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In this work, we investigate the impact of the possibility of a small, subsolar mass compact star, such as
the recently reported central compact object of HESS J1731-347, on the equation of state (EOS) of neutron
stars. We have used a hybrid approach to the nuclear EOS developed recently where the matter around
nuclear saturation density is described by a parametric expansion in terms of nuclear empirical parameters
and represented in an agnostic way at higher density using piecewise polytropes. We have incorporated the
inputs provided by the latest neutron skin measurement experiments from PREX-II and CREX,
simultaneous mass-radius measurements of pulsars PSR J0030 + 0451 and PSR J0740 + 6620, and
the gravitational wave events GW170817 and GW190425. The main results of the study show the effect of
HESS J1731-347 on the nuclear parameters and neutron star observables. Our analysis yields the slope of
symmetry energy L = 45717358 MeV, the radius of a 1.4M star, R4 = 12.187)7! km, and the

+0.26

maximum mass of a static star, M ,,,, = 2.147;7; M within 90% confidence interval, respectively.

DOI: 10.1103/f8dqg-t7ky

I. INTRODUCTION

Recent observation of a compact object inside the super-
nova remnant HESS J1731-347 has provided an estimation
of its mass and radius to be M =0.77'07 M, and
R = 10.4f8"§§ km at lo credible levels, respectively [1].
Understandably, this observation has generated a lot of
attention from the nuclear physics community working on
the dense matter physics beyond the normal nuclear matter
density [2-7]. Different possibilities have been explored to
characterize this object, such as a strange quark, a hybrid
star [8—15], or a dark matter admixed compact star [16,17].
A typical neutron star (NS) usually has a mass within the
range of ~1-2M . NSs being extremely dense compact
objects have profound effects on our understanding of
dense nuclear matter higher than nuclear saturation density
(po) [18]. The equation of state (EOS) of highly dense
matter is connected to the observations of the masses and
radii of the compact objects through the solutions of the
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Tolman-Oppenheimer-Volkoff equations. Hence, each new
source with observed mass and radius allows us to test and
constrain our models of nuclear physics and increase
precision over the previous results. Therefore, the compact
object of HESS J1731-347 being an outlier in the distribu-
tion of observed pulsar masses may provide a unique insight
to neutron star matter. However, one must take this estima-
tion with caution as other studies have indicated several
assumptions on the atmospheric composition and distance
that may have led to these extreme numbers [19]. In
particular, Alford and Halpern [19] have pointed out that
the results of Doroshenko et al. [1] crucially depend on the
following assumptions: (i) the object has uniform-temper-
ature carbon atmosphere, (ii) the distance of this object is
2.5 kpe. If the distance is considered to be 3.2 kpc, the
inferred mass would be much higher ~1.4M . They also
have shown that the XMM-Newton spectra of this object is a
poor fit with the assumed atmosphere model. As a conse-
quence, further analyses are required to examine validity of
the assumptions to fit the data. It is also important to mention
that some latest supernova simulations are not able to find a
remnant less than 1.19M [20]. Even though the results
remain controversial, there has been a string of theoretical
studies that investigate the nature of that object and its
implications. For example, Horvath et al. [9] have performed
aminimal consistency check for the compact object of HESS
J1731-347 within the existing theoretical models of compact
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stars. Zhang et al. [21] have proposed a formation scenario
for low mass neutron stars.

In any case, this situation provides an opportunity to
check the consistency of such extreme observations with
our existing models of neutron star matter, if they are really
confirmed in the future.

Our understanding of NS matter and the nuclear EOS
have improved drastically after the several astrophysical
observations in the previous decades, such as the massive
pulsars (Z2My) [22-24], the first ever observation of
gravitational waves (GWs), and the electromagnetic coun-
terparts from the binary neutron star merger event
GW170817, reported by the LIGO-Virgo-KAGRA (LVK)
Collaboration [25,26]. The GW observation has provided
important information on the combined tidal deformability
of the binary system, which is an EOS-dependent quantity.
Then, the NICER Collaboration also provided simultaneous
mass-radius measurements of PSR J0030 + 0451 and
PSR J0740 4+ 6620 [27-30]. From the perspective of
ground-based experiments, the measurements of neutron
skin thickness of 2°Pb by PREX [31] and **Ca by CREX
[32] Collaborations, respectively, have shed new light on the
nuclear symmetry energy and its slope parameter. In
parallel, there have also been advancements in the ab initio
calculations of the properties of pure neutron matter with
chiral effective field theories [33-39]. These calculations
have provided major insights into the properties of nuclear
matter around and below nuclear saturation.

