/(Mrov — Mmin), Where we choose M, = 1.0Mg; see [55, 56, 68] for
additional details of this method.

3. Results

3.1. Semiparametric extensions

3.1.1. Impact of training data. = To examine the impact of the training data on the GP exten-
sions, we generate separate sets of semiparametric models with their GP extensions trained
on subsets of the nuclear training data EoSs according to their respective core-composition
groups: nucleonic, hyperonic and quarkyonic. By doing so, we isolate and check emulated
features within our EoS prior compared to behaviors in the respective training EoS subset,
keeping in mind that the total semiparametric EoS prior will have hybridized features among
all three trained groups.

Phase transitions in an EoS can appear as drops in ¢2 [69-71], which would explicitly show
behavior in the one-to-one mapping to ¢, and in turn alter the covariance of the subsequent
GP. In the GP-generated density regions, we consider how well our semiparametric models
can reproduce features shown by EoS that include phase transitions, specifically changes in
the sound speed with respect to energy density. As can be seen in figure 1(top panel), training
EoSs with phase transitions to quark matter show features in the speed of sound derivative that

9
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are absent in nucleonic core EoSs. These features occur at the densities of phase transitions in
the training EoSs.

We observe from figure 1(bottom panel) that the semiparametric draws generated from
the GP trained on tabulated nuclear theory EoSs with phase transitions also present sharp
jumps and drops in the sound speed derivative. The impact on the overall pressure-density
relationship from incorporating quark core EoSs in the training data is a broadening of the
range of pressure-density space covered by our EoS set. These sharp sound speed derivative
features are not present for GPs trained on nucleonic tabulated EoS, and are very limited for
the training on hyperonic core tabulated EoSs. The global semiparametric set trained on all
tabulated EoSs contains some draws with sharp features in the sound speed derivative. Note
that the difference in scaling in the y-axis between the training data and the different informed
processes; our GP generates some extreme draws with a significantly larger variability as it
samples from the EoS distribution.

Ultimately, we include all EoS categories in the training data for our GP. We do this because
we cannot necessarily verify that individual choices of training data will create processes which
emulate the training EoSs; e.g. that a quark matter-conditioned GP will faithfully emulate
quark-matter EoSs. Fundamentally, the training EoSs do not follow an underlying statistical
distribution, and therefore a GP conditioned on them cannot be said to emulate any particular
distribution. Nonetheless, we suggest that the overall distribution, which is conditioned on
hadronic, hyperonic, and quark EoS, can act as an emulator for the global space of all EoSs
including those with phase transitions.

3.1.2. Impact of modeling. = When comparing the flexibility of EoS models, we found it
useful to impose certain astrophysical constraints in order to understand the distribution of
‘astrophysically plausible’ EoSs produced from each model. Following arguments in [40], we
first condition our EoS distributions on mass measurements of heavy PSRs. Our comparison
between EoS generation models then enforces two clear and unambiguous constraints which
bracket the understanding of high density EoS: causality, which sets overall upper limits on
pressures, and observed PSR masses, which sets overall lower limits on pressures. The breadth
of allowed EoS after these two restrictions have been imposed is a clearer measure of the
flexibility of the modeling framework than a full prior range, which can typically be arbitrarily
extended by modifying the range of model (hyper)parameters. Our comparison shows that both
incorporating the nuclear physics constraints below nuclear saturation density and changing
the method of constructing the EoS at high density have significant impacts on the range of
high density pressure distributions.

In figure 2, we show the EoS distribution for our semiparametric construction
(MM+x+GP) with a xEFT constrained meta-model at low density and GP high density
extensions. We compare it to (i) the set of semi-agnostic models (generated with CUTER)
presented in [41] (MM+-x+PPF) based on the same low density treatment but with piecewise
polytropic high density extensions using 5 density segments and, (ii) the set of nonparametric
EoSs presented in [56] (GP Legred et al).

