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Nuclear theory and experiments, alongside astrophysical observations, constrain the equation of state
(EOS) of supranuclear-dense matter. Conversely, knowledge of the EOS allows an improved interpretation
of nuclear or astrophysical data. In this article, we use several established constraints on the EOS and the
new NICER measurement of PSR J0437-4715 to comment on the nature of the primary companion in
GW230529 and the companion of PSR J0514-4002E. We find that, with a probability of≳84% and≳68%,
respectively, both objects are black holes. These likelihoods increase to above 95% when one uses
GW170817’s remnant as an upper limit on the TOV mass. We also demonstrate that the current knowledge
of the EOS substantially disfavors high masses and radii for PSR J0030þ 0451, inferred recently when
combining NICER with XMM-Newton background data and using particular hot-spot models. Finally, we
also use our obtained EOS knowledge to comment on measurements of the nuclear symmetry energy,
finding that the large value predicted by the PREX-II measurement displays some mild tension with other
constraints on the EOS.

DOI: 10.1103/PhysRevD.110.103015

I. INTRODUCTION

The dense-matter equation of state (EOS) is a fundamental
relation connecting nuclear physics in terrestrial experiments
to astrophysical observations of neutron stars (NSs). In
describing these systems, the EOS spans a wide range in
pressure and density. Different research communities try to
explore the EOS under various conditions through various
physical messengers. For example, nuclear physicists
employ experiments and theory to constrain the EOS at
nuclear densities, while astrophysicists focus on EOS probes
inNSs at the highest densities observable in theUniverse.We
can then combine these data to place tighter constraints on the
EOS. Following this idea, a growing number of research
articles, e.g., Refs. [1–13], have performed multimessenger
studies including nuclear-physics computations. In the same
spirit, we have previously compiled a comprehensive over-
view of available constraints on the dense-matter EOS [14].

Data gathered on NSs through, e.g., radio or x-ray
observations of pulsars or through possible multimessen-
ger detections of binary neutron star (BNS) systems, will
become more and more precise, due to continuous
upgrades of observational facilities and improved obser-
vational strategies. As a consequence, systematic uncer-
tainties will become increasingly important and need to be
assessed and quantified when possible. Similarly, statis-
tical or systematic outliers could arise in nuclear physics
experiments. More precise constraints will allow impor-
tant consistency checks of individual probes, allowing us
to detect outliers. These outliers could imply underesti-
mated uncertainties or the existence of multiple branches
of compact stars. Moreover, such comparisons also enable
better interpretation of individual data points when addi-
tional EOS knowledge is included. For example, analyz-
ing x-ray pulse profiles using different hot-spot configura-
tions might describe the data comparably well but lead to
different constraints on the EOS. In this case, considering
EOS information from other sources might indicate a
preference for one configuration over the other [15,16].
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Also, knowledge of the EOS can be used to classify newly
observed compact objects [17–22].
In the present article, we follow these ideas and revisit

some recent measurements, showcasing how the Nuclear
Physics and Multi-Messenger Astrophysics (NMMA)
framework [7,10]1 can contribute tomultimessenger science.
We provide updated constraints on the NS EOS by incor-
porating the most recent Neutron Star Interior Composition
Explorer (NICER) measurement of PSR J0437-04715 [23]
and use these constraints to comment on the plausibility of
other recent data points on the EOS. In particular, we use our
updated EOS knowledge to classify the nature of two
compact objects that fall in the putative lower mass gap,
namely, the primary component in GW230529 [24] and the
companion of PSR J0514-04002E [25]. We also determine
model odds ratios for two data points that appear to be in
slight tension with previous studies, namely, the different
models used to reanalyze PSR J0030þ 0451 and the differ-
ent measurements of the symmetry energy from nuclear
experimental data [26–28].
The presentation of the established EOS constraints and

the new NICER measurement is provided in Sec. II, the
potential mass gap objects are discussed in Sec. III, and the
model comparison for potential outliers is given in Sec. IV.

II. AVAILABLE CONSTRAINTS ON THE
EQUATION OF STATE

We can categorize current constraints on the NS EOS by
the density range they explore. Nuclear theory and experi-
ments restrict the EOS at nuclear densities, around and
slightly above the nuclear saturation densitynsat¼0.16 fm−3.
At higher densities, mass and radius measurements of stable
NSs through electromagnetic observations as well as gravi-
tational-wave (GW) and multimessenger signals of BNS or
black-hole–neutron-star (BHNS)mergers provide additional
means to explore the EOS [14]. However, the nature, model
dependency, and constraining power of these different
information channels vary drastically.
In this section, we first review well-known constraints

that have an established standing in the literature and then
look at the new mass-radius measurement for PSR J0437-
4715 [23].

A. Established constraints

In a previous study [14], we combined a variety of
constraints to obtain a posterior estimate PðEOSjdÞ on a set
of 100 000 model-agnostic EOS candidates. Here, d can
refer to different sets of constraints (or ‘data’) that we
employed to infer the EOS. The EOS candidates were
created with the nucleonic metamodel [29,30] in the regime
around ∼1 nsat and extrapolated to higher densities with the
speed-of-sound model. A fixed crust EOS, taken from

