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Neutron star properties depend on both nuclear physics and astrophysical processes, and thus
observations of neutron stars offer constraints on both large-scale astrophysics and the behavior of cold,
dense matter. In this study, we use astronomical data to jointly infer the universal equation of state of dense
matter along with two distinct astrophysical populations: Galactic neutron stars observed electromag-
netically and merging neutron stars in binaries observed with gravitational waves. We place constraints on
neutron star properties and quantify the extent to which they are attributable to macrophysics or
microphysics. We confirm previous results indicating that the Galactic and merging neutron stars have
distinct mass distributions. The inferred maximum mass of both Galactic neutron stars, Mpop;EM ¼
2.05þ0.11

−0.06M⊙ (median and 90% symmetric credible interval), and merging neutron star binaries,
Mpop;GW ¼ 1.85þ0.39

−0.16M⊙, are consistent with the maximum mass of nonrotating neutron stars set by
nuclear physics,MTOV ¼ 2.28þ0.41

−0.21M⊙. The radius of a 1.4M⊙ neutron star is 12.2þ0.8
−0.9 km, consistent with,

though ∼20% tighter than, previous results using an identical equation of state model. Even though
observed Galactic and merging neutron stars originate from populations with distinct properties, there is
currently no evidence that astrophysical processes cannot produce neutron stars up to the maximum value
imposed by nuclear physics.

DOI: 10.1103/PhysRevD.111.023029

I. INTRODUCTION

The properties of neutron stars (NSs) depend on both
the dense-matter physics that governs their interiors and
the astrophysical context in which they form, evolve, and
are observed [1–4]. This interplay is driven by an apparent
coincidence: the mass scale of maximally compact matter
in its ground state is comparable to the Chandrasekhar
mass. The NS characteristic compactness (defined asM=R
with M the mass and R its radius) is just below the black-
hole (BH) limit of 1=2.1 This implies 2M=R ∼ c2s ∼ 1 [5],
where c2s is the characteristic speed of sound squared in
the body. In the standard model, cold matter can only
achieve such sound speeds at densities greater than an
atomic nucleus, ρnuc ∼ 2.8 × 1014 g=cm3 at high neutron-
to-proton ratio. This requirement fixes both the

compactness and density of such a near-maximally
compact object, and therefore its mass and radius scales
to M ∼ 1M⊙ and R ∼ 10 km, respectively. The former is
remarkably close to the Chandrasekhar mass, ∼1.4M⊙, the
maximum mass that can be supported by electron degen-
eracy. As NSs form from cores that are too massive to be
supported by electron degeneracy, this sets another char-
acteristic mass scale for NSs [6].
Substantial uncertainties in the details of NS formation

and dense-matter physics mean it is not immediately clear
which of the two drives the distribution of NS masses. For
example, general relativity and the dense-matter equation
of state (EOS) set a maximum mass for nonrotating NSs,
the Tolman-Oppenheimer-Volkoff (TOV) limitMTOV [7,8].
Originally speculated to be near 0.7M⊙, MTOV is now
understood to be∼2–3M⊙ [9–15], but it is unknownwhether
astrophysical formation mechanisms can produce NSs up to
this mass. Moreover, NSs form in a variety of ways,
including in core-collapse supernovae and binary mergers,
each of which likely results in different natal mass and spin
distributions. Even after formation, NSs are modified via
binary interactions: for instance, “spider” pulsars [16] may
achieve large masses and spins via accretion.
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Galactic observations have constrained the masses of
dozens of NSs in binaries via pulsar timing [17]. The mass
distribution of Galactic NSs with a mass measurement
includes a primary peak at ∼1.35M⊙ preferred at 3∶1 over a
secondary peak at ∼1.8M⊙ [18–20]. The observed cutoff in
the distribution above∼2M⊙ [19,20] may correspond to the
TOV mass, or to a different maximum mass imposed by
astrophysical processes; the most general interpretation of
the cutoff identifies it as an astrophysical maximum mass
that may differ from MTOV. The Galactic NS population is
broadly consistent with the masses of NS-like compact
objects in wide-period binaries revealed by Gaia astrometry
[21,22]. However, this inferred mass distribution does not
account for selection effects in the various surveys, and
lumps together NSs in different astrophysical systems, e.g.,
NS-NS binaries (BNS) and NS-white dwarf binaries, that
may have different inherent distributions. Indeed, the
known Galactic BNSs are all contained within the
∼1.35M⊙ component of the bimodal distribution [23].
A subset of Galactic millisecond pulsars [24] show

persistent pulsed x-ray emission originating from surface
hot spots. Detailed modeling of the hot spot emission has
placed constraints on the mass and radius of three pulsars
using NICER and XMM-Newton [15,25–28], two of
which are in binaries and thus have radio-based mass
constraints. Since two of the NICER targets are known
radio pulsars, they are commonly treated as part of the
Galactic NS population. For example, the properties of
PSR J0740þ 6620, one of the most massive known
pulsars [29,30], have been inferred simultaneously with
the Galactic population [31]. Requiring PSR J0740þ
6620 to hail from the bimodal Galactic NS mass distri-
bution revises its mass downward to 2.03þ0.14

−0.11M⊙ [31].
A different population consists of NSs in merging

compact binaries with NSs or black holes (BHs) observed
with gravitational waves (GWs) [32]. Among BNSs,
GW170817 [33] is consistent with the Galactic BNS
population with a total mass of ∼2.7M⊙. GW190425, at
a total mass of ∼3.4M⊙ [34], is however an outlier.
Attempts to explain this discrepancy include selection
effects [35,36] and non-BNS interpretations [37,38].
Regardless, this discrepancy suggests that the Galactic
and merging BNS distributions should be treated sepa-
rately. The distribution of all NSs observed in merging
binaries to date, including both BNSs and likely NSBH
systems [39,40], is relatively flat with no prominent peak at
∼1.35M⊙ [32,41]. The population of NSs in BNSs and
NSBHs might, however, be different owing to different
formation and evolutionary histories [32,42]. NS spins are
ignored from these constraints due to large measurement
uncertainties [43]; it is therefore unknown how merging NS
spins relate to the well-measured spins of Galactic
NSs. GW-based NS observations (primarily GW170817)
also drive constraints on the EOS through mass and tidal
deformability constraints [33,44,45].