In this paper, we investigate the influence of the PREX
and CREX measurements on the EOS, along with the mass-
radius data of HESS J1731-347, assuming it to be a neutron
star. We introduce these constraints successively and check
their effects on the nuclear matter properties. The paper is
organized in the following way. In Sec. II, we briefly
describe our EOS model. The relevant constraints used in
the work and the Bayesian methodology are discussed in
Sec. III. Finally, we discuss our findings in Sec. IV and
summarize in Sec. V.

II. EOS OF NS MATTER

In this section, we provide a brief overview of our
approach to model the supranuclear matter inside the NS.
We have used the hybrid nuclear + piecewise polytrope (PP)
EOS parametrization that has been developed by Biswas
et al. [40], used to provide multimessenger analyses of NS
properties [41,42]. It has also been used to create a framework
to infer the Hubble parameter directly from GW signals from
the future binary neutron star (BNS) mergers [43,44]. The
core EOS consists of two main parts: (a) nuclear physics
informed expansion based near saturation and (b) agnostic
polytropic at high densities. Around p,, we have used an
EOS based on Taylor series expansion of the isoscalar and
isovector components of the energy per nucleon.

First, the energy per particle is expanded in terms of
asymmetry up to second order,

TABLE I. Prior distributions of the EOS parameters.
Parameter Prior
Ko (MeV) U(150,350)
eym (MeV) U(25,40)
L (MeV) U(20, 180)
Kym (MeV) U(-1000, 500)
I U(0.2,8)
I, U(0.2,8)
I3 U(0.2,8)
e(p.8) = eg(p) + eym(p)5, (1)

where e (p) is the energy per particle for symmetric nuclear
matter (SNM), and ey,,,(p) is the symmetry energy. At py,
they are further expanded in Taylor series and the coef-
ficients are defined as the nuclear empirical parameters,

K,
eo(p) = eo(po) +70)(2 +- (2)
Kq m
esym(p) = esym(po) + Ly +Ty12..., (3)

where y = (p — pg)/3po expresses the deviation from p.
We keep the terms up to second order as the higher order
terms do not contribute significantly to the EOS around p,,.
We also fix the saturation density py = 0.16 fm™ and
binding energy per nucleon of SNM at saturation,
eo(py) = —15.9 MeV [45-47]. Therefore, the free param-
eters in this model are the incompressibility (K), nuclear
symmetry energy (eg,m) and its slope parameter (L), and the
isovector incompressibility (Kyy,) at saturation. We con-
sider the previous theoretical and experimental works to
estimate these quantities [48-50] and take a uniform prior
over a large range of value to incorporate their uncertainties
[see Table I]. For the cold NS matter, the additional
conditions of f equilibrium and charge neutrality are also
imposed. Then, at higher densities, we have used an agnostic
EOS with PP parametrization [51]. In particular, we have
used an arrangement with a three-segment polytrope
Iy, T, T'; being the polytropic indices) starting at
1.25p,. The next two stitching points are 1.8 and 3.6p,
respectively. Hence, we have a total of seven parameters,
E= {KO,esym,L,Ksym,Fl,Fz,F3}, representing the EOS
of NS matter. For the crust EOS, we have used the standard
Baym-Pethick-Sutherland EOS table [52].

III. METHODOLOGY

In this section, we describe briefly the inference meth-
odology used in this work. We have used the tidal
deformability posteriors from two BNS merger events
GW1701817 and GW190425 [53-56]. We have used
the mass-radius posteriors of PSR J0030 + 0451 and
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PSR J0740 4 6620 [57-60]. For the HESS J1731-347, we
have used the mass-radius (M-R) posterior [61] assuming
the uniformly emitting carbon atmosphere provided by
Doroshenko et al. [1]. In particular, we have used the data
file “xray_only_carbatm.txt” that includes only x-ray data
using single-temperature carbon atmosphere model and
Gaia parallax priors. We have not used the other dataset that
includes EOS priors from previous works as that would
create an inconsistency with our own EOS model used in
this work. The posterior of the EOS parameters can be
expressed as