Ref. [31], is attached to the metamodel at 0.076 fm−3.
Variations in the EOS of the crust may impact radii of a
lighter neutron star up to the order of 0.5 km [32,33], but it
seems to have little influence on the properties of higher
mass neutron stars [34,35]. Hence, by keeping the crust
EOS fixed, we might influence the results for the NICER
measurements and the symmetry energy, though data
uncertainties appear still wide enough to compensate for
this effect. The compact object classification in Sec. III is
likely not tarnished. See Ref. [14] for more details about the
construction of our EOS candidate set.
For the present article, we use the EOS posterior

estimates from Ref. [14]. Since the constraining power
and reliability of certain data points vary, we create three
different sets of constraints as summarized in Table I. Set 1
includes information from the radio timing observations of
heavy pulsars, nuclear theory, the NICER observations, and
GW signals. In our judgement, these are the most widely
accepted and model-independent constraints available;
therefore, we characterize this set as “high confidence.”
Set 2 is more vigorous as it makes use of additional
constraints from Ref. [14] that provide tighter restrictions
on the EOS but introduce potential biases and are overall
more model dependent. Among others, it includes an upper
limit on the Tolman-Oppenheimer-Volkoff (TOV) mass
MTOV (the maximum mass of a nonspinning NS) that is
derived from the assumption that the remnant of
GW170817 collapsed to a black hole (BH). The remnant
mass can be inferred from GW and electromagnetic
observations and then serves as an upper limit for MTOV.
However, there is cautious evidence indicating that the
GW170817 remnant was a short-lived hypermassive NS
[36–38]. In that case, the remnant’smasswould evenyield an
upper limit on the mass of a maximally rotating NS, i.e., the
Kepler mass MKep, reducing MTOV further. To also include
this possibility in our analysis of the putative mass gap
objects, we create an “aggressive” set 3, which encompasses
the same constraints as set 2, but uses the GW170817
remnantmass as an upper limit onMKep. TheMTOV posterior
distributions for the different sets of constraints are shown in
Fig. 1. For further details, we refer to Ref. [14].

B. Recent NICER observation of PSR J0437-4715

NICER measures high-time-resolution x-ray spectra
and is therefore able to track x-ray pulses from the surface
of NSs. Modeling these pulses allows for the extraction of a
posterior distribution PðM;RjNICERÞ on the mass and
radius of the NS. Two NSs have been investigated using
this method before [39–42]. More recently, a new meas-
urement of PSR J0437-4715 (herein abbreviated PSR
J0437) has become available [23]. Together with the mass
measurement from radio timing data, the most successful
hot-spot model (CSTþ PDT) assumed one emitting
concentric single-temperature hot-spot ring as well
as a dual-temperature spherical hot spot and inferred a1https://github.com/nuclear-multimessenger-astronomy/nmma.
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mass of M ¼ 1.42þ0.07
−0.07M⊙ and R ¼ 11.36þ1.91

−1.15 km (95%
credibility).
However, the analysis of PSR J0437 was complicated by

the presence of a time-variable active galactic nucleus
(AGN) near the source, making the background estimation
more challenging. In particular, the headline result uses
constraints on the background estimate from the 3C50
model [43] and time-averaged NICER spectra of the AGN.
If this background constraint is not applied, the inferred
radius is 11.01þ0.51

−0.48 km (68% credibility) without any
distribution tail toward higher values. Complementary
analysis with time-averaged XMM-data confirmed the
consistency of the background constraints, but if the time
variability of the AGN biases the background estimation,
then this might lead to differences in the inferred radii.
Similarly, one of the two emitting hot-spot components is
likely relatively broad and noncircular in shape, and thus it
seems possible that different hot-spot geometries than
CSTþ PDT could also fit the data well while resulting
in slightly different radius estimates. Moreover, despite
being above NICER’s actual frequency range [23], the
detection of a nonthermal pulsed component above 3 keV
with NuSTAR could, in principle, also impede the results.
Unlike previous NICER measurements, the result also

lacks confirmation from an independent second analysis.
Therefore, it is worth keeping in mind that potential
systematic biases in the analysis of the new NICER
measurement could lead to offsets in the estimated radius.

For all of these reasons, in the Appendix, we also present
how the results of our subsequent analyses in Secs. III
and IV change, when we exclude PSR J0437 from the
constraint sets.
When applying the new NICER measurement of PSR

J0437, we use the posterior of the headline result in
Ref. [23] to further constrain the EOS set of Ref. [14]
with the following likelihood:

LðEOSjPSR J0437Þ

¼
Z

MTOV

0

dMPðM;RðM;EOSÞjPSR J0437Þ: ð1Þ

The samples for the posterior PðM;RjPSR J0437Þ are taken
from Ref. [44].
In Table II, we report how the posterior estimates on

EOS-derived quantities change when this new constraint is
added to sets 1, 2, and 3 from Table I. Naturally, the impact
of the new NICER measurement is largest for set 1, given
that sets 2 and 3 already encompass a larger collection of
other constraints. In any case, PSR J0437 affects mostly the
radii of intermediate-mass NSs and has only little impact on
MTOV. Generally, the posterior is shifted toward slightly
softer EOS, given the comparatively small radius inferred
by NICER.
To compare the new mass-radius measurement of PSR

J0437 with respect to the expectation from the previous
constraints, we employ the technique of posterior predictive
checking. Having a posterior PðEOSjdÞ from some con-
straint set, we can calculate the posterior predictive dis-
tribution for the PSR J0437 inference as

PðPSRJ0437jdÞ¼
X
EOS

LðEOSjPSRJ0437ÞPðEOSjdÞ: ð2Þ

Since the absolute value of this expression is not of
particular interest, we instead compare it to the radius
estimate we would get directly from PðEOSjdÞ.
Accordingly, we predict a mock PSR J0437 posterior,
denoted PðM;RjPSR J0437�Þ, that uses the same mass
samples as the original measurement, but the radii are
drawn using PðEOSjdÞ. For that posterior, we also deter-
mine the likelihoods according to Eq. (1) and calculate the
ratio of the posterior predictiveness between the real

FIG. 1. Kernel density estimates of the posterior distributions
on the TOV mass MTOV for the different sets of EOS constraints
given in Table I.

TABLE I. Overview of the EOS constraints contained within the three different datasets.