The picture is much simpler when it comes to the nuclear
physics and the EOS of NSs. Even when originating from
different formation mechanisms, cold NSs are expected to
be described by the same universal EOS. This expectation
has been widely utilized to combine mass, radius, and tidal
deformability measurements from various observations to
place constraints on the EOS, e.g., [12–15,44,46–52]. Even
then, assumptions about NS masses have to be made.
Such assumptions typically include a uniform mass

distribution, and whether astrophysical mechanisms create
NSs up to the TOV mass or up to a different predetermined
value [14,49].
In this paper, we study the properties of NSs in binaries

with a focus on separating the impact of nuclear physics and
astrophysics. We use radio, x-ray, and GW data to jointly
infer the dense-matter EOS and the NS mass distribution,
each with their own maximum mass. We go beyond con-
sidering a single mass distribution for all NSs that terminates
at the TOVmass [51,52] and separately infer the populations
of Galactic NSs and merging BNSs. Moreover, rather than
the TOV mass, we allow the possibility of the astrophysical
mass distribution terminating at a different “astrophysical
maximummass” that is lower than the TOVmass.Ourmodel
and inference setup allow us to begin to answer whether the
maximum mass of NSs in various subpopulations is limited
by the EOS or by astrophysical processes. Beyond access to
such questions, simultaneous inference mitigates biases that
can arisewith as fewasOð10Þ GWdetectionswhen inferring
either the EOS or the mass distribution alone while making
improper assumptions about the other [53,54]. We also
account for GW selection effects, which cause the detected
population to be biased towards higher masses; as the
selection effects in the electromagnetic surveys are unknown,
we do not consider them.
The subpopulations, datasets, and models are described

in Sec. II. The EOS is modeled with a mixture of Gaussian
processes (GPs) [55,56], which allows for a wide range of
EOS morphologies including phase transitions [57] and
imposes minimal intradensity correlations that hamper the
flexibility of parametric models [58]. We consider two
subpopulations:
(1) The Galactic NS population is modeled with a

bimodal distribution with a maximum mass cutoff
[18,19]. The relevant datasets include radio, optical,
and x-ray observations of pulsars in binaries [19]
and x-ray pulse-profile observations of pulsars
J0030þ 0451 [25,26], J0740þ 6620 [15,27], and
J0437-4715 [28].

(2) The merging BNS population observed with GWs is
modeled with a power-law with a maximum mass
cutoff. The dataset consists of GW170817 [33] and
GW190425 [34], both assumed to be BNSs.

Joint inference on the EOS and mass subpopulations is
performed with a reweighting scheme that is described in
Sec. III and Appendix A.
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Our results are presented in Sec. IV. We find no evidence
that the maximum mass of the two subpopulations is
different than the TOV mass. The difference between the
maximum Galactic NS (merging BNS) mass and the TOV
mass is less than 0.53M⊙ (0.73M⊙) at 90% credibility, with
zero difference consistent with the posteriors. Even though
the maximum masses are consistent, we confirm previous
results that the mass distributions of Galactic NSs and
merging BNSs are different. The latter possesses no
prominent peak at 1.35M⊙, indicating that the two dis-
tributions should be modeled separately in an inference
framework and have the freedom to differ from one another.
For the NS EOS, we infer a sound-speed profile that

exceeds the conformal bound of 1=
ffiffiffi
3

p
for weakly inter-

acting nucleonic matter [59], in line with a previous study
using the same EOS model [14]: the 90% lower bound on
the maximum speed of sound squared anywhere inside the
NS is 0.59. We constrain the radius of a canonical NS, a
proxy for the stiffness of the EOS, to R1.4 ¼ 12.2þ0.8

−0.9 km,
and the TOV mass to MTOV ¼ 2.28þ0.41

−0.21M⊙. Uncertainties
are lower than Legred et al. [14] due to the recent NICER
observation of PSR J0437-4715 and the impact of the
ensemble of Galactic NS mass measurements via the
updated treatment of the maximum mass.
We conclude in Sec. V.

II. MODELING THE EQUATION OF STATE AND
THE MASS DISTRIBUTION

In this section we describe the data, as well as the EOS
and astrophysical populations we model them with.

A. Data

The observations that inform the joint inference of the
NS EOS and astrophysical population come from three
sources: radio/optical pulsar mass measurements (PSR),
x-ray pulse profile modeling for pulsar masses and radii
(NICER), and GW constraints on BNS masses and tidal
deformabilities (GW).
The PSR dataset includes the 74 Galactic pulsars

with a mass measurement from Ref. [19], minus PSR
J0437–4715, which is counted as part of the NICER
dataset.2 The PSR observations are heterogeneous, includ-
ing NSs in various types of binaries and several different
mass determination methods.
The NICER dataset consists of the observations of PSR

J0030þ 0451 [26,46], PSR J0740þ 6620 [15,27], and
PSR J0437–4715 [28]. The constraints on the masses and
radii of these pulsars are sensitive to the details of the
x-ray pulse profile modeling, such as the assumed hot spot
geometry and the stochastic sampling of the multidimen-
sional parameter posterior; thus different interpretations of

the NICER data exist. Here we use results from the
three-hot-spot model of Ref. [46] for J0030þ 0451, the
combined NICER-XMM Newton analysis with the two-
hot-spot model from Ref. [15] for J0740þ 6620, and the
CST+PDT model from Ref. [28] for J0437–4715. As the
NICER analyses for J0740þ 6620 and J0437–4715
incorporate preexisting radio-based mass estimates, we
exclude them from the PSR dataset to avoid double
counting. In Appendix D we quantify the sensitivity of
our inference to alternative data selection choices for the
NICER observations.
For the GW dataset, we consider compact binary

coalescences from the third Gravitational Wave Transient
Catalog [60] of the LIGO-Virgo-KAGRA network [61–63]
with source-frame chirp mass M≲ 2.176M⊙, correspond-
ing to equal-mass component masses below 2.5M⊙. This
leaves us with GW170817 [33] and GW190425 [34] as the
only events consistent with BNS mergers. We do not
consider the recent observation of GW230529_181500
[40], which is potentially a BNS merger according
to this criterion, as sensitivity estimates for the fourth
observing run do not exist. For GW170817, we generate
new posterior samples with the waveform approximant
IMRPhenomPv2_NRTidal, which includes spin-preces-
sion and tidal effects [64], using the parameter estimation
package BILBY [65,66] and the nested sampler DYNESTY

[67].We fix the source location to the host galaxyNGC4993
and adopt spin priors that are isotropic in orientation and
uniform in dimensionless magnitude up to 0.05, motivated
by the spin distribution of pulsars in binary systems expected
to merge within a Hubble time [68]. For GW190425, we
use the publicly released parameter estimation samples [69]
for the IMRPhenomPv2_NRTidal waveform. Since
GW190425’s total mass is inconsistent with those of
Galactic BNSs, we allow for dimensionless spinmagnitudes
up to 0.4, roughly corresponding to a 1 ms spin period [70].
Appendix F investigates the impact of a spin-magnitude
upper limit of 0.05 for both GW170817 and GW190425.

B. EOS model

The dense-matter EOS, i.e., the pressure-density relation,
is described with a model-agnostic Gaussian process
[55,56], which builds a prior EOS process via a mixture
of GP hyperparameters probing a large range of correlation
scales and strengths. This procedure produces an EOS
distribution that is relatively insensitive to the nuclear
models it is conditioned on [56] and imposes minimal
model-dependent correlations between the low- and high-
density EOS [58]. The GP flexibility is particularly
important for our goal of disentangling the maximum
TOV mass MTOV and the maximum astrophysical mass.
Less flexible parametric EOS models implicitly correlate
the radius or tidal deformability and MTOV [58] which in
turn translate to model-dependent correlations between
MTOV and the astrophysical parameters. All NSs are

2While J0437–4715 is in the NICER dataset, we use its radio
mass measurement to inform the mass distribution.
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assumed to be described by the same EOS. For efficiency,
we restrict the prior to EOSs with MTOV > 1.8M⊙.