Below nuclear saturation density, our semiparametric framework reproduces the pressure
contours of the meta-model, using information from nuclear experiment and Y EFT. In contrast,
the nonparametric EoS covers a wider range at py,: the upper and lower bounds on the pressure
of the fully nonparametric EoS distribution yields AP = 1.43 x 10** dyncm™2, whereas the
limits on pressure from the meta-model produce AP = 3.63 x 10* dyncm™2, all at the 90%
C.L.
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Figure 2. Pressure-density relation of multiple EoS distributions at 90% C.L limits
adhering to causality and measurements of heavy pulsars. The semiparametric EoS dis-
tribution in blue and a set of meta-model EoS with piecewise polytropic extensions in
dark red, both stitched at py, are shown. Additionally, we display the Legred et al model-
agnostic nonparametric EoS in gold.

Between 1-2py,, the GP extension in the semiparametric EoS is considerably restricted
by the meta-model connection, as thermodynamic consistency limits the rate of changes in
pressure. Noticeably, both the PP and semiparametric GP extensions have general agreement
on the upper bound of pressure up to 1.5pp,; this suggests these EoS in each case explore the
possible range up to the causal limit. However, the lower bound of the piecewise polytropic
extensions is notably more restrictive compared to nonparametric and semiparametric EoSs.
Since these PP have coarse-grained changes in adiabatic index and are not causal by construc-
tion, such that causality must be imposed a posteriori, we interpret the preference for higher
pressures in this density range as driven by the inherent inflexibility of the piecewise polytrope
extensions in reaching the heavy PSR constraints without breaking causality at high densit-
ies. From 2py, to the end of the density range presented in figure 2, the lower bound of the
piecewise polytrope extension approaches a constant, as would be set by thermodynamic con-
sistency requiring nondecreasing pressure with density. We interpret this as the requirement
to support massive PSRs has been satisfied by the preference for higher pressure at 2pp,, so
thermodynamic consistency alone sets the lower bound in this region.

Of the two GP models used at high density, our semiparametric EoS set allows a higher
upper bound on pressure above 1.5py,c than the nonparametric distribution, which we attrib-
ute to tuning our GP specifically for a broad prior range of pressures compatible with meta-
model constraints as discussed in appendix A. We targeted flexibility in our GP by generating
EoS draws that vary on multiple scales through a rational quadratic kernel, and chose hyper-
parameters for the kernel that lead to the widest range of pressures. The nonparametric GP
we compare to is also built in ¢(logP) but with different kernel implementations, and only
loosely trains on nuclear theory EoS, incorporating a white-noise kernel that generates a prior
distribution extending to very low pressures at nuclear saturation density and therefore its 90%
contours also tend toward lower pressures. In the interval of 2p,,. and 6y, the fully nonpara-
metric EoS distribution and semiparametric EoS distributions agree in their lower bound. This

1
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Figure 3. Comparison of the 90% C.L of R; 4 and Mnax as supported by both the semi-
parametric EoS model (blue), and the fully nonparametric EoS model (gold). Both EoS
distributions are constrained with heavy pulsar mass measurements from observations
PSR J0740 + 6620 and PSR J0348 4 0432.

suggest both semiparametric and nonparametric EoS are fully exploring the lowest-pressure
thermodynamically consistent EoS that support massive PSRs in this density range.

In figure 3, we display a comparison between astrophysically relevant macroscopic quant-
ities derived from our semiparametric EoSs and those generated by the nonparametric EoSs:
the radii at 1.4 M, denoted R 4, and the maximum NS mass supported by a given EoS, M.
These results are conditioned on the same observations and use the same EoS distributions
as seen in figure 2. We see that the use of the nuclear-physics informed meta-model at sub-
saturation densities induces a stringent limit on R4 at ~14 km, whereas the Legred et al.
samples supports EoS with radii up to ~17 km. This difference arises from the reduced upper
limits on pressures below approximately 1.5py,,. in the meta-model part of our semiparamet-
ric EoS, as required by experimental and xEFT constraints at p,,. and causality. We note that
radius reflects both the core and crust of the candidate 1.4 M, stars, and is therefore more
sensitive to nuclear-density physics.

In contrast to the increased restrictions on radius, the increased upper limit on pressures
explored by causal EoS in our semiparametric model at 2 and 6pp,. results in a shifted and
extended prior range for M, that prefers higher values, as seen in the top panel of figure 3.
The GP generates causal EoS candidates that support larger masses than is typically seen in
nuclear theory models, e.g. in the covariant density functional approach of [72]. Although
our range of maximum masses extends past 3.0M,, it is consistent with previously published
theoretical bounds such as those in [73], as the choice of crust EoS and stitching density affects
the inferred maximum NS mass in that work.