Set Label Description

High confidence Set 1 χEFT, pQCD, Heavy radio pulsars, NICER J0740þ 6620, NICER J0030þ 0451,
NICER J0437-4715, GW170817

More vigorous Set 2 Set 1, PSR J0952-0607, heavy ion-collisions, GW170817þ KNþ GRB, GW170817 remnant mass,
qLMXBs in ω Centauri and 47 Tucanae, 4U 1702-429, SAX J1808.8-3658

Aggressive Set 3 Same as set 2, but for the remnant of GW170817, a hypermassive NS above
the Kepler limit is assumed
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NICER measurement and our mock radius prediction. In
that way, we compare the plausibility of different M-R
posteriors for PSR J0437. The posterior predictiveness ratio
works in a manner similar to the usual Bayes factor.
We find that before we add PSR J0437 to sets 1, 2, and 3

the respective EOS posteriors predict a radius of 12.27þ0.80
−0.91 ,

12.39þ0.47
−0.54 , and 12.40þ0.50

−0.59 km for PSR J0437. This trans-
lates to a posterior predictiveness ratio to the real meas-
urement of 2.42, 5.17, and 5.00, respectively. Hence, the
hitherto expectation about the EOS would predict a radius
of ≈12.3 km, and such a value would be two to five times
more plausible than the actual measurement yields. If we
excluded all the other NICER measurements from set 1, we
would expect a radius of 11.98þ1.09

−1.08 km for PSR J0437,
yielding a posterior predictiveness ratio of 1.53 to the actual
measurement.
Despite the possibility of a relatively small radius in the

new NICER measurement, which would imply a shift
toward softer EOS consistent with nuclear theory and GW
observations, our statistical analysis does not indicate a
significant tension with expectations given the present
uncertainties. Both the predicted and the measured values
for the radius of PSR J0437 overlap in their 95% credibility
limits, and the posterior predictiveness ratios of≲3 for set 1
point toward the consistency between the new measure-
ment and the established constraints from chiral effective
field theory (χEFT), perturbative quantum chromodynam-
ics (pQCD), the heavy pulsars, and GW170817. The
constraints in sets 2 and 3, namely, the large mass of the
Black Widow PSR J0952-0607 and the larger radius of 4U
1702-429, favor slightly stiffer EOS, increasing the pos-
terior predictive ratio to ≈5, indicating some difference

between expectation and measurement, though still at an
acceptable level.

III. CLASSIFICATION OF BINARY COMPONENTS

The TOV mass MTOV is the highest possible mass for a
nonspinning NS. Its exact value depends on the EOS.
Knowing MTOV and ignoring effects due to rotation, one
can decide whether a compact object with a given mass
should be considered a BH or NS. Similarly to Ref. [20],
we apply theMTOV distribution of our EOS sets to perform
a Bayesian source classification for two recently reported
compact objects, namely, the companion of PSR J0514-
4002E [25] and the primary of GW230529 [24]. Their mass
estimates fall into the posited lower mass gap.
Mass measurements on low-mass x-ray binary (LMXBs)

have identified a remarkable lack of systems where the
accreting compact object’s mass lies in a range of about
2M⊙ to 5M⊙. Reference [45] first indicated this lower mass
gap between massive NSs and low-mass BHs. The exist-
ence of such a mass gap has been subject to various
challenges since early on [46] but has also received
subsequent support by additional observations and super-
nova modeling efforts. For instance, Ref. [47] concluded
from a larger sample of BH binaries that a relatively narrow
Gaussian distribution N ðμ ¼ 7.8M⊙; σ ¼ 1.2M⊙Þ would
best describe the BH mass spectrum of LMXBs and that
this could not be reconciled with a naive explanation of the
lower mass gap as an observational selection effect. Semi-
analytical remnant-mass prescriptions for supernovae,
therefore, explained the mass gap as an effect of the
explosion timescale [48,49]. However, in Ref. [50], it
was pointed out that current supernova modeling lacks

TABLE II. Credible intervals on EOS properties when different constraints are employed. Limits are shown at
95% credibility. The upper row shows the limit before PSR J0437-4715 is included, the lower row lists them
afterward. The bracketed values show the Kullback-Leiber divergences between the two. R1.4 is the radius of a
canonical neutron star,MTOV the TOVmass, p3nsat the pressure at three times saturation density, and nTOV the central
density for a TOV star.

Quantity PSR J0437 included Set 1 Set 2 Set 3

R1.4 (km) ✗ 12.26þ0.80
−0.91 12.39þ0.48

−0.54 12.40þ0.50
−0.59

✓ 12.05þ0.84
−0.82 12.33þ0.48

−0.55 12.33þ0.50
−0.62

(0.092) (0.029) (0.034)

MTOV ðM⊙Þ ✗ 2.25þ0.42
−0.22 2.28þ0.11

−0.20 2.05þ0.06
−0.06

✓ 2.22þ0.38
−0.19 2.28þ0.11

−0.20 2.05þ0.06
−0.06

(0.020) (0.001) (0.001)

p3nsat (MeV fm−3) ✗ 90þ71
−31 94þ32

−21 75þ17
−12

✓ 84þ64
−28 93þ32

−22 74þ19
−13

(0.048) (0.004) (0.013)

nTOV (nsat) ✗ 5.92þ1.34
−1.38 5.85þ0.91

−0.92 6.76þ0.71
−1.09

✓ 6.12þ1.29
−1.39 5.86þ0.94

−0.92 6.82þ0.70
−1.11

(0.039) (0.001) (0.005)
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the robustness required to firmly establish this link.
Recently, simulations showed evidence that black holes
in the lower mass gap can form in core-collapse super-
novae, e.g., Ref. [51]. Identifying fundamental properties of
mass gap objects can provide highly informative con-
straints on compact object formation, on both the individual
and population levels.
To classify the compact objects mentioned above, we use

the posterior on PðMTOVjdÞ derived from our constrained
EOS set. If there is an observation O of a compact object
and its mass posterior is inferred to be PðMjOÞ, we can
determine the probability of this compact object being a NS
as [20]