C. Astrophysical population models

For the astrophysical mass distribution we use para-
metric distributions with hyperparameters η. We consider
two classes of observations modeled with separate distri-
butions: Galactic NSs observed via electromagnetic (EM)
radiation as part of the PSR and NICER datasets, and NSs
in merging BNSs observed via GWs constituting the GW
dataset.
We restrict to the NS masses while ignoring spins and

assume that all objects are NSs.

1. Galactic neutron stars with radio and x rays

Motivated by Refs. [18,19,31], we model the Galactic
NS masses m as a mixture of two Gaussians:

πðmjηEMÞ ¼ fN ðμ1; σ1Þ þ ð1 − fÞN ðμ2; σ2Þ; ð1Þ

for m∈ ½Mmin;Mpop;EM&, and where N ðμ; σÞ is a truncated
normal distribution with mean μ and standard devia-
tion σ, and f is the mixture weight. Following
Ref. [19], we fix Mmin ¼ 1M⊙ and infer the hyperpara-
meters ηEM ¼ fμ1; μ2; σ1; σ2; f;Mpop;EMg with flat priors:
Mpop;EM ∈ ð1.8; 3.0ÞM⊙, μ1 ∈ ð1; 2ÞM⊙, μ2 ∈ ðμ1; 2.5ÞM⊙,
f∈ ð0; 1Þ, and σ1;2 ∈ ð0.05; 1ÞM⊙. Since all analyzed
objects are NSs, we impose Mpop;EM < MTOV.

3 This prior
restriction leads to a marginal priors on Mpop;EM and the
EOSs that are not uniform, although the full multidimen-
sional prior is flat within its domain of support.
Although the PSR and NICER datasets include NSs in

different astrophysical settings, i.e., in binaries with various
companions, or in isolation in the case of J0030þ 0451,
and could in principle hail from different subpopulations,
we model these NSs as a single population for consistency
with previous results and due to the lack of selection effect
estimates. (We are not aware of any established methods to
account for selection effects in radio surveys or for
NICER’s target selection procedure [73].) Given the lack
of selection effect estimates for the PSR and NICER
datasets, we simply assume the observed mass distribution
to be equivalent to the astrophysical distribution.4 We
quantify the impact of this assumption in Appendix E,

where we present results with a fixed uniform mass
distribution in place of Eq. (1).

2. Merging neutron stars with gravitational waves

We model BNS masses with a truncated power law for
both binary components m1 and m2:

πðm1; m2jηGWÞ ∝ mα
1m

α
2; ð2Þ

for m∈ ½mmin;Mpop;GW& and random pairing between m1

and m2 in the two-dimensional space. We again fix mmin ¼
1M⊙ and infer the hyperparameters ηGW ¼ fα;Mpop;GWg
with flat priors α∈ ð−5; 5Þ, Mpop;GW ∈ ð1.6; 2.5ÞM⊙. Since
we assume that both GW170817 and GW190425 are
BNSs, we again impose Mpop;GW < MTOV.
GW selection effects are well understood, and we

incorporate them in our inference. Because the GW data
selection procedure involves identifying events as BNSs
based on a component mass cut at 2.5M⊙, our analysis only
places constraints on the mass distribution below 2.5M⊙.
The GW selection modeling is described in Sec. III A.

III. JOINT INFERENCE VIA REWEIGHTING

The joint mass-EOS model is a combination of EOS
draws from the GP prior process and the parametric mass
models of Eqs. (1) and (2). While the joint posterior could
be sampled with standard stochastic sampling methods
with precomputed GP draws, we instead use a multistage
reweighting scheme and the GP draws from Ref. [14].
The reweighting scheme includes the following steps,

with technical details relegated to the Appendices:
(1) Use standard stochastic sampling to infer the mass

population and the EOS using Eqs. (1) and (2)
for the mass distribution and a simplified, low-
dimensional EOS model. Details about the EOS
model are given in Appendix B. The EOS model is
included here to mitigate potential biases of a mass-
only inference [54].

(2) Treat the inferred mass distribution as a proposal
distribution. For each sample from the distribution of
η ¼ fηEM; ηGWg, calculate the likelihood for each
precomputed GP draw. The likelihood form depends
on the dataset considered [41] and is described in
Secs. III A and III B for the GW and EM data,
respectively.

(3) With these likelihoods, calculate weights from the
proposal mass distribution to the target joint mass-
GP EOS distribution as described in Appendix A.

(4) Combine the new posterior distributions for each
dataset. This procedure allows us to obtain weighted
samples from the joint posterior of the mass dis-
tribution and the GP EOS. We validate the reweight-
ing scheme in Appendix C with simulated GW
observations.

3We ignore the impact of pulsar spin on the maximum
mass. Using approximate relations to fourth order in spin
magnitude [71,72], we estimate that the maximum allowed
mass will differ from MTOV by ≲1% compared to statistical
uncertainties ∼20–30% for the range of pulsar periods in our
dataset, P ≳ 2 ms.

4This procedure can result in a bias even for the detected
population [74]. Such a bias however is expected to be small. For
example, Fig. 4 of [74] shows the bias for ∼800 simulated GW
observations.
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Each of the datasets considered (GW, NICER, and PSR)
results in unique constraints and thus requires a unique
formulation of the likelihood [3,41]. Below we discuss each
dataset likelihood noting that the full likelihood is the
product over the individual datasets.

A. GW likelihood

Given NGW independent events, the likelihood for the
EOS ε and population hyperparameters ηGW is5 [75,77,78]

LGWðdjε; ηGWÞ ∝ pdetðηGWÞ−NGW

×
YNGW

i

Z
Lðdijm1; m2; εÞπðm1; m2jηGWÞdm1dm2; ð3Þ

where πðm1; m2jηGWÞ is the model of Eq. (2) and

Lðdijm1; m2; εÞ ¼ Lðdijm1; m2;Λðm1; εÞΛðm2; εÞÞ; ð4Þ

is the ith individual-event GW likelihood (e.g., [79,80])
marginalized over all binary parameters other than the
component massesm1,m2 and tidal deformabilities Λ1, Λ2.
Consistency with the EOS is ensured by calculating the
likelihood for Λ1 ¼ Λðm1; εÞ;Λ2 ¼ Λðm2; εÞ, i.e., the EOS
prediction for the tidal deformability given the mass. We
estimate the individual-event likelihood from the posterior
samples for the source-frame masses and tidal deform-
abilities using a Gaussian mixture model [54], and the
integral in Eq. (3) is computed as a Monte Carlo sum.
The term pdetðηGWÞ encodes the selection effect which

characterizes how parts of the parameter space are over-
represented in a catalog of GWevents, as determined by the
sensitivity of the detectors. Defining pdetðdÞ as the prob-
ability that search algorithms detect a significant signal in
data d results in

pdetðηGWÞ≡
Z

Dd
Z

dθpðdjθÞπðθjηGWÞpdetðdÞ;

¼
Z

dθπðθjηGWÞpdetðθÞ; ð5Þ

where we identify pdetðθÞ≡
R
DdpðdjθÞpdetðdÞ as the

probability of detecting an event with parameters θ,
marginalized over possible realizations of data d. For
example, neglecting the specifics of the noise-generating
process, the sensitivity to an event increases with its chirp
mass ∼M5=6

c and decreases inversely with its distance. We
then further marginalize over possible realizations from the
population θ ∼ πðθjηGWÞ. The presence of pdetðηGWÞ in
Eq. (3) ensures that the final result reflects the true
astrophysical population rather than the observed

population. In practice, pdetðηGWÞ might also depend on
the EOS, but Ref. [81] showed that the effect is negligible
except for very stiff EOSs and low-mass NSs: there is a
≲2% change in the match between a template that sets
Λ ¼ 0 and the true waveform.
We compute pdetðηGWÞ by reweighting recovered simu-

lated signals in data from the first three observing runs
using standard techniques [20,32,82].

