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To constrain the equation of state of cold dense matter, astrophysical

measurements are essential. These are mostly based on observations

of neutron stars in the X-ray band, and, more recently, also on

gravitational wave observations. Of particular interest are observa-

tions of unusually heavy or light neutron stars which extend the

range of central densities probed by observations and thus permit

testing nuclear physics predictions over a wider parameter space.

Here we report on the analysis of such a star, a central compact

object within the supernova remnant HESS J1731-347. We estimate

the mass and radius of the neutron star to be M = 0.77+0.20
−0.17 M⊙

and R = 10.4+0.86
−0.78 km, respectively, based on modeling of the X-ray

spectrum and a robust distance estimate from Gaia observations.

Our estimate implies that this object is either the lightest neutron

star known, or a ”strange star” with a more exotic equation of state.

Adopting a standard neutron star matter hypothesis significantly

constrains the corresponding equations of state.

Central compact objects (CCOs) are isolated, radio quiet, non-accreting,
thermally emitting neutron stars found at the centres of Supernova Remnants
(SNRs) [1–3]. Their thermal X-ray emission is believed to be associated with
the cooling of young, weakly magnetised [4, 5] neutron stars and comes from
the atmosphere covering a large fraction of the surface. Most CCOs exhibit no
pulsations, which suggests a rather uniform temperature distribution over the
NS surface. This implies that the uncertainties associated with the geometry
of the emission region, the details of the accretion physics, and the radiative
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2 A strangely light neutron star

transfer in strong magnetic fields which are all typical of accreting NS are irrel-
evant for CCOs. Such simplicity makes CCOs ideal laboratories to investigate
the equation of state of dense matter [6, 7].

On the other hand, CCOs are only observed as faint X-ray sources, and
often lack reliable distance and luminosity estimates, which translates to large
uncertainties in the emission area and neutron star radius estimates [8–10].
Furthermore, the lack of detected pulsations does not necessarily imply that
the entire surface emits uniformly, and could be simply due to an unfavourable
orientation of the observer’s line of sight with respect to the spin and mag-
netic dipole axes of the NS [11, 12]. The composition of the atmosphere also
significantly influences the estimated neutron star parameters. In particular,
atmospheres composed of carbon, or even heavier elements, have been suggested
for a significant fraction of CCOs [13–15].

We emphasize, however, that the caveats outlined above are now largely
sorted out. With regard to atmosphere composition, hydrogen atmospheres
yield unreasonably small neutron star radii [9, 10], whereas emission from
atmospheres with even heavier compositions strongly deviate from the observed
black-body like spectra [13]. Instead of deducing unreasonably small neutron
star radii, one could assume that the emission originates from a fraction of
the neutron star surface and pulsations are not observed only because of an
unfavorable viewing orientation. This is, however, in conflict with the existing
limits on the amplitude of potential pulsations (∼ 8% for the CCO in HESS
1731-347 [12] and less than ∼ 12% for the CCO in Cas A [16, 17] and in range
3-50% for other objects). Note that although probabilities quoted above for
individual objects are not negligible, missing pulsations from all non-pulsating
CCOs is highly unlikely with a chance probability estimated to be ≤ 10−6 [16].

Considering that there are currently no other ideas to explain the observed
thermal non-pulsed emission, uniformly emitting carbon atmospheres appear to
be the only viable option to explain the observed spectra of CCOs. The largest
remaining source of uncertainty to estimate neutron star parameters comes
from the poorly constrained distances to most CCOs. There are, however, a
couple of fortunate exceptions, most notably the CCO in SNR HESS J1731-347
which is the subject of the investigation presented in this paper.

Results

The CCO in SNR HESS J1731−347 happens to be the brightest and one of
the most observed objects of its kind. Recently, we were able to unambiguously
show that besides the CCO, there is also an optical star in the centre of the
remnant [18]. This conclusion is mostly based on the fact that the estimated
mass of a thick dust shell, in which the optical star and the compact object
are embedded, is ∼ 2M⊙, and by far exceeds what could be produced by
the star itself. The dust shell can, therefore, only originate from supernova
ejecta, so both the shell and the optical star definitively reside within the SNR
(irrespective of their evolutionary relation or lack thereof) and at the same
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distance to Earth. The distance to the optical companion is well constrained
by Gaia parallax measurements to 2.5(3) kpc [19].

This estimate is independently confirmed by the analysis of the spatial profile
of the dust scattering halo observed around the CCO [20] when considering the
3-D distribution of dust along the line of sight, which was independently derived
by [21]. The only other CCO to which the distance is known with comparable
accuracy is the one in Cas A. This CCO is, however, not only a factor of two
fainter, but is also submerged within a compact bright SNR, which significantly
contributes to the observed background for instruments with moderate angular
resolution such as XMM-Newton which provide the large effective areas needed
for the presented work. The case of HESS J1731−347 presents, therefore, a
unique opportunity to study a CCO with a reliably constrained distance and
high counting statistics provided by extensive XMM-Newton observations, and
permits to derive meaningful constraints on the mass and radius of a thermally
emitting isolated neutron star.