Class. Quantum Grav. 42 (2025) 205008 S Ngetal

1% 7
—— Prior 2.4 4 — Prior = | |
—— PSRs / — P3Rs 1
PSRs + GWs - PSRs +GWs ]
s ||~ PSR + GWs + Xeray =F 2.2 gbincs o :‘x§ + ::—1‘1\‘ !
0% PSRs + GWs | X-ray _ PSRs + GWs + Xeray i
T w/ J0A3THI0614) (wf JM3THI0614) [
2.0 . /
o i
g 0% s ol
S g 1
) = :
£ - ;
P (i = 164 i
p“ I
14 I
53 I
10 < »
_ i % 1.2 !
i 4 £ S S
102 Lt > - v | |
e 10 8 8 1 16
p [g/em?] R [km)

Figure 4. Stacking constraints from astrophysical observations of massive pulsars
(blue), gravitational waves (orange), and x-ray emissions from millisecond pulsars
(green and purple), with bounds on pressure as a function of density (left) and on radius
as a function of mass (right). 1-D symmetric bounds of the semiparametric EoS model
are shown at 90% credible levels for each density and each pressure. Green lines repres-
ent our semiparametric EoS posterior with the NICER constraints of J0030 4- 0451 and
J0740 4 6620 [25, 26]. Purple contour lines denote our semiparametric EoS posterior
with NICER measurements including J0437-4715 and J0614-3329 [27-30].

3.2. Astrophysical constraints

3.2.1. Results for the semiparametric EoS.  Cumulative constraints on the pressure-density
and mass-radii relations are obtained with the Bayesian hierarchical analysis framework as
briefly discussed in section 2.2. In figure 4(a), we obtain posteriors on the EoS in the pressure-
density plane. As discussed in section 2.2.1, measurements of PSR masses require higher
pressures, thus resulting in a posterior distribution disfavoring lower pressures in the high-
density EoS prior. When we fold in additional constraints from gravitational wave measure-
ments GW170817 and GW 190425, we soften the EoS posterior between 1.5p,,. and ~ 4ppyc
and disfavor higher pressures. While this pattern is still broadly consistent with early paramet-
ric results [21], our more flexible model has broadened the pressure-density ranges compatible
with the observation, as seen with the GP results of [55].

We consider two options for weighting the EoS likelihood using the NICER x-ray con-
straints, to demonstrate the impact of recent observations using NICER data. We first consider
the impact of the first two PSRs observed by NICER, JO030 + 0451 as analyzed in [25], and
JO740 + 6620 as analyzed with additional data in [26]. The JO740 + 6620 x-ray constraint
includes and replaces the radio PSR mass constraint for the same source. As these observa-
tions support moderately large radii, they increase the lower bound on pressures above nuclear
saturation density.

We then consider the alternative mass-radii measurements of PSR J0030 + 0451 in [27]
(ST+PST model) and PSR J0740 + 6620 from [28], and then add in the more recent PSR
J0437-4715 from [29], and PSR J0614-3329 as discussed in [30]. The inference of J0437—
4715 and J0614-3329 [29, 30] yield roughly similar inferred masses and radii to the GW
signal GW170817 [21], and return the EoS distribution to the center of the PSR + GW pos-
terior region. Including these events leads to lower pressures between 1.5p,,. and 4pp,c, and
requiring higher pressures at densities above 4py,. to continue to support massive stars.

Taking into account all discussed astrophysical constraints, we report a median pressure at
2pme of P = 1987213 % 103 dyncm 2.
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Figure 5. Posterior distributions of the semiparametric EoS compared with the astro-
physically constrained nonparametric EoS posterior of Legred er al which includes
earlier NICER results for J0030 4 0451 and JO740 + 6620 only. Pink lines correspond
to that previous nonparametric posterior. Green lines represent our semiparametric EoS
posterior with the NICER constraints of J0030 + 0451 and J0740 + 6620 [25, 26].
Purple contour lines denote our semiparametric EoS posterior with all public NICER
measurements including J0437—4715 and J0614-3329 [27-30]. The 2D contours show
the 90% C.L.