B. NICER likelihood

Given NNICER observations, the likelihood for the EOS ε
and population hyperparameters ηEM is obtained by mar-
ginalizing over the pulsar mass

pNICERðdjε; ηEMÞ ¼
YNNICER

i

Z
Lðdijm; εÞπðmjηEMÞdm; ð6Þ

where i indexes the NICER observations, πðmjηEMÞ is the
mass distribution of Eq. (1), and

Lðdijm; εÞ ¼ Lðdijm;Cðm; εÞÞ; ð7Þ

is the individual-pulsar likelihood marginalized over all
NICER parameters other than the massm and compactness
C, which is again evaluated on the EOS prediction. The
likelihoods are described in the publications associated
with each observation [15,25,28]. We use a Gaussian
mixture model [54] to evaluate Eq. (7), and a
Monte Carlo sum for the integral in Eq. (6).
The NICER analysis of PSR J0437-4715 in Ref. [28]

uses a prior that is flat in radius, rather than flat in
compactness (or inverse compactness) like the analyses
of PSR J0030-0451- [25] and PSR J0770þ 6620 [15]. We
correct for this with the appropriate Jacobian term to obtain
a likelihood function in mass and compactness. Unlike
Eq. (3) for the GW observations, the NICER likelihood
ignores selection effects per the discussion in Sec. II A.

C. PSR likelihood

Finally, the likelihood for NPSR pulsar mass measure-
ments is

pPSRðdjε; ηEMÞ ¼
YNPSR

i

Z
LðdijmÞπðmjηEMÞdm; ð8Þ

where i indexes the pulsars and πðmjηEMÞ is the mass
distribution of Eq. (1). The form of LðdijmÞ for each
observation is prescribed analytically in Refs. [19,31],
depending on whether the measurement constrains the
pulsar mass, the binary mass function and the total mass,
or the binary mass function and the mass ratio. Like the
NICER likelihoods, the PSR likelihoods do not account for
selection effects, and we evaluate the integral in Eq. (8) via
Monte Carlo.

5This expression assumes a 1=R prior on the event rate R and
marginalizes over it [75,76].
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IV. IMPLICATIONS OF JOINT MASS-EOS
INFERENCE

In this section, we present results from the joint inference
over the EOS and the mass distribution of two NS
populations. We begin with mass-specific and EOS-spe-
cific results in Secs. IVA and IV B, respectively, before
contrasting their impact on NS properties in Sec. IV C.

A. Constraints on astrophysical populations

Figure 1 shows the inferred mass distribution of merging
BNSs observed with GWs (modeled with a truncated power
law) and the observed distribution of Galactic NSs
observed with EM signals (modeled with a truncated
Gaussian mixture). The BNS population is consistent with
being flat and has large uncertainties due to the now
number of events (a total of 4 NSs). The smallest
uncertainty is at ∼1.4M⊙, corresponding to the relatively
well-measured masses on GW170817, while there is
vanishing support for masses above ∼2.2M⊙ with
Mpop;GW ¼ 1.85þ0.39

−0.16M⊙. This shape is broadly consistent
with the results of Refs. [32,41] that additionally consid-
ered the two NSs in the NSBH binaries GW200105 and
GW200115 and did not model the EOS. The seemingly
“bimodal” shape with peaks at high and low masses at the
90% level is model dependent: it is an outcome of the fact
that the distribution is well measured at ∼1.4M⊙ and we
model it with a truncated power law. Figure 2 indeed shows
that the power-law index α and the maximum mass,
Mpop;GW, are correlated and the upper limit on Mpop;GW

depends on the α prior. In particular, while the one-
dimensional posterior peaks at α ≈ 0, α≳ 4 cannot be
ruled out but is only consistent with Mpop;GW ≲ 2.0M⊙.
The observed EM population is comparatively better

constrained as it is based on a total of 74 pulsar mass
measurements. We find consistent results with Refs. [19,31]
that used the same pulsar mass data but did not infer the
EOS with μ1 ¼ 1.35þ0.02

−0.02M⊙ and μ2 ¼ 2.01þ0.43
−0.27M⊙, f ¼

0.65þ0.11
−0.13 , and σ1 ¼ 0.07þ0.02

−0.02M⊙ and σ2 ¼ 0.39þ0.37
−0.22M⊙.

The maximum mass is Mpop;EM ¼ 2.05þ0.11
−0.06M⊙, compared

to 2.12þ0.12
−0.17M⊙ in [19] and 2.25þ0.82

−0.26M⊙ in [31]. Our
estimate is lower due to the fact that we simultaneously
infer the EOS and impose Mpop;EM < MTOV.
Assuming that the three NICER pulsars are part of the

general Galactic NS population leads to updated mass
inference. The original mass estimates quoted in
Refs. [15,25,28] refer to flat mass priors, while our analysis
effectively updates the prior to be the population distribution
[31].6 The mass for each NICER target under a population-
informed (flat) prior is 1.37þ0.22

−0.11ð1.44þ0.25
−0.23ÞM⊙ for

J0030þ 0451, 1.39þ0.08
−0.05ð1.42

þ0.06
−0.06ÞM⊙ for J0437-4715,

and 2.01þ0.08
−0.09ð2.07þ0.11

−0.12ÞM⊙ for J0740þ 6620. The
J0740þ 6620 result is somewhat larger than the value in
Farr and Chatziioannou [31], 2.03þ0.17

−0.14M⊙. The effect is
most stark for J0030þ 0451whosemass is poorlymeasured

FIG. 1. Posterior on the mass distribution of the GW BNS
(orange) and the Galactic NS (blue) population. We plot the
median and 90% highest-probability credible regions. The EM
population is constrained to much better precision than the GW
one due to the low number of GW BNS detections. With the
caveat that they correspond to the astrophysical BNS and
observed Galactic NS distributions, respectively, we find that
the two distribution are inconsistent, in agreement with Ref. [32].
Faint lines are random draws from the GW mass distribution,
illustrating the bimodal uncertainties in the mass distribution.

FIG. 2. Marginalized posterior for the power-law slope α and
maximum mass Mpop;GW of the GW population. The slope α is
poorly constrained and thus its posterior rails against the upper
prior bound, in turn affecting the Mpop;GW posterior.