PðNSÞ ¼
X
EOS

PðEOSjdÞ
Z

MTOVðEOSÞ

0

dMPðMjOÞ

¼
Z

dMTOV

Z
MTOV

0

dMPðMTOVjdÞPðMjOÞ: ð3Þ

However, the above integral is only valid for nonspinning
NSs. To include information on additional support due to
high dimensionless spins χ, the maximal mass of a NS can
be higher, meaning MmaxðMTOV; χÞ > MTOV. For our
analysis of the primary component of GW230529, we
use the quasiuniversal relation forMmax from Ref. [52] and
extend the above probability estimate as

PðNSÞ ¼
Z

dMmax

Z
Mmax

0

dM
Z

1

0

dχ PðMmaxjd; χÞ

× PðM; χjOÞ: ð4Þ

In the classification of compact objects below, we compute
these integrals with a Monte Carlo approach and report the
mean values averaged over 10 realizations.2 We emphasize
that our analysis assumes a disjoint distribution of BH and
NS masses; i.e., we do not consider the possibility that
these objects were primordial BHs or represented some
exotic twin-star configurations [53].

A. Pulsar timing observations of PSR J0514-4002E

PSR J0514-4002E is a millisecond pulsar (MSP) and was
first identified in a survey of the globular cluster NGC 1851
[54]. Subsequent radio observations were reported in
Ref. [25]. Their timing solutions from the TEMPO code
[55] demonstrated compellingly that this pulsar lives in a
binary system. These timing solutions determined Keplerian
orbital parameters to high precision, too, obtaining the binary
mass function as

fðM1;M2Þ ¼
ðM1 sin iÞ3
ðM2 þM1Þ2

¼ ð0.41672� 0.00022ÞM⊙:

ð5Þ

For the sake of consistency throughout this paper, but in
contrast to conventions in pulsar astronomy, we label the
binary components as M1 and M2, where M1 denotes the
unseen massive object of interest and M2 is the observed
pulsar. The inclination angle i is defined such that i ¼ 0
corresponds to a face-on orbit. Among the post-Keplerian
parameters, the advance of periastron ω̇ was tightly con-
strained and provided an estimate for the total mass as

Mtot ¼ M1 þM2 ¼ ð3.8870� 0.0045ÞM⊙: ð6Þ

Combining these constraints implies M1 ≥ 1.84M⊙. The
nondetection of an optical counterpart in dedicated follow-up
observations thus established the unseen component as a
compact object.
To obtain a consistent mass estimate for M1, Ref. [25]

subsequently conducted a Bayesian analysis. The authors
usedMtot and cos i as sampling parameters because these—
ignoring uncertainty in thevalue for themass functionEq. (5)
—uniquely determineM1while beingmoredirectly linked to
the observational data: Mtot corresponds by Eq. (6) to the
observable ω̇ and a flat prior in cos i represents our prior
ignorance of the orbital orientation. Moreover, they enforced
1.17M⊙ as an absolute lower limit for the pulsar mass M2,
inspired by the tightly constrained companion mass of PSR
J0453þ 1559 [56]. Reference [25] then generated new
timing solutions with sampled pairs of (Mtot; cos i) values
as fixed inputs and weighted these by a likelihood function
based on the resulting residuals. Their posterior for M1

suggests a probability that the massive companion is a NS of
around 30% under the EOS constraints of set 1. Employing
the more aggressive constraints of set 3 reduces this
probability to only 2.3%.
We note briefly that the posterior forM1 in Ref. [25] can

be reproduced through a greatly simplified analysis, lever-
aging their intermediate TEMPO results. To that end, we
sample the mass function f and the total mass Mtot from
Gaussian priors corresponding to the quoted uncertainties
in Eqs. (5) and (6), along with an isotropic prior for the
inclination. The full timing solutions provide estimates for
additional post-Keplerian parameters, in particular for

γE ≔ e

�
PbG2

2πc6

�
1=3 M1ðMtot þM1Þ

M4=3
tot

¼ ð0.0111� 0.0084Þ s; ð7Þ

and

h3 ≔
GM1

c3

�
sin i

1þ cos i

�
3

¼ ð−0.02� 0.91Þ μs; ð8Þ2The standard deviations are several orders of magnitude
smaller than the means and will therefore not be quoted.
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which relate to the Einstein delay and Shapiro delay,
respectively [57,58]. Here, Pb is the orbital period of the
binary. Although TEMPO allows negative fits, γE and h3 are
positive by definition. We treat these values and the
reported correlation coefficient as characteristics of a
bivariate Gaussian likelihood function that we then apply
to our sampled values of f, Mtot, and cos i. With this
approach, we are able to reproduce the M1-posterior of
Ref. [25] to high precision.
However, this result is clearly subject to prior choices

and alternative choices appear equally justified. For in-
stance, there are various, yet more uncertain measurements
of NSs less massive than 1.17M⊙, e.g., Ref. [59]. Binary
evolution theory allows lower NS masses, too [60].
Therefore, to obtain a more conservative estimate for
M1, we test an agnostic approach that does not constrain
M2 to an allowed mass range. Under this assumption, the
NS hypothesis loses further support, dropping below 30%
for sets 1 and 2 and below 2% for set 3.
Additionally, we can obtain a potentially more realistic