In figure 5, we compare astrophysically constrained EoS posteriors, with and without the
more recent constraints from J0437-4715 and J0614-3329, to the publicly available, astro-
physical constrained EoS posterior of Legred et al [56]. All results show broad consistency in
both R, 4 and M., but some shifts are seen within the distributions of inferred parameters.

With the inclusion of GW 170817, GW190425, and the constraints of the first two NICER
PSRs JO030 + 0451 and J0740 + 6620 [25, 26], we find that the new semiparametric samples
infer radii with a distribution similar to Legred et al [56]; the limit on large radius comes from
the reduced upper limit on pressure around nuclear saturation density from the meta-model
constraints as discussed earlier for figure 3. The inferred radius at 1.4Mg, is 12.341'8:;8 km
for our semiparametric model after these observations. Our semiparametric distribution also
continues to prefer higher M,,x, following from the broader prior range seen in figure 3 before
GWs and x-ray are included. Our inferred maximum mass with GWs, x-ray observations of
J0030 + 0451 and JO740 + 6620 is Mipay = 2.40703 M.

As the published results for x-ray observations of J0437—4715 and J0614-3329 favor smal-
ler radii, similar to those inferred from GW 170817, cumulative constraints from NICER obser-
vations of all four x-ray PSRs [27-30] drive the resulting EoS posterior towards a smaller

radius at our reference mass. We report a median R 4 value of 1 1.44J_r8:28 km at 90% C.L. The
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Figure 6. Posterior distributions of the speed of sound as a function of rest mass dens-
ity, compared with the astrophysically constrained nonparametric EoS posterior of
Legred et al. Pink lines correspond to that previous nonparametric posterior, and green
lines represent our semiparametric EoS posterior. These use the NICER constraints of
JO030 + 0451 and JO740 + 6620 [25, 26]. Purple contour lines denote our semipara-
metric EoS posterior with all public NICER measurements including J0437-4715 and
J0614-3329 [27-30]. The 2D contours show the 90% C.L.

inclusion of these compact stars also restricts the maximum masses supportable by our semi-
parametric EoS family, and despite our broader prior we return to a maximum mass preference
of Max = 2.317033 M.

The posterior distributions for the speed of sound are shown in figure 6. Note that below nuc-
lear saturation density, the semiparametric EoS are more constrained than the model-agnostic
GP distribution due to the addition of nuclear information. When informed by the same PSRs
+ GWs + x-ray observations, the new semiparametric EoS posterior allows for a wider 90%
C.L upper and lower bound on ¢? above 2y, than the Legred et al posterior distribution. We
attribute this to our kernel and hyperparameter choices aimed at fully covering the pressure-
density plane, as discussed in section 2.1.2.

At asymptotically higher densities (~40ny,.) relevant to the regime of quantum chromo-
dynamics (QCD), the speed of sound is expected to approach the conjectured conformal limit
c2/c* = 1/3 (see [74] for details). However, there exist proposed theoretical models where
2 /c? rises above 1/3 at intermediate densities [75, 76]. Previous works have found that cur-
rent observations support a rise in sound speed ¢2/c? > 1/3 at intermediate densities relevant
to NS matter [34, 55, 77-79]. Here, we similarly find that sound speeds less than 1/3 have
restricted support between 2 and 6p,,. with astrophysical inference using the semiparamet-
ric model, even as our GP framework has expanded the range of EoS support at high density.
When we include additional data from observations of PSR J0437—-4715 and PSR J0614-3329,
our posterior distribution is more constrained, with sound speed = 1/3 at ~ 4p,, relative to
the baseline semiparametric posterior.

Lastly, we note that the sound speed features introduced into the prior EoS set by training on
models with phase transitions, as seen in figure 1, are still present in draws from the posterior
distribution and so are not excluded by current astrophysical observations.