P(€]d) & IT;P(d;|E)P(E), (4)

where d = (dLyk, dnicer duess, dprexs derex) 18 the set
of different constraints used. The individual likelihoods can
be written as follows:
(i) GW observations: the masses m;, m, of the two
binary components and the corresponding tidal
deformabilities A, A,. In this case,

Mmax nmy
P(dLVK|5):/ dml/ dmyP(m,my|€)
my Mmin
X P(diyk|my.my, Ay (my,E), Ay (my,E)),
(5)
where m,,, is the maximum mass of a NS for a
particular set of EOS parameter &, and P(m, m,|E)
is the prior distribution over the component masses

at the source frame. This is determined by the
population modeling of NSs,

P(my,my|€) = P(my|€) x P(myE). (6)

We take a simple population model defined by

1
P(m|8) — { mmax(g)_mmin ’ .
0, otherwise,

iff My, < m < mpay

(7)

where we have chosen m;, = 0.1M in our analy-
ses. Given the high-precision measurement of the
chirp mass in GW observations, Eq. (5) can be
further simplified by fixing the GW chirp mass to its
median value with not so much affecting the result
[62] given its high-precision measurement. Then we
will have one less parameter to integrate over as m,
will be a deterministic function of m;. Hence, we fix
it to the observed median value and use it to generate
a set of binary neutron star systems and their
respective tidal deformability. Then, we evaluate
the likelihood directly from the GW data with the
help of a Gaussian kernel density estimator (KDE);
we used the software package STATSMODELS [63] for

this purpose. We have used the publicly available
posterior samples of m, m,, A, A, distribution of
GW170817' and GW190425.”

(i) X-ray observations: the mass (m) and radius (R)
measurements of NS. Therefore, the corresponding
likelihood takes the following form:

Mmax

dmP(m|E)P(dy roy|m,R(m,E)).

(8)

Similar to GW observations, we modeled the like-
lihood for the x-ray sources with Gaussian KDEs.
(i) Neutron skin thickness measurements: The PREX
Collaboration reported the measurement of the neu-
tron skin thickness of 2%Pb to be R = 0.283 +
0.071 fm [31]. Shortly after, the CREX Collaboration
reported the neutron skin thickness of *Ca to be
R® =0.121£0.026(exp) +£0.024(model) fm [32].
As in Refs. [42,64], we have used a universal relation
between rg;, and empirical parameter L proposed in
Ref. [65] for the likelihood computation of PREX-II,

PldeylE)= [

Mmin

R [fm] = 0.101 + 0.00147 x L[MeV]. (9)

Similarly, for CREX, we also use a similar empirical
relation from Ref. [66] to evaluate the neutron skin
thickness of *Ca utilizing the value of RZ%

R = 0.0416 + 0.6169R2% . (10)

Finally, we use a Gaussian distribution to model both
their likelihoods.

IV. RESULTS

In this paper, we focus on four different analyses with
different combinations of astrophysical constraints and
information from the neutron skin measurement experi-
ments. We start with the reanalysis of the EOS inference
results obtained in Ref. [42] using GW 170817, GW 190425,
two NICER measurements, and PREX results, but with
different priors and look for any effect on the EOS quantities.
Then, we have added the information from CREX and
finally the M-R data of the HESS J1731-347. We have
sampled the posterior using the nested sampling algorithm
implemented in the PyMultiNest software package [67].

In Fig. 1, we have shown the posterior distributions of
the EOS parameters along with their median and 90% con-
fidence intervals (Cls) for different constraints applied. We

'LVK  Collaboration, https://dcc.ligo.org/LIGO-P1800115/
public.

’LVK  Collaboration, https://dcc.ligo.org/LIGO-P2000026/
public.
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FIG. 1. Posterior distribution of EOS parameters with their 90% Cls.