M1 estimate when taking our knowledge of the MSP
population into account. Canonically, very high pulsar
spins result from angular momentum conservation during
mass transfer episodes. These circularize the system during
late stellar evolution of the companion which was initially
less massive than the pulsar’s progenitor. The companion
star then evolves in nonfringe scenarios into a less massive
object than the previously formed pulsar. As remarked in
Ref. [25], the observed eccentricity and mass ratio then
suggest that PSR J0514-4002E acquired its massive
companion in a dynamic exchange encounter. Although
this disallows detailed conclusions on the companion based
on binary evolution models, it indicates an intermediate to
high pulsar mass. Reference [61] parametrizes the galactic
MSP mass distribution as a bimodal Gaussian

PgalðMPSR½M⊙�Þ ¼ 0.611N ðμ ¼ 1.396; σ ¼ 0.045Þ
þ 0.389N ðμ ¼ 1.84; σ ¼ 0.10Þ: ð9Þ

IfM2 were to sit in the higher-mass peak, the binary would
roughly be an equal-mass system. The mass function could
then only result from low inclination which is strongly
disfavored by the nondetection of Shapiro delay. This
suggests that indeed the pulsar mass could match the
narrow first peak around the canonical pulsar mass of
1.4M⊙, and hence the companion object would have a mass
of M1 ¼ ð2.48� 0.05ÞM⊙. Correspondingly, its probabil-
ity to be a NS drops to only 14% when employing set 1 and
to 1.3% for set 3.
The M1-posterior distributions obtained under the vari-

ous priors discussed above are shown in Fig. 2. The
probabilities for the companion to be a NS are summarized
in Table III.

B. Gravitational-wave event GW230529

On the May 29, 2023, at 18∶15∶00 UTC, the LIGO
Livingston observatory [62] detected a compact binary
merger signal, GW230529_181500, simply referred to as
GW230529 from here on. All other GWobservatories were
either offline or did not have the required sensitivity to
detect the signal at the time of the merger. Nevertheless, the

FIG. 2. Posteriors on the mass of the companion of PSR J0514-
4002E with different priors: constraining the mass of the pulsar to
be above 1.17M⊙ (pink), assuming an isotropic prior (dark red),
and using a population-informed prior (orange).

TABLE III. Probability that the companion of PSR J0514-4002E and the primary component of GW230529 are
NSs. The various assumptions used for the analysis of PSR J0514-4002E are discussed in the main text. The analysis
of GW230529 considers the default priors (explained in the main text) and the priors informed by the PDB
population model.

Object Set 1 Set 2 Set 3

PSR J0514-4002E M2 > 1.17M⊙ 29% 32% 2.3%
M2 unconstrained 23% 25% 1.3%
M2 ∈PgalðMPSRÞ 13% 7.8% 1.2%

GW230529
Default prior

W/o spin 1.4% 1.2% 0.01%
W=spin 3.7% 3.7% 0.79%

PDB prior
W/o spin 7.2% 6.4% 0.26%
W=spin 16% 16% 1.5%
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signal was reported by three matched-filter search pipe-
lines, GSTLAL [63–68], MBTA [69,70], and PYCBC [71–76],
with a signal-to-noise ratios (SNR) of 11.3, 11.4, and 11.6,
respectively, making an astrophysical origin of the source
likely. The masses of the primary and secondary compo-
nents of GW230529’s source were estimated to be M1 ¼
3.6þ0.8

−1.2M⊙ and M2 ¼ 1.4þ0.6
−0.2M⊙, respectively, with uncer-

tainties reported at the 90% credible level. As such, the
primary object belongs to the lower mass gap, which has
triggered already a number of follow-up studies about the
origin of this binary system, see, e.g., Refs. [77–79].
Moreover, GW230529 was already used to test general
relativity (GR) [80] and constrain beyond-GR theories [81].
The source properties were originally inferred from

waveform models in Ref. [24], which lead to the conclusion
that a neutron star-black hole (NSBH) merger was the most
viable explanation for the event. To account for systematic
errors in waveform modeling, which might be significant
for NSBH mergers [82], the final results of Ref. [24]
combined the posterior distributions obtained with the
inspiral-merger-ringdown phenomenological waveform
IMRPHENOMXPHM [83–85] and the effective one-body
model SEOBNRV5PHM [86–89], which we will refer to as
the “default” set of posterior samples. While these wave-
forms are used for binary black hole waveforms, Ref. [24]
did not find evidence that BNS [90–92] or NSBH [93,94]
waveforms are preferred, due to the moderate SNR of
GW230529.
The interpretation as a NSBH leads to various insights

regarding these systems. For instance, GW230529’s com-
ponent masses are significantly more symmetric than
previously observed NSBH GW events [95,96], which
raises the expected rate of NSBH events with an accom-
panying electromagnetic counterpart.
Since the tidal information of GW230529 itself is

inconclusive and no electromagnetic counterpart has been
observed [97–99], the nature of the primary object was
constrained only based upon its inferred mass and spin
[18]. However, Ref. [24] considered an EOS parametrized
using Gaussian processes [100,101] and conditioned on
observations of massive pulsars and previous GW mea-
surements [102]. In this work, on the other hand, we make
use of the compiled sets of EOS constraints from Table I
and their corresponding posteriors on the TOV mass used
in Eqs. (3) and (4).
We consider two different posterior distributions of the

source mass3 and spin of the primary object, both obtained
from the public data release of GW230529 [105]. First, we
use the default set of posterior samples, as described above.
The mass distribution of the default posterior set is visually
compared against the MTOV posterior of set 1 in Fig. 3.
Second, we also use the posterior samples obtained from

reweighting the default posterior samples according to the
POWERLAW+DIP+BREAK (PDB) populationmodel [106,107].
PDB models the mass distribution of binary components
observed in GWs events with an ansatz made up of a power
law, a dip to account for the lowermass gap, and a break in the
power law behavior to allow the BH and NS regions to have
distinct power law coefficients.
In Table III, we show the probabilities of the primary

component of GW230529 being a NS with and without
taking the spin information into account, i.e., using Eqs. (3)
and (4), respectively. As expected, incorporating the spin
information of the primary object raises the probability of it
being a NS. We note that the probability decreases
significantly once we consider the more vigorous and strict
sets of EOS constraints. Therefore, we conclude that the
primary object of GW230529 is most likely a black hole.
Our results agree with Ref. [24] which reports ∼2.9%