6The same is true for the two GW events, but the effect is
minimal as themass distribution uncertainty is wide and consistent
with being flat, which was the inference prior to begin with.
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from the x-ray data alone, but now resides in the dominant
peak of the mass distribution.

B. Constraints on EOS quantities

Figure 3 shows the prior and posterior for various
macroscopic and microscopic EOS properties: the TOV

mass, MTOV, the radius and tidal deformability of a
canonical 1.4M⊙ NS, R1.4 and Λ1.4, respectively, the
radius of a 1.8M⊙ NS, Λ1.8, and the pressure at twice
and six times nuclear saturation, p2.0 and p6.0, respectively.
We infer Λ1.4 ¼ 438þ224

−166 and R1.4 ¼ 12.2þ0.8
−0.9 km. For com-

parison, we also plot the corresponding analysis from

FIG. 3. One- and two-dimensional posteriors for select EOS macroscopic and microscopic parameters: the TOV mass, MTOV, the
radius and tidal deformability of a canonical 1.4M⊙ NS, R1.4 and Λ1.4, respectively, the radius of a 1.8M⊙ NS, R1.8, and the log-base-10
pressure (divided by the speed of light squared) at twice and six times nuclear saturation, p2.0 and p6.0 respectively, when measured in
g=cm3. Two-dimensional contours denote the boundaries of the 90% credible regions. We show the prior (black), the posterior from the
main analysis that marginalizes over the mass distribution (blue), and the analogous posterior that arises from additionally including the
mass-radius measurement of J0437-4715 in the analysis of Ref. [14].
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Legred et al. [14] that fixes all mass distributions to uniform.
To isolate the effect of the mass distribution inference, we
repeat the analysis of Ref. [14] while adding the x-ray mass-
radius measurement of J0437-4715 such that the two
analyses use the same NICER and GW data. We obtain
largely consistent results:massmarginalization leads tomild
changes in R1.4 and Λ1.4, while including spider pulsars in
the analysis and introducing an EOS-limited astrophysical
maximummass leads to a mild increase in the inferred value
of MTOV.
These results are consistent with previous estimates.

Legred et al. [14] used the GP EOS model with the same
GW dataset, the first two NICER objects, J0030þ 0451
and J0740þ 6620, and the mass of J0348þ 0432 (all with
a fixed flat mass prior) to find R1.4 ¼ 12.6þ1.0

−1.1 km and
MTOV ¼ 2.21þ0.31

−0.21M⊙. Our updated radius estimate has a
∼0.4 km lower median due to the new J0437-4715 data that
favor softer EOSs and a ∼20% smaller uncertainty due to
the fact that we use more NICER and massive pulsar data.
Our updated MTOV estimate of 2.28þ0.41

−0.21M⊙ is marginally
larger than the value found in Legred et al. [14], which can
be attributed to the spider pulsars, and the removal of the
EOS Occam penalty for massive pulsar measurements, see
the Appendix of Ref. [14].
The full mass-radius inferred relation is shown in Fig. 4

which plots the 90% symmetric credible region for the
radius at each mass. We include the prior, the posterior from
our analysis, and compare against the posterior from
Legred et al. [14], i.e., without J0437-4715. While the
radius lower limit is broadly consistent with Ref. [14],
we obtain a lower radius upper limit for all masses by
∼500 m, which we attribute to the new data for the
J0437–4715 radius. We additionally plot credible regions
for the relation between the NS mass m and its central
density ρc in Fig. 5. The upper limit on the mass of a NS

with central density four times the nuclear saturation density
(ρnuc) increases from ∼2.55M⊙ to ∼2.69M⊙, primarily due
to the removal of the Occam penalty and the inclusion of
spider pulsars. The central density of themaximummass star
is inferred to be 5.53þ1.07

−1.24ρnuc (red contours).
We examine the EOS microscopic properties and spe-

cifically the speed of sound as a function of density in
Fig. 6 and the maximum speed of sound inside NSs
in Fig. 7.

FIG. 4. Mass-radius inference, we show the 90% symmetric
credible region for the radius at eachmass.Weplot the prior (black),
posterior from the main analysis that marginalizes over the mass
distribution (blue), and posterior from Ref. [14] that fixes the
mass distribution to flat and does not include J0437-4715. The
upper limit on the radius decreases by ∼0.5 km for all masses.

FIG. 5. Mass-central density inference, we show the 90%
symmetric credible region for the NS mass at each value of
the central density ρc. We plot the prior (black), posterior from the
main analysis that marginalizes over the mass distribution (blue),
and posterior from Ref. [14] that fixes the mass distribution to flat
and does not include J0437-4715. Vertical lines denote multiples
of the nuclear saturation density. Maroon and red contours mark 1
and 2-σ credible regions, respectively, for the joint posterior
on ρc −MTOV.

FIG. 6. Speed of sound-density inference, we show the 90%
symmetric credible region for the speed of sound squared, c2s at
each rest-mass density ρ. We plot the prior (black), posterior from
the main analysis that marginalizes over the mass distribution
(blue), and posterior from Ref. [14] that fixes the mass distribution
to flat and does not include J0437-4715. Vertical lines denote
multiples of the nuclear saturation density. The speed of sound
increases by ∼5% around densities 2–3 times saturation density.

GOLOMB, LEGRED, CHATZIIOANNOU, and LANDRY PHYS. REV. D 111, 023029 (2025)

023029-8



Compared to Legred et al. [14], our analysis favors a
larger speed of sound around 2 − 4ρnuc and a larger
maximum speed of sound throughout. The 90% lower
limit on the maximum speed of sound, increases from
∼0.51 in Ref. [14] to ∼0.59 for our analysis. This higher
maximum speed of sound is necessary to explain the high
mass of certain Galactic pulsars which, though poorly
measured, can have exceptionally large median values, e.g.,
J01748-2021B with an estimated mass of 2.74þ0.21

−0.21M⊙ [83]
at 68% credibility. The addition of the NICER radius
measurement J0437-4715 also marginally impacts the
inferred maximum sound speed; removing the radius
measurement of J0437-4715, Appendix D, leads to a
maximum c2s value of 0.8þ0.19

−0.31 .

C. Joint constraints on the population and EOS

The joint EOS-mass inference allows us to separate the
TOV mass, MTOV, from the maximum astrophysical mass
in the two subpopulations,Mpop;EM andMpop;GW. Figure 8
shows the joint posterior forMTOV and the two population
maximum masses, denoted collectively as Mpop. The limit
MTOV ¼ Mpop is marked with a dashed line; points near
the line correspond to maximum population masses that
are equal to the TOV mass. As also evident in Fig. 1, the
two population maximum masses are consistent with each
other within their statistical uncertainties. The difference
between the maximum mass in the EM (GW) population
and MTOV is less than 0.53M⊙ (0.73M⊙) at 90%
credibility.
We therefore have no evidence that the maximum mass

of neutron stars formed astrophysically is different than
the maximum mass possible from nuclear physics.