denote the GW and NICER as “Astro,” then our second case
is “Astro + PREX.” The third case has CREX on top of the
second case, denoted by “+ CREX.” Finally, the fourth case
includes HESS J1731-347 along with the first three,
denoted by “+ HESS.” We find that K, and ey, are not
constrained by the astrophysical data used. The distribution
of K is mostly flat, whereas we see an increasing trend for
€sym to the higher values. This is a result of choosing a flat
prior on these two quantities. In the previous work within

the same EOS model [40,42], similar trends were seen
when uniform priors were used. Also, when Gaussian
priors were used, the posterior reflected the priors, again
confirming that these parameters are insensitive to astro-
physical constraints and the PREX measurements. Here,
we confirm again that the CREX and HESS measurements
also have no effects on K and e,,. However, the situation
is different when we look at L and Ky,,. Taking a Gaussian
prior of N'(58.7,28.1) MeV on L, its bound was estimated
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in Ref. [42] to be L = 543& MeV with astrophysical
constraints and L = 69f1291 MeV at 1o level after adding
the PREX-II result. In this case, we have used a large uniform
prior on L and found the median value shifted to a higher
value, L = 6475} MeV for Astro and L = 86737 MeV when
PREX-II is added. Higher L values were reported previously
as a consequence of the PREX measurements [68,69]. Then,
we see the median of L getting shifted to lower values after
successively adding CREX and HESS J1731-347. After
applying all the constraints, we find L = 4633 MeV.
From nuclear experiments, there is not much information
available about Ky ,,. In the literature, its value is suggested to
be negative from most phenomenological interaction calcu-
lations [49,50]. The constraints on K, from astrophysics is
also weak, as we found that the 90% ClI is quite large for all
cases, but we see the similar trend in the median values, as L.
With Astro constraints only, the median of K, becomes
—180 MeV. With Astro + PREX, we find a sharp increase in
K ym When itreaches —126 MeV, but it shifts to lower values
of —179 MeV again after adding CREX and further down to
be —236 MeV after adding HESS. We also notice a
correlation between L and Kiy,,. Similar correlations were
also found by Refs. [70,71] using a semiagnostic EOS
metamodel. Regarding the piecewise polytropes at higher
densities, we only see the changes in first polytrope, I';, first
decreases with the addition of PREX and then gradually
increases with additional constraints. The only significant
correlation among the EOS parameters we see is between L
and I'y. The decrease of I'; after adding PREX can be
attributed to the constraints coming from tidal deformability.
The information from PREX enters through L only, which
tends to increase L. This should result in larger radii for stars
with masses ~1.4-1.7M . However, too large radii should
be excluded due to the tidal deformability constraints from
GW170817. Therefore, I'; decreases to compensate for the
stiffness resulting from large L. The interplay between these
two parameters is also seen in the pressure-vs-energy density
plot in Fig. 2. We observe that the inclusion of HESS makes
the EOS softer at lower densities to produce smaller radii for
the NS sequences by the decrease of the slope of symmetry
energy. However, the requirement of ~2M ; makes the EOS
stiffer at high density, thereby increasing the first polytrope.
The absolute maximum masses from these equations of state
stay unaffected because of no significant changes in I',
and F3.

In Fig. 3, we have shown the mass-radius posterior of the
four cases corresponding to the EOS posteriors, shown in
Fig. 2. Here, we can clearly see the effect of the constraints
on the structure of the NSs. The maximum mass regions for
these constraints remain mostly unchanged following the
same trend in the EOS posteriors. However, the radii of the
low mass stars become larger after adding PREX, then
gradually smaller with the addition of CREX and HESS.
This is consistent with the decrease of the slope of
symmetry energy at saturation in Fig. 1.

36

Astro
B Astro + PREX
B + CREX

+ HESS

w w w
w Y wv
| f

logio p [dyn/cm?]

w
N
L

31 T T T T
13.0 13.5 14.0 14.5 15.0

logio € [gm/cm?3]

FIG. 2. Posterior distribution of pressure as a function of energy
density at 90% CI. The axes are shown in the logarithmic scale.

Astro
2.5{ WEm Astro + PREX
mmm + CREX
+ HESS

2.0

= 15
=
1.0
0.54
10 11 12 13 14 15
R (km)
FIG. 3. Mass-radius posteriors at 90% CI with the EOS models

shown in Fig. 2.