(≲0.1%) probability for the primary being a NS when
considering an astrophysics-agnostic high-spin (low-spin)
prior and ∼8.8% in case the PDB population prior is used.
These analyses, together with our results, show that the
probability of a compact object belonging to the lower mass
gap being a neutron star strongly depends on the inclusion
of spin information of the object, as well as the EOS
constraints and priors used in the analysis.

IV. MODEL SELECTION AND
DETERMINING OUTLIERS

For some types of constraints, modeling uncertainties
can cause ambiguity and diverging results, possibly leading
to inaccurate predictions for the EOS. However, as already
demonstrated in Sec. II B, established constraints on the
EOS can be used to determine whether a new data point
matches well with our expectations from other observa-
tions. Here, we use this approach to specify a reference for
different mass-radius estimates of PSR J0030þ 0451 and
different measurements of symmetry energy parameters.

FIG. 3. Visual comparison between the posterior distributions
of MTOV from set 1 (blue), the PSR J0514-4002E companion
enforcing the M2 > 1.17M⊙ constraint (pink) and the
GW230529 primary object using the default priors (teal).

3We do not consider the possibility that the GWevent is lensed,
which can shift the mass distributions of the objects [103,104].
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Specifically, the posterior predictive distribution as
defined in Eq. (2) allows us to compare the plausibility
of different (potentially conflicting) observations O1 and
O2. Interpreted this way, the posterior predictiveness ratio

P ¼ PðO1jdÞ=PðO2jdÞ ð10Þ

can be interpreted as a Bayes factor of the observation O1

vs O2. However, in contrast to the actual Bayes factor, the
posterior predictiveness ratio compares different data points
instead of different model prescriptions and is calculated
not with respect to some agnostic prior but rather including
information from the previous constraints in d. An addi-
tional metric is the Bayesian coherence, defined as

C ¼
P

EOSLðEOSjO1ÞπðEOSÞP
EOSLðEOSjO1ÞPðEOSjdÞ

; ð11Þ

where πðEOSÞ is the EOS prior. This can be interpreted as
the evidence ratio for the hypotheses H1 vs H0, where H1

claims that the single observation O1 and the remaining
constraints d are not governed by the same EOS, while H0

assumes thatO1 and d are described by the same EOS [14].
We will use both metrics to quantify the preference of the
established constraints for new data points.

A. Comparison of NICER results for PSR J0030 + 0451

Inferences of NS masses and radii from NICER observa-
tions require intricate modeling of the pulsed x-ray emission
in combination with robust sampling techniques. The pulsar
PSR J0030þ 0451 was observed with NICER, and the data
were originally analyzed in Refs. [39] and [40] to infer that
the NS had a mass of M ≈ 1.35M⊙ and a radius of
R ≈ 12.7 km. Lately, new analyses of the raw data were
reported in Ref. [108], where the highest-evidence hot-spot
model yieldedM ¼ 1.70þ0.18

−0.19M⊙ andR ¼ 14.44þ0.88
−1.05 km at

68% credibility. Reference [108] differs from Ref. [39] in
updated sampling techniques, improved instrument response
modeling, inclusion of the known XMM-Newton back-
ground, the assumption of no unknown component, and
the chosen hot-spot models. The authors in Ref. [108]
emphasize that the new results were not run until full
convergence and thus might not be considered robust. Yet,
we can compare these preliminary mass-radius estimates
here and determine which of them appears more plausible
given the other constraints from sets 1*, 2*, and 3*. The star
signifies here that the original NICER J0030þ 0451 meas-
urement is removed for this purpose from the constraint sets.
In Fig. 4, we show the mass-radius contours from those

hot-spot models with the highest evidence in Ref. [108]
compared to our EOS posterior for set 1*. The labels for
these different hot-spot models correspond to the conven-
tion of Ref. [108]. While the compactness M=R for each
inference is very similar [109], the preferred mass and
radius ranges vary substantially. Simple visual inspection

confirms that the higher radii and mass values from the new
analysis with a PDT-U hot-spot configuration are less
plausible given the constraints from set 1*. In Table IV,
we list the posterior predictive ratios of the different PSR
J0030þ 0451 NICER mass-radius inferences with respect
to the original analysis of Ref. [39]. Those analyses that
infer a high mass and radius for PSR J0030þ 0451 are
disfavored compared to the original analysis. Specifically,
when XMM data are included, the result of the PDT-U hot-
spot model is ≳5 times less plausible than the original
inference, despite having the highest evidence among these
analyses. Moreover, the STþ PST and ST-U models are
substantially disfavored against the original inference when
the XMM data are used. This is also indicated by their
coherence ratio, which across all constraint sets is > 7 for
the STþ PST model with XMM data, > 2.5 for ST-U with
XMM data, and > 3 for PDT-U with XMM data. For
comparison, the original analysis of Ref. [39] has a
coherence ratio of roughly 0.6. Hence, if the inference
of the NICER and XMM data with the STþ PST model
was correct, it would require PSR J0030þ 0451 to be
described by a different EOS than the constraints in set 1, 2,
and 3 with a Bayes factor of roughly 7, whereas in case of
the original analysis, the hypothesis that all constraints are
governed by the same EOS is preferred.
All the other analyses from Ref. [108] are roughly equal

in plausibility to the analysis from Ref. [39]. Therefore, we
propose that for the time being the original posterior from
Ref. [39] should be used for EOS inference, as it yields

FIG. 4. Mass-radius contours of PSR J0030þ 0451 at 68%
credibility from the highest-evidence inferences of Ref. [108].
The dotted black contour shows the original posterior reported in
Ref. [39]. The background shows our set of EOS candidates color
coded according to PðEOSjSet 1�Þ, where light gray signifies low
likelihood and blue signifies high likelihood.