V. CONCLUSIONS

As a first step toward untangling the properties of
NSs that depend on nuclear physics versus astrophysics,
in this study we presented a joint inference of the
dense matter EOS and the NS mass distribution. We
considered two subpopulations of NSs corresponding to
merging BNSs observed with GWs and Galactic NSs
observed with EM. All NSs share the same universal EOS
modeled with a flexible GP mixture. Our results are
consistent with existing EOS-only or mass-only inference
where applicable [14,31,32]. However, the joint inference
scheme allows us to begin addressing the interplay
between nuclear physics and astrophysics in determining
NS observational properties. Focusing on NS masses, we
find no evidence that the maximum mass of NSs observed
with either EM or GWs is different than the maximum
mass allowed by nuclear physics. Moreover, we updated
the estimates of the canonical NS radius and the TOV
mass to R1.4 ¼ 12.2þ0.8

−0.9 km and MTOV ¼ 2.28þ0.41
−0.21M⊙,

respectively.

A. Past work

Our results are broadly consistent with comparable
studies. Whereas we model the EOS phenomenologically
as a GP, Rutherford et al. [84] used a piecewise-polytropic
EOS model and the same data as Legred et al. [14] plus the

FIG. 7. Marginalized posterior for the maximum speed of
sound squared inside a stable NS. We plot the prior (black),
posterior from the main analysis that marginalizes over the mass
distribution (blue), and posterior from Ref. [14] that fixes the
mass distribution to flat and does not include J0437-4715. The
90% lower limit on the maximum speed of sound, marked by
dashed vertical lines, increases from ∼0.51 to ∼0.59.

FIG. 8. One- and two-dimensional posteriors for MTOV and the
maximum astrophysical mass Mpop for the Galactic NSs (blue)
and the merging BNSs (orange). The black dashed line represents
Mpop ¼ MTOV, which is imposed in our analyses as we assume
that all objects are NSs. The TOV mass is consistent with the
astrophysical maximum mass for both populations. Contours are
drawn at 50% and 90% levels.
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radius measurement of J0437-4715; they found R1.4 ¼
12.3þ0.5

−0.8 km. Our result has a ∼30% larger uncertainty
likely due to the more flexible EOS model.
Fan et al. [51] simultaneously inferred the mass dis-

tribution and the EOS, though they assumed the same mass
distribution for all NSs, and that the upper truncation mass
for the NS population isMTOV. They used the same data as
our study except the radius measurement of J0437-4715,
and included ∼50 additional pulsar mass measurements.
They used a variety of parametric and nonparametric
EOS models, but recovered similar values of R1.4 and
MTOV for all models, indicating their nonparametric
models may have limited flexibility (analogous to the
“model-informed prior” of [55,56]). They further incor-
porated information from perturbative quantum chromo-
dynamics at high densities, and chiral perturbation theory
at low densities, both of which strongly informed the
estimate of MTOV due to the choice of modeling of
correlations. They found MTOV ¼ 2.25þ0.08

−0.07M⊙.
Biswas and Rosswog [52] also simultaneously inferred

the population and the EOS, similarly requiring the NSs to
form a single population which is truncated by MTOV. For
the EOS they used a piecewise-polytropic parametrization,
hybridized with a low-density prescription constrained by
chiral effective field theory. They analyzed the same data as
Fan et al. [51], and additionally the PREX-II [85] and
CREX [86] measurements of the neutron skin thickness of
208Pb and 48Ca, respectively.
They found R1.4¼12.5þ0.3

−0.3km, and MTOV¼2.27þ0.08
−0.09M⊙.

These uncertainties are substantially lower than our results.
The radius constraint can at least in part be attributed
to information from chiral perturbation theory, while the
EOS parametrization also results in tighter inference
throughout due to less modeling flexibility [58,87].
Moreover, the use of a single mass distribution places a
very strong prior on the masses of the GW events, with the
mass of GW170817 for example likely tightly constrained
to be within the primary peak of the bimodal mass
distribution. Such improved mass measurement will trans-
late to tighter tidal and hence EOS constraints. The impact
of perturbative quantum chromodynamics information [88]
remains unclear [89,90], though the prescription used in
that analysis is likely informative of MTOV.
Other studies have obtained multimessenger constraints

on the EOS by combining GW, gamma-ray burst, and
kilonova observations surrounding GW170817 with fits to
the EM emission from BNS simulations [91–94]. While
there are systematic and statistical uncertainties in the
models and observations, these studies infer R1.4 and
Λ1.4 broadly consistent with our results.

B. Caveats

Our findings depend on several analysis choices and
assumptions. In the appendices, we examine their impact,
and here we summarize our conclusions.

In our main analysis, we assume that selection biases in
the radio and x-ray surveys are negligible. In Appendix E
we consider the impact that modeling all Galactic NSs with
the same bimodal distribution without taking selection
effects into account has. Compared to an analysis that
fixes the pulsar mass distribution to uniform up to MTOV
[14], inference of the mass distribution leads to an EOS that
is marginally softer at low densities and marginally stiffer at
high densities. As a consequence, the evidence for a
violation of the conformal limit c2s ¼ 1=3 increases and
the lower limit on the maximum speed of sound increases
by ∼10%.
Data selection further influences our results. In par-

ticular, different interpretations of the NICER observa-
tions exist in the literature. Given systematic studies on
the impact of analysis assumptions on NICER measure-
ments [95,96] we present results without J0030þ 0451
and/or J0437-4715 in Appendix D. Excluding J0437-4715
leads to a stiffer inferred EOS with R1.4 ¼ 12.5þ1.0

−0.9 km
and consistent results with Ref. [14]. Excluding J0030þ
0451 results in a substantially reduced value of
R1.4 ¼ 11.6þ1.3

−0.9 km. However, all results are consistent
with each other at 90% credibility, see Fig. 11 in
Appendix D.
Additionally, our main results assume a fixed spin

distribution, extending in magnitude up to 0.05 for
GW170817 and 0.4 for GW190425. Assumptions about
the spin affect mass inference through the mass-spin
correlation [97] and hence mass population inference.
We explore the impact of restricting the spin of
GW190425 further in Appendix F. Imposing an upper
limit of 0.05 results in a tighter constraint on its mass ratio
and a lower primary mass, which correspondingly reduces
the value of Mpop;GW. Consistency between Mpop;GW and
MTOV is reduced with their difference less than 0.77M⊙ at
90% credibility. Therefore we still find no strong evidence
that the TOV and the maximum astrophysical mass are
different. Simultaneous inference of the spin distribution
[43], along with the EOS and mass distribution, is
reserved for future work.
Finally, in this study, we restricted to two subpopulations

of NSs: GW observations of BNSs and Galactic NSs from
radio or x-ray surveys. As a consequence, our mass
distribution inference is only predictive below 2.5M⊙,
which we took to be the (fixed) demarcation between
NSs and BHs. Extending to higher masses would require
simultaneously classifying GWevents as BNSs, NSBHs, or
BBHs within the analysis framework [98,99], while intro-
ducing a third NS subpopulation associated with the NSBH
mergers. This would allow us to treat other GW discov-
eries, such as GW230529_181500 [40] and GW190814
[100], whose nature is ambiguous. These and further
extensions to the joint inference methodology presented
here will become necessary to fully explore the interplay
between nuclear physics and astrophysics on the properties
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of NSs as our catalog of informative NS observations
increases in size.
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APPENDIX A: REWEIGHTING SCHEME FOR
THE JOINT POSTERIOR