15
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3.2.2. Comparison to constraints in other work. ~ Our semiparametric EoS framework gives
broadly consistent results with other work combining astrophysical constraints from current-
generation observations, although some differences are seen to emerge from the choice of
EoS prior. We have so far directly compared these results in section 3 with the previous GP
results of reference [56], to highlight the impact of our restricted meta-model framework at
low density and our new GP with hyperparameters chosen to cover a broad range of pressures
at high density. We include in table 2 a summary of results inferred from comparable recent
astrophysical observations.

In the table, we briefly summarize the modeling used below and around nuclear satura-
tion (~ pnyc) and in higher densities in the inner core (2 pnuc); outer crust models may vary.
Notation for models and observations follows usage of earlier figures in this work where
possible.

For modeling, x indicates YEFT constraints, MM indicates the meta-model.
Phenomenological descriptions of the EoS include PP in pressure-density, GPs, a paramet-
erized description in sound speed (CS), and neural network models (NN). In contrast, some
works use relativistic mean field (RMF) nuclear theory models.

Our baseline set of observations includes PSR J0348 + 0432 [12], PSR J0740 + 6620
[13], and PSR J1614—2230 [58]. The most informative mass measurement, that of PSR
J0740+-6620, is used by all works. GW denotes the use of GW170817 data [20] and option-
ally GW190425 [61]. Our baseline x-ray uses NICER constraints of JO030+ 0451 and
J0740 4 6620 [25, 26] and we compare to other results using those first two NICER x-ray
PSRs.

Biswas et al [80] uses a three-segment approach in density with a SLy representation of the
EoS up to a junction point, nuclear empirical parameters up to 1-2ppnyc, and then piecewise
polytropic extensions afterwards. Koehn et al [1] uses a meta-model approach with a sound
speed extension mechanism. Mauviard et al [30], use PP with a sound speed high-density
extension. Altiparmak et al and Chimanski et al [77, 81] use hybridized constructions of their
EoSs, with a sound speed extension mechanism extending to asymptotically high densities.
Char et al [82] use a relativistic formulation of the meta-model. Malik et al [83] creates an
EoS prior with a RMF framework. Reference [84] uses covariant density functional models.
Reference [85] compares several different model frameworks, including a sound speed para-
meterization, a GP, and a NN. Several of these works also explore inclusion of additional
observational data; for example [83] includes mass measurements of PSR J1810 + 1714 and
[86] additionally uses observations of quiescent low-mass x-ray binaries. Some of the above
include constraints from perturbative QCD likelihoods in their analysis [1, 80, 85]. We also
include some results including J0437-4715 [27-29] which leads to a moderately smaller radius
inference [80, 87], and can also reduce the supported maximum mass. For details of the exact
modeling and observational data used for each result, see the original works.

We emphasize that within the presented uncertainties, our results are consistent with all
these existing inferences. Our R, 4 posterior is very consistent with previous results that use
similar astrophysical data. However, as noted in sections 3.1 and 3.2, our GP includes more
prior support for higher maximum masses. We find as a result that our preferred M., and our
inferred upper bound on M., is larger than previous work.

In this work, we also demonstrate the impact of including both new NICER results, labeled
as x-ray+J0437 4 J0614. This version of our posterior uses NICER measurements including
both J0437-4715 and J0614-3329 [27-30]. We are again consistent with previous results using
multiple high-density frameworks [30]. However, we again prefer higher maximum mass, and
somewhat smaller radius at 1.4 M, which we attribute to the broad coverage and flexibility
of our high density GP.
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Table 2. A comparison of our reference astrophysical quantities to a range of recent works where the same quantities inferred with a variety of modeling frameworks
and observational data. The most massive well-measured PSR J0740 4 6620 is used in all results. Notation follows previous figures when possible; see text for details.

Ranges presented follow selected summary statements in the references and may vary in the percentile covered (e.g. 90 or 95).