HAUKE KOEHN et al. PHYS. REV. D 110, 103015 (2024)

103015-8



comparable results and the sampling there was run to
convergence.

B. Comparison for different measurements
of the symmetry energy

The uncertainty in the neutron-star EOS around nuclear
saturation density can be summarized by the poorly con-
strained parameters of the symmetry energy esymðnÞ. The
latter is defined as the energy difference between pure
neutron and symmetric nuclear matter and is a function of
the number density n through

esymðnÞ¼EsymþLsymxþKsym
x2

2
þQsym

x3

3!
þZsym

x4

4!
þ…;

x¼n−nsat
3nsat

: ð12Þ

The symmetry energy Esym and the symmetry energy slope
Lsym at saturation density have been assessed by different
nuclear experimental observations. Recently, a lot of
attention has been paid to the CREX and PREX exper-
imental campaigns at Jefferson Lab. PREX and CREX
extracted Esym and Lsym from measuring the parity-violat-
ing asymmetry in electron scattering with 48Ca [27] and
128Pb nuclei [26]. A different set of measurements utilizes
the electric dipole response and its relation to the symmetry
energy [12,28,110–112], or neutron-skin measurements
from strong probes, e.g., in Refs. [113–116]. In Fig. 5,
we show the posterior estimates on Esym and Lsym from
PREX-II, CREX, and the dipole measurement of 208Pb
[28]. These posteriors are taken from Ref. [14] and employ
a correlation between Esym and Lsym established by an
ensemble of energy density functionals. It has been noted
that the comparatively large Lsym from PREX-II is at odds
with the smaller value from CREX [117–120], though the
two measurements can be reconciled when for instance
analyzed with Skyrme functionals within uncertainties
[121]. Here, we compare the measurements of the sym-
metry energy from the CREX, PREX-II, and dipole

TABLE IV. Posterior predictive ratios for the different M-R inferences from the NICER observation of PSR
J0030þ 0451. The ratio is given with respect to the original analysis of Ref. [39]; i.e., the higher the value, the more
plausible the original analysis. We also show the 95% credible intervals on the inferred mass M and radius R.

Ref. Hot-spot configuration XMM used M (M⊙) R (km) Set 1* Set 2* Set 3*

[39] STþ PST ✗ 1.34þ0.29
−0.27 12.71þ2.15

−2.16 1.0 1.0 1.0

[108] PDT-U ✗ 1.41þ0.39
−0.34 13.12þ2.42

−2.20 1.23 1.15 1.18

ST-U ✗ 1.12þ0.29
−0.11 10.53þ2.57

−1.48 1.56 2.72 2.9

STþ PST ✗ 1.37þ0.32
−0.30 13.11þ2.34

−2.47 1.29 1.23 1.22

STþ PDT ✗ 1.20þ0.29
−0.18 11.16þ1.85

−1.43 0.84 1.43 1.52

ST-U ✓ 1.88þ0.22
−0.53 15.12þ0.84

−3.72 8.38 8.37 9.24

STþ PST ✓ 1.93þ0.17
−0.30 15.23þ0.72

−2.25 26.31 23.49 27.1

STþ PDT ✓ 1.40þ0.26
−0.22 11.71þ1.74

−1.63 0.66 0.86 0.88
PDT-U ✓ 1.70þ0.34

−0.38 14.44þ1.40
−2.06 7.44 5.46 6.24

FIG. 5. Posterior on the symmetry energy parameters Esym and
Lsym from different constraints. The contours show the 95%
credibility regions. Different constraints are color coded, and the
dashed line refers to the constraint from set 1.

TABLE V. Posterior predictive ratios of different symmetry
energy measurements. The ratio is given with respect to CREX;
i.e., the higher the value, the more plausible CREX is compared
to the measurement in the row.

Measurement Set 1 Set 2 Set 3

CREX 1.0 1.0 1.0
PREX-II 6.49 4.67 4.43
208Pb dipole 2.08 1.73 1.62
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polarization measurements and assess which data are more
plausible given the remaining constraints on the EOS.
For each of our EOS candidates, there are corresponding

values for Esym and Lsym. Taking the measurement pos-
terior from, e.g., PREX-II, we can write the likelihood of
the EOS as

LðEOSjPREX-IIÞ ¼ PðEsym; LsymjPREX-IIÞ; ð13Þ
where the arguments on the right-hand side are taken from
the EOS. From there, we can again determine the posterior
predictive ratios based on sets 1, 2, and 3 which are
provided in Table V. As expected, the lower value for Lsym

of the CREX measurement is preferred over the large value
by PREX-II with a factor of≳6. The coherence ratio for the
PREX-II measurement is 2.53, 2.13, and 2.18 for sets 1, 2,
and 3, respectively. This indicates again a mild preference
of the PREX-II measurement for EOS other than those
favored by sets 1, 2, and 3. The electric dipole measurement
of 208Pb mainly restricts a relationship between Esym and
Lsym and does not predict a single value. Therefore, its
posterior is broad, and there is no substantial preference
when compared with PREX-II or CREX.
However, it is worth mentioning that the preference for

lower Lsym in our constraint sets mainly arises from χEFT,
since it essentially rules out any Lsym > 100 MeV. In fact,
whenwe only useGW170817 as a constraint on our EOS set,
the posterior predictiveness ratio of CREXvs PREX-II drops
to 1.76. It drops further to 2.16 when we additionally include
the heavy pulsar mass limits. Astrophysical observations of
NS do not strongly constrain the symmetry parameters at
nuclear saturation density, and hence, there is no preference
for PREX-II or CREX based on GW170817 alone.