The joint posterior for the GP EOS ε and the population
hyperparameters η ¼ fηGW; ηEMg is [3,49]

pðε; ηjdÞ ¼ Lðdjε; ηÞπðε; ηÞ
pðdÞ

; ðA1Þ

where d is the data, Lðdjε; ηÞ is the likelihood, πðε; ηÞ is the
prior, and pðdÞ is the evidence. We choose a prior of
πðε;ηÞ¼πðεÞπðηÞΘðMTOV−Mpop;EMÞΘðMTOV−Mpop;GWÞ,
where πðϵÞ, is the model agnostic prior defined in
Refs. [55,56] (uniform over GP draws), and πðηÞ is the
prior on the population hyperparameters, as described in
the main text (uniform over all parameters). Since the GW
and EM datasets are independent, the total likelihood
factors into individual likelihoods

Lðdjε;ηÞ¼LGWðdjε;ηGWÞLNICERðdjε;ηEMÞLPSRðdjε;ηEMÞ;

given in Eqs. (3), (6), and (8), respectively.
We evaluate the likelihood Lðdjε; ηÞ with a reweighting

scheme based on a simpler lower-dimensional EOS model
ε0, details about which are given in Appendix B. We first
obtain samples from the joint posterior for ε0 and η using
standard stochastic sampling [65].

p0ðε0; ηjdÞ ¼
L0ðdjε0; ηÞπ0ðε0; ηÞ

p0ðdÞ
: ðA2Þ

We then use the marginal mass distribution posterior

p0ðηjdÞ ¼
Z

p0ðε0; ηjdÞdε0; ðA3Þ

as a proposal distribution to rewrite Eq. (A1) as

pðε; ηjdÞ ∝ Lðdjε; ηÞ
πðηÞΘðMTOV −MpopÞ

p0ðηjdÞ
p0ðηjdÞπðεÞ;

ðA4Þ

where we have dropped the normalization pðdÞ and defined
ΘðMTOV−MpopÞ≡ΘðMTOV−Mpop;EMÞΘðMTOV−Mpop;GWÞ.
Reweighting includes
(1) Compute a kernel density estimate of p0ðηjdÞ so that

we can directly evaluate the density for each value
of η.

(2) Draw samples ε ∼ πðεÞ and η ∼ p0ðηjdÞ. If MTOV <
Mpop;EM or MTOV < Mpop;GW, reject the sample.

(3) For accepted ðε; ηÞ samples compute the weight

w ¼ Lðdjε; ηÞ πðηÞ
p0ðηjdÞ

: ðA5Þ

The term p0ðηjdÞ is computed with the kernel
density estimate from step #1 and the likelihood
Lðdjε; ηÞ is computed with a Monte Carlo sum over
individual-event posterior samples.

(4) Each sample ðε; ηÞ is a weighted draw from the joint
posterior pðε; ηjdÞ with weight w.

In practice, we consider the EM likelihood for the two
EM datasets

LðdEMjε; ηEMÞ ¼ LðdNICERjε; ηEMÞ × LðdPSRjε; ηEMÞ;
ðA6Þ

and the combined likelihood

Lðdjε; ηÞ ¼ LðdEMjε; ηEMÞ × LðdGWjε; ηGWÞ; ðA7Þ

from Eq. (A4). In order to calculate the likelihood for the
GW population parameters ηGW, we approximate
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LðdjηGWÞ

¼
Z

LðdEMjηEM;εÞLðdGWjηGW;εÞπðηEM;εÞdεdηEM

ðA8Þ

with the Monte Carlo sum:

LðdjηGWÞ≈
X

ε∼πðεÞ
LðdGWjηGW;εÞ

×

2

64
X

ηEM∼p0ðηEMÞ

LðdEMjηEM;εÞ
p0ðηEMjdÞ

πðηEMjεÞ

3

75: ðA9Þ

The likelihood for the EM population parameters is
obtained by by swapping GW ↔ EM in Eq. (A9).
Similarly, we compute the likelihood for the EOS ε as

LðdjεÞ ≈
X

ηGW∼p0ðηGWÞ

LðdGWjηGW; εÞ
p0ðηGWjdÞ

πðηGWjεÞ

×
X

ηEM∼p0ðηEMÞ

LðdEMjηEM; εÞ
p0ðηEMjdÞ

πðηEMjεÞ: ðA10Þ

APPENDIX B: APPROXIMATE
LOWER-DIMENSIONAL EOS MODEL

The reweighting scheme of Appendix A utilizes a lower-
dimensional EOS model ε0 that gets marginalized away in
Eq. (A3), solely for constructing an efficient proposal dis-
tribution for the hyperparameters η. The goal of including ε0
in the first place is to avoid potential systematic biases in
p0ðηjdÞ if inferred without any reference to an EOS [54].
Suchbiaseswouldmake it an ineffective proposal distribution
for the reweighting of Eq. (A4). Our requirement for ε0 is
therefore that it can be evaluated efficiently and that it roughly
captures typical EOS behaviors. Existing parametric models
such as the piecewise-polytropic [105], spectral [106], or
speed-of-sound [50,107] models could play this role.
However, we find that something even simpler suffices.
We take advantage of the simple relation between the NS

moment-of-inertia I and mass m [57,108] for hadronic
EOSs. For EOSs without rapid changes in the speed of
sound [57],

d ln I
d lnm

∼ 1.6'Oð10−2Þ: ðB1Þ

We therefore define ε0with a linear relationship between ln I
and lnm:

ln I ¼ a lnmþ b; ðB2Þ

where the free parameters a and b define a specific EOS.
From the IðmÞ relation we can obtain ΛðmÞ (used for

analyzing GW data) and RðmÞ (used for analyzing x-ray
data) with the I-Love [109] andC-Love [110,111] universal
relations, respectively. Since the model does not have a
miscrophysics interpretation, it does not self-consistently
lead to amaximum-mass solution. Insteadwedefine its TOV
mass asΛðMTOVÞ ¼ Λthresh ¼; expð1.89Þwhich empirically
produces reasonable values for MTOV,
We find that this model is inexpensive to sample and

accurate enough that that it leads to an improved reweight-
ing efficiency. However, it would not be a reliable model
for EOS inference due to its simplistic nature.