Model < to ~ pnuc Model 2 pnue Observations Ri4 (km) Mimax Mg)
This work MM-+x GP GWs + x-ray 12.3440:70 240103
Legred et al 2021 [56] GP GP GWs + x-ray 12,5610 221703
Altiparmak et al 2022 [77] X CS GWs + x-ray 12427032 —
Malik ez al2022 [83] RMF RMF GWs + x-ray + PSR J1810+1714 12.6270:3 2.144193%
Char et al 2023 [82] Relativistic MM Relativistic MM GWs 12724938 —
Fan et al 2024 [85] FENN/CS/GP FENN/CS/GP GW + x-ray — 2251008
Tsang et al 2024 [2] MM MM GWs + x-ray 12,9j8:‘5‘ _
Koehn er al 2025 [1] MM CS GWs + x-ray 12.261950 2.251042
Rutherford ez al 2024 [87] PP + x PP GWs + x-ray + J0437 1230702 2.151930
PP + x Cs GWs + x-ray + J0437 12.2910-¢1 2.08107
Biswas et al 2024 [80] SLy X + PP GWs + x-ray 4 J0437 12.3410-83 222707
Li et al 2025 [84] CDF CDF GWs + x-ray + HESS J1231-1411 1247198 2201003
This work MM-+x GP GWs + x-ray + JO437+]0614 11441709 231593
Mauviard er al 2025 [30] PP+ x PP GWs + x-ray+J0437+J0614 1205703 —
PP + x CsS GWs + x-ray+J0437+J0614 1715571 -
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4. Conclusions

In this work, we construct a semiparametric framework for generating an EoS prior that util-
izes both nuclear physics constraints, and model agnostic GP correlation structures to probe
the properties of dense matter as learned from observations of NS’s. We examine the imprint
of the training data in our model-informed GP and find that our semiparametric EoS prior
emulates sound-speed features of the training EoS distribution. With the minimal constraints
of causality and supporting observations of heavy PSRs, we compare the semiparametric EoS
framework to fully non-parametric EoS with a more model-agnostic GP representation, and
meta-model EoS with piecewise polytropic extensions at high density. We find that using the
Meta-model with the inclusion of YEFT constraints on the pressure up to the stitching point of
pe = 150.2 MeVfm—3 (2.65 x 10" gcm™3) gives significantly tighter posteriors on the EoS
at sub-saturation densities. As seen in figure 3, this generates an upper bound on allowed radii
with minimal constraints, excluding values above ~14 km at 1.4M.. However, our GP is
designed to more densely sample higher pressure EoS that are still compatible with causality,
and so explores a wider range of maximum masses, extending past 3.2 M. When compared to
the Meta-model with piecewise polytropic extensions in the pressure-density space, the semi-
parametric model explores a wider range of pressures than the PP, corresponding to a larger
range in radii after imposing causality and requiring support of massive PSRs.

Finally, we demonstrate astrophysical inference of the dense matter EoS with the semi-
parametric framework. With the inclusion of two recent NICER millisecond PSR analyses
of J0437-4715 and J0614-3329, we report a median value for R; 4 = 11.441'8:23 km at the
90% C.L. The smaller inferred radii with these new observations implies that NS-black hole
GW events, such as those observed by LIGO, Virgo, and KAGRA [88, 89], may produce less
ejected mass than previously inferred.

The maximum mass is used to classify GW events without EM counterparts or strong
tidal constraints [90]. Without the x-ray timing results of J0437-4715 and J0614-3329, our
EoS distribution can allow stable NSs up to a mass of 2.8 M. Notably, this would support
the interpretation of the 2.6 Mg, component of GW190814 as more likely a NS compared
to previous assessment [91]. Including x-ray timing results from J0437-4715 and J0614—
3329 moves the classification threshold toward previous GW-only assessments, as we find
Mpax = 2.311’8:% M. However, our demonstration that causal EoS with realistic crusts can
allow support for more massive stars can inform how future GW observations are interpreted
with minimal assumptions.

The comprehensive coverage of the EoS space that we demonstrate in this work will become
increasingly important as we move towards high precision measurements with future nuclear
experiment, radio, x-ray, and GW astronomy facilities. To avoid decimation of a fixed-sample
prior during astrophysical inference (as expected from higher precision measurements from
next-generation facilities), we can build on our code development to allow inference to ‘sample
on the fly’ from the GP as seen for example in [92]. New constraints could then directly update
where in the parameter space the EoS distribution should be drawn from. However, for near-
term use of our semiparametric model in interpreting astronomical observations, we provide
publicly available sets of EoS that reflect the distributions explored in this work as accompa-
nying data.
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Appendix A. Hyperparameter choices