V. CONCLUSION

Existing knowledge about the EOS already allows for
stringent limits on radii and maximum masses of NSs. It is
based on combining a multitude of observational and
theoretical data that cover different density regimes. In this
work, we compared existing constraints to the new NICER
observation of PSR J0437-4715 and concluded that this new
measurement agrees with hitherto expectations about the
EOS. We combined this new information with previous
constraints to receive an updated estimate of the EOS,
finding R1.4 ¼ 12.05þ0.84

−0.82 km and MTOV ¼ 2.22þ0.38
−0.19M⊙

(see Table II). This is consistent with other EOS analyses
incorporating the new measurement [122,123].
The inferred knowledge about the EOS can be used to

distinguish between BHs and NSs and to analyze aberrant
data points concerning the EOS itself. As an example of the
former, we determined the nature of two compact objects in
the posited lower mass gap, namely, the primary object in
GW230529 and the companion of PSR J0514-4002E.
Based on our constraints of the EOS, we found that in
both cases the object is likely not a NS. In particular, the

probabilitiy for the primary of GW230529 being a NS are
≲16%, and≲32% for the companion of PSR J0514-4002E.
However, the exact likelihoods vary depending on which
constraints are employed and on the details of how the
masses are inferred from the measured data. In particular,
the probability of either of these compact objects being a
NS drops significantly when the remnant mass of
GW170817 is used as an upper boundary on the Kepler
limit, i.e., set 3 from Table I. Since other EOS constraints
also imply a TOV mass of ≲2.5M⊙, it seems unlikely that
any of the tentative mass gap objects with significant
posterior support around 3M⊙ is a NS.
The current knowledge about the EOS is also sufficient

to question some of the auxiliary NICER posteriors for PSR
J0030þ 0451 from Ref. [108]. The hot-spot configurations
that predict higher masses and radii are noticeably disfa-
vored compared to the original analysis of Ref. [39], with a
posterior predictive ratio of ≳5. While this is not sufficient
for immediate rejection (except maybe in case of STþ PST
with XMM data, where the ratio exceeds 20), we conclude
that the original analysis remains among the most plausible
ones. Similarly, current EOS constraints prefer the CREX
measurement of the symmetry energy over the one from
PREX-II with a posterior predictive ratio of ∼6, confirming
the slight tension of the PREX-II results noted previously
[118–120,124]. Yet, this preference is mainly dominated by
the inclusion of constraints from χEFT and is not sub-
stantial enough to make strong claims about PREX-II given
the measurement uncertainties. This indicates the need for
additional independent constraints of the EOS around
nuclear saturation density [117,125,126] to effectively
constrain the symmetry energy as well as NS observations
with higher precision to obtain better estimates of the EOS
across several densities [8,127–129].
Overall, we have demonstrated an application of the

current EOS knowledge to compare additional and new
data points. Significant ambiguity in such assessments will
remain as long as the EOS constraints are not stringent
enough and the uncertainty of the measurements under
consideration remains broad.
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APPENDIX: EXCLUDING PSR J0437-4715 FROM
THE CONSTRAINT SETS

In this Appendix, we present how our results change
when we exclude the M − R measurement of PSR J0437-
4715 in set 1, set 2, and set 3. In Tables VI, VII, and VIII,
we show the adapted results for the compact object
classification, hot-spot model preference, and symmetry
energy measurements. Since the impact on the TOVmass is
small, the classification for the compact objects accom-
panying PSR J0514-4002E and GW230529 does not
change much compared to the original Table III. For the
different hot-spot models of Ref. [108], the NICER
observation of PSR J0437-4715 indeed increased the

TABLE VI. Probability that the companion of PSR J0514-4002E and the primary component of GW230529 are
NSs. This is the equivalent for Table III.

Object Set 1 Set 2 Set 3

PSR J0514-4002E M2 > 1.17M⊙ 35% 33% 2.3%
M2 unconstrained 27% 25% 1.4%
M2 ∈PgalðMPSRÞ 17% 7.9% 1.3%

GW230529
Default prior

W/o spin 1.9% 1.2% 0.01%
W=spin 4.3% 3.7% 0.79%

PDB prior
W/o spin 9.4% 6.5% 0.27%
W=spin 19% 16% 1.5%

TABLE VII. Posterior predictive ratios for the different M-R inferences from the NICER observation of PSR
J0030þ 0451. This corresponds to Table IV.

Ref. Hot spot configuration XMM used Set 1* Set 2* Set 3*

[39] STþ PST ✗ 1.0 1.0 1.0

[108] PDT-U ✗ 1.19 1.15 1.17
ST-U ✗ 2.06 3.02 3.26

STþ PST ✗ 1.25 1.22 1.21
STþ PDT ✗ 1.11 1.61 1.74

ST-U ✓ 7.8 8.16 8.96
STþ PST ✓ 21.6 22.29 25.42
STþ PDT ✓ 0.79 0.93 0.95
PDT-U ✓ 5.36 4.99 5.57
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rejection of the STþ PST and PDT-U inference with XMM
data notably, especially for set 1. The preference or disfavor
of the remaining hot-spot models is only marginally
affected. PSR J0437-4715 measurement also increases
the preference for CREX over PREX-II, as it allows for
softer EOS, though the difference in the posterior predictive
ratios is only small.
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