The correlations among the astrophysical observables
(R4, 4, M) and the nuclear parameters are shown in
Fig. 4. Here, we show only L and K, among the nuclear
parameters, as we have seen from Fig. 1 that these are the
ones most affected by the constraints. We also predict the
central densities of the maximum mass stars from our
analysis. With Astro, we get the maximum mass ~2.17M
with the central pressure ~181 MeV fm™3. Then, we add
PREX to find a slight decrease in M, to ~2.15 ©. After
adding CREX, it increases to ~2.17M, indicating slight
stiffness at that density. As a result, the central pressure
decreases slightly to ~182 MeV fm~3. However, the radius
of 1.4M 4 NS, R 4, behaves in an opposite way. We find that
including CREX reduces R, 4 from ~12.75 to ~12.66 km,
thereby indicating a softness around that density, although
the change in the tidal deformabilities is negligible. Before
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FIG. 4. Correlation plot for isovector quantities with neutron star observables with their 90% Cls.

adding HESS, the A;4 remains around ~530, consistent
with the findings of Ref. [42]. Finally, the addition of HESS
decreases R 4, A4, and M ... While the decrease in M,
is very small, to ~2.14M o, the R 4 becomes ~12.2 km. The
tidal deformability decreases to ~447. We can comment that
the softening due to HESS occurs over the whole range of
densities, small at very high densities, but significant at
lower densities. This is again consistent from the behavior

of L. In Fig. 4, we see a hint of correlation of L with R 4, but
not with M. This type of correlation was also seen in
previous studies [72] where a relativistic hadronic model
was used.

Now, we discuss the properties of HESS J1731-347
calculated within the hybrid + PP model. In Fig. 5, we have
shown the inferred mass, radius, tidal deformability,
and central pressure within 90% CI. We infer its mass

044002-6



COMPACT OBJECT OF HESS J1731-347 AND ITS ...

PHYS. REV. D 113, 044002 (2026)

0.83*3:28

11.78+38}

Radius [km]
S b Y

6340.3071338%72

25.10+383*

P.[MeVfm~3]

Mass [Ms]

FIG. 5.

0.831918

0.77+332

= QObserved
= |nferred

11.78+3%;
10.40*138

S8

Radius [km]
N N
<0 2

2
%

o

~—.

Q \oJ
Q(f) Q,‘\

Q

N O 9 o 9
S < 5> O ¢
N RN N AN

Mass [My] Radius [km]

FIG. 6. Comparison between the actual data and inferred mass-
radius posteriors of HESS J1731-347 at their 90% Cls.

Radius [km]

N PO AR

A P.[MeVfm~3]

Correlation plot of inferred properties of HESS J1731-347 at 90% CI.

0.8370%°My and radius 11.78708 km. Since it is a
relatively smaller object, its median of tidal deformability
(~6340) is on the higher side. We also estimate its central
pressure to be 25.1073%5" MeV fm~3. This corresponds to a
slightly higher pressure than the value of pressure at
saturation commonly considered [18]. In Fig. 6, we
compare the observed M-R data against the inferred values
in this work. Although, we have found an overlap at 90%
CI, the radii do not overlap at 68% CI. We also see a sharp
bound on the lower bound on the inferred mass. This is a
physical bound signifying that it is not possible to build a
lower mass configuration beyond that region within our
nucleonic EOS model that satisfies the constraint on the
radius simultaneously. This is the limit of the hybrid + PP
model on the low mass, low radius side. If we observe a
new object even smaller than this object, both in its size and
mass, we have to invoke a different hypothesis regarding
the composition of such object.

V. CONCLUSION

In this work, we have presented a full statistical analysis
of the impact of the mass-radius measurements of the
central compact object of HESS J1731-347 on NS matter
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consisting of nucleons. We have used the full M-R posterior
of HESS J1731-347 while performing the Bayesian analy-
sis. We have also shown how the neutron skin thickness
measurements affect NS observables. We have systemati-
cally studied the effect of the combinations of these con-
straints on the symmetry energy and its derivatives (L and
Kym). We have found the inferred EOS posterior becomes
stiffer due to the effect of PREX, but becomes substantially
softer with HESS. The softening is more prominent at lower
densities than at higher densities as the maximum mass
remains mostly unchanged. We have to keep in mind the
systematic uncertainties in the modeling of x-ray spectra
from HESS J1731-347, as mentioned in several works
[6,19]. Given such a star exists, we have found that this
measurement can push our EOS model to its limit.

Recently, a new simultaneous mass-radius measurement
of the nearest and the brightest millisecond pulsar PSR
J0437-4715 was published by the NICER Collaboration
[73]. The new data match well with our results at the 90%
CI. Hence, we have not incorporated it into our analysis.
However, we plan to conduct a thorough study to quantify
the effect of the new data.
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