The impact of our choices in constructing the semiparametric EoS prior model can be seen
by varying the hyperparameters of the rational quadratic kernel, and verifying their effects
in the pressure-density space. In figure 7, we display the coverage of the EoS distribu-
tion in terms of log pressure at fixed densities, namely 2p,,. and 6p,,c, when altering the
covariance strength ~, the scale mixture «, and the correlation length scale ¢, with con-
trol values of v =.7, «=1.0, and £ = 0.01. Beginning with the prior at 2py,., smaller val-
ues of the covariance strength and scale mixture caused peaked distributions in the pres-
sure values at ~103> [dyncm™~2]. With the covariance strength set towards lower values,
the assumed variability described within the length scales are not enforced as strongly,
and therefore yield narrower coverage in the pressure. Meanwhile, with lower « values,
we see a similar modal structure in the pressure coverage. As « — 0, the variations on
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Figure 7. Probability density function of pressure values found at 2pyuc and 6pnuc, illus-
trating effects of hyperparameter choice. The black vertical line represents the median
pressure of the nuclear training data at the respective fixed densities, whereas the dashed
black lines are the 90% credible level bounds.

small and large scales become smaller and highly correlate points across all distances,
thus also yielding a narrower pressure distribution due to information from low density.
Most prominently, changing the correlation length scale ¢ towards lower values has an
inverse effect from lowering v and ¢, yielding a broader EoS distribution at both reference
densities.

For v < 0.7, the distribution exhibits a single prominent peak, though it begins to flatten
progressively as the hyperparameter approaches 0.7. As we increase -y, the distribution begins
to dip at the center until v= 1.1 and the distribution has developed a bimodal structure at
around 10°*# and 10%3 [dyncm™2]. We can look at the effects of « in terms of orders of
magnitude from 0.01 to 10. Significant changes occur over the first three orders of magnitude
in o but beyond v = 1, the effect seemingly plateaus, indicating a possible saturation point in
its influence on the distribution’s shape. At 6pp,, the effects of varying v and « appear to be
very similar to one another, with comparable structure in the coverage of pressures and their
modalities. Larger v and « values result in strong, left-skewed distributions peaking around
10%® [dyncm™2]. As these hyperparameters decrease, both distributions demonstrate a shift
towards a median pressure value of ~10%-3 [dyn cm 2] overlapping with the lower bound of
the 90% confidence interval of the nuclear training data. Note that although the plots in figure 7
are displayed in logarithmic scale, in linear space we obtain a relatively flat distribution. This
is important since we want our prior to be uniformly distributed such that we may resolve the
parameter space well.
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Appendix B. EoS construction details

In practice, one can arbitrarily stitch EoS’s at any given density. We emphasize that the trans-
ition density to stitch extensions onto is ultimately a choice. Higher stitching densities, and
therefore employing YEFT and nuclear experimental constraints up to larger densities, can lead
to tighter constraints on the pressure values and astrophysical parameters. We have compared
transition densities between 1 and 1.25py,. and our studies found modest impact in regards to
limits on NS radii, favoring lower radii values and smaller My,,x. Some works, such as refer-
ences [87, 93] have used astronomical data to specifically constrain the transition from nuclear
modeling to high-density flexibility; our formalism gives broadly consistent results and could
also be extended to marginalize over transition densities to reproduce these constraints in the
transition region.

While constructing our EoS prior, we studied the effects of low density variability of the EoS
at the stitching point as opposed to stitching GP extensions onto a singular fixed crust. Taking
into account that our implementation of GP extensions are model-informed, we find that the
resulting distribution of EoS using a singular fixed crust had a reduced range in the pressure-
density space, excluding lower pressures and strong phase transition like features, despite using
the same hyperparameter configuration and training data set. When we allow for informed
uncertainty in the low density meta-model EoS, the set of per-meta-model higher-density GP
act as a Gaussian mixture model, broadening the range of pressure-density explored. As caus-
ality and thermodynamic consistency limit how the GP extends to higher densities, information
propagated from the uncertainty bounds from yEFT and nuclear experimental measurements
therefore also informs how the global GP varies towards higher densities.
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