APPENDIX C: METHOD VALIDATION

We demonstrate the validity of the reweighting scheme
described in Appendix A with simulated GW data. We
simulate BNS observations from a uniform mass distribu-
tion with α ¼ 0 between 1M⊙ and Mpop;GW ¼ 2.25M⊙,
assigning positions and orientations isotropically, and
distances according to a merger rate uniform in the frame
of the source across redshifts. Spins are distributed isotropi-
cally with uniform magnitudes up to 0.05. Tidal deform-
abilities are simulated according to a preselected EOS from
the GP prior with MTOV ¼ 2.34M⊙ and R1.4 ¼ 12.5 km.
After filtering for events that pass a detectability threshold
of signal-to-noise ratio above 8, we obtain posterior

FIG. 9. One- and two-dimensional posteriors for the mass
distribution slope and maximum mass from 23 simulated BNSs.
We plot mass-only population inference (gray) which defaults to
the individual-event-inference prior on the tidal deformability,
joint mass-EOS inference using the lower-dimensional EOS
model (green) and the full mass-EOS joint inference with the
GP EOS model (red). The reweighting scheme corrects the bias
from inferring the mass distribution alone.
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samples using BILBY [65]. We then follow the procedure of
Appendix A to compute the joint posterior for the mass
distribution and the EOS.
In Fig. 9 we show the inferred population hyperpara-

meters under three analyses. The first (black) models only
the mass distribution, which effectively means that the EOS
model defaults to the tidal deformability prior used during
sampling. This is selected to be uninformative to avoid
restricting the posterior: flat between 0 and 1.5 × 103. Since
this is not in reality how the tidal deformabilities of the
analyzed objects are distributed, i.e., the follow a single
EOS, mass inference is slightly biased [54]. The second
analysis (green) corresponds to Eq. (A3) that infers the
mass distribution together with the lower-dimensional EOS
model of Appendix B. The inclusion of even this simple
EOS model in the inference reduces the bias compared to
the true parameters. This posterior is then used as a
proposal to reweight to the final mass-EOS inference with
the GP EOS model (red), which again agrees with the
injected values. Figure 10 further shows that this procedure
can infer the EOS parameters.

APPENDIX D: EFFECT OF NICER
OBSERVATIONS

In this Appendix we quantify the impact of NICER
observations on our inference. Specifically, we study the
impact of J0030þ 0451 for which there is no concurrent
radio-based mass measurement and the hot spot model has
a large impact on inference [96] and J0437-4715 for which
only one independent analysis is available [28]. We show

results for R1.4 in Fig. 11. Removing any NICER pulsars
leads to an increased uncertainty and a shift to lower
radii (when removing J0030þ 0451) or larger radii
(when removing J0437-4715). However, all results are
consistent with each other at the 90% credible level. Using
no NICER data leads to R1.4 ¼ 11.9þ1.7

−1.6 km, no J0030þ
0451 data to R1.4 ¼ 11.6þ1.3

−0.9 km, and no J0437-4715 data
to R1.4 ¼ 12.5þ1.0

−0.9 km.

APPENDIX E: UNIFORM PULSAR POPULATION

Since selection effects for pulsar radio surveys are not
well quantified, it is not clear how the observed distribution
of NS masses differs from the true distribution. To examine
the impact of the observed EM population inference, we
repeat the analysis using the approach of Ref. [14] for the
EM population: it depends only on the EOS, and not on
additional population hyperparameters. The GW popula-
tion is still modeled with a truncated power law per
Sec. II C 2. We neglect all pulsars that do not contribute
directly to the EOS (due to low mass) as well as spider
pulsars for consistency with Ref. [14]. The EM data now
include only J0030þ 0451 and J0437-4715 [25,28] with a
uniform mass distribution in ½1.0 − 1.9&M⊙, and J0740þ
6620 and J0438þ 0432 [15,112] with a uniform mass
distribution in ½1.0 −MTOV&M⊙, with MTOV given by the
EOS model. This choice corresponds to a uniform distri-
bution up to the maximum mass allowed by the EOS.
Because of this choice, EOSs that predict a larger TOV
mass are penalized by an Occam penalty for the two high-
mass pulsars.
Results are shown in Fig. 12, where we find small

changes to the inferred EOS quantities. In particular,MTOV

is relatively unchanged, MTOV ¼ 2.27þ0.41
−0.20M⊙ under the

fixed population, which we attribute to the cancellation of

FIG. 10. One- and two-dimensional posteriors for recovered
EOS propertiesMTOV and R1.4 from 23 simulated BNSs. We plot
the prior (black) and the result from reweighting to a full mass-
EOS joint inference with the GP EOS model (red). The
reweighting method is able to recover the true EOS (blue).

FIG. 11. The effect of NICER constraints on EOS inference.
We plot the prior (gray) and posterior for R1.4, the radius of a
1.4M⊙ NS with different subsets of NICER data: all three pulsars
(blue; main text analysis), excluding J0030þ 0451 (pink),
excluding J0437-4715 (red), and excluding all NICER observa-
tions (purple).
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two effects. One the one hand, the Occam penalty favors
lower values of MTOV under a fixed population. On the
other hand, under the fixed-population scheme, the mass
of the heaviest pulsars is not informed by lower-mass
pulsars, and therefore ends up higher, which in turn
results in a higherMTOV. The effect of the Occam penalty
and the population-informed mass estimates in practice
cancel out. The radius and tidal deformability change
somewhat more, R1.4 ¼ 12.2þ0.9

−1.0 km, with a ∼10%
larger uncertainty than the inferred-population case,
and Λ1.4 ¼ 450þ247

−175 being slightly larger than the
inferred-population case.
Overall, inferring the EM mass distribution leads to

marginally higher MTOV and lower R1.4. Put differently,
the high-density EOS is marginally stiffer and the low-
density EOS is marginally softer. As a consequence, the
maximum sound-speed is higher in order to connect the
soft(er) low-density EOS to a stiff(er) high-density EOS.
This leads to increased support for violation of the
conformal limit, c2s > 1=3. The natural logarithm of the

Bayes factor in favor of conformal violation is
lnBc2s>1=3

c2s<1=3
¼ 5.85' 0.30 for the fixed population model,

and lnBc2s>1=3
c2s<1=3

¼ 7.39' 0.52 when the mass distribution
of EM pulsars is inferred.

APPENDIX F: LOW SPIN ASSUMPTION FOR
GW190425

Assumptions about the spin of GW190425 have an effect
on the inferred component masses [34]. In the main text, we
assume that the NSs in GW190425 can have dimensionless
spin magnitudes up to 0.4. However, other studies assume
NSs have spins 0.05, motivated by the spin distribution of
pulsars in binary systems expected to merge within a
Hubble time [68]. In Fig. 13, we present results with a
low-spin assumption for GW190425, enforcing the same
assumption in the sensitivity estimates as well. We find
MTOV ¼ 2.26þ0.39

−0.21M⊙ and Mpop;GW ¼ 1.79þ0.32
−0.1 M⊙. As

GW190425 is not the main observation informing
MTOV, it values is consistent with the main analysis.
However, as the low-spin restriction lowers the estimated
masses of GW190425 due to the mass-spin correlation, we
obtain a lower value for Mpop;GW, though still consistent
with MTOV.

FIG. 12. Impact of the EM population mass modeling on EOS
inference. We plot the prior (black), the posterior from the full
analysis (blue; same as Fig. 3), and the posterior when the
EM mass distribution is uniform and independent of the EOS
for J0030þ 0451 and J0437-4571 and uniform up to the TOV
maximum mass of the EOS for J0740þ 6620 and J0348þ 0432.
The posteriors are similar.

FIG. 13. Similar to Fig. 8 but with a low-spin assumption for
GW190425 of < 0.05.
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