To achieve this goal, we re-analyzed all available X-ray observations of the
source (taken in imaging modes, see Methods for detail), and modeled the
observed X-ray spectrum using state-of the art atmosphere models using the
Gaia distance as a prior for model normalisation. We also took into account
the contamination of the observed point source spectrum by the compact
dust halo, which partially falls within the point spread function of the X-ray
telescopes used to observe the source. As a result, we find that the observed
spectral shape and absence of detectable pulsations can only be reconciled
with each other if the emission comes from an atmosphere of a neutron star
composed predominantly of carbon and with an essentially uniform temperature
distribution (see Methods for details). Under this assumption and taking
the Gaia parallax measurement into account, we estimate M = 0.77+0.20

−0.17M⊙

and R = 10.4+0.86
−0.78 km for the neutron star (uncertainties are reported at 1σ

confidence level throughout the text unless stated otherwise).

Discussion

Our mass estimate makes the CCO in HESS J1731-347 the lightest neutron
star known to date, and potentially a more exotic object, i.e. a “strange star”
candidate. We emphasize that while the first part of the statement above is a
robust result, the second is an intriguing possibility which is consistent with
our analysis. However, the obtained constraints on mass and radius are still
fully consistent with a standard neutron star interpretation and can be used to
improve astrophysical constraints on the equation of state of cold dense matter
under this assumption. The latter point can be illustrated by taking into account
the available prior information for the EOS of cold dense matter when modeling
the X-ray spectrum of the CCO. In particular, we use the family of EOSs
published by [22, 23] to define the priors for mass and radius of the neutron
star. The papers mentioned above combine nuclear-theory calculations of the
EOS with tidal deformability constraints deduced from the gravitational wave
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events GW190425 and GW170817 (including their electromagnetic counterparts
AT2017gfo and GRB170817A, respectively), radio-based mass measurements
for PSR J0740+6620, PSR J0348+4042, and PSR J1614-2230, and NICER
measurements of the mass and radius of PSR J0030+0451 and PSR J0740+6620
based on the analysis of X-ray pulse profiles. In addition to that, we also
included constraints by [24] based on modelling of the burst spectra of the
X-ray burster 4U 1702-429 and from the rotation limit for the radio pulsar
PSR J1748−2446ad [25]. Finally, full Gaia distance priors for the CCO as
derived for the companion star by [19] were incorporated.

The results are presented in Fig. 1, which illustrates that while our mea-
surement is consistent with the aforementioned results, the range of allowed
theoretical models is substantially reduced when our result is taken into consid-
eration. Taking the extra priors into account also allows us to further improve
constraints on the mass and radius of the CCO, resulting in M = 0.83+0.17

−0.13M⊙

and R = 11.25+0.53
−0.37 km, respectively. The corresponding radius of a ”standard”

1.4M⊙ neutron star allowed by all EOSs that are consistent with this estimate
is R1.4 = 11.68+0.52

−0.50 km (at 90% confidence level). This estimate is a useful
metric for comparing the effect that various astrophysical constraints have
on the EOS. One can compare our value with that reported by [23] who find
R1.4 = 11.94+0.76

−0.87 km at the same confidence level.
We emphasize that the inclusion of the extra prior information mostly

affects the estimate of the radius of the neutron star, whereas the derived
mass remains unprecedentedly low. Such a light neutron star, regardless of
the assumed internal composition, appears to be a very intriguing object from
an astrophysical perspective. Indeed, forming NSs with masses lower than
∼ 1.17M⊙ is problematic [28] from an evolutionary perspective, and the least
massive neutron star known to date (PSR J0453+1559 with an estimated mass
of 1.174± 0.004M⊙) has been compatible with this constraint. Our estimate
for the mass of the CCO in HESS J1731-347 is only marginally consistent with
this limit, which might be important for testing theoretical estimates for the
minimal neutron star mass, and for understanding the origin of CCOs.

Methods

Parallax and distance priors

A key difference of this work with respect to past analyses of the source by [10,
14] is that the distance to the source is not assumed, but can rather be considered
as a free parameter with priors defined by the Gaia EDR3 parallax measurement.
The optical counterpart of the CCO was identified by [18] and corresponds to
Gaia EDR3 source 5975119332093959552, for which a parallax of 0.38(4) mas
has been measured. As discussed by [19], a simple inversion of Gaia parallaxes
can result in biased distance estimates because inversion implies that the
uncertainty on distance is no more normally distributed (for instance, distance
can not be negative), and is affected by which stars can actually be observed
with Gaia in a given direction, taking into account the instrument sensitivity
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Fig. 1 Equation of state predictions and observational constraints, as a function of the
radius and mass of the compact star. The contours show mass and radius constraints for
PSR J0740+6620 and PSR J0030+0451 reported by [26, 27] based on the NICER data, and
for CCO in HESS J1731-347 obtained in this work. Here, the thick solid line corresponds to
the case when only parallax priors and X-ray data are considered, whereas the thick dashed
lines correspond to the joint fit including all prior information as discussed in the text. All
contours are plotted for the same 68.3 and 95.4% confidence levels. The collection of thin
black lines represents the family of chiral EOSs considered by [22, 23], with red lines on
top indicating the EOSs that are allowed by the combined analysis of priors by [26, 27],
constrains based on the analysis of X-ray bursts from 4U 1702-429 by [24], and this work
(90% confidence). Two representative strange quark matter (SQM) EOSs are also plotted
for completeness (red dashed lines). The error bars around 1.4M⊙ show the expected radius
of a ”standard” neutron star allowed by EOS constraints by [27] (black), and in this work
(beige, both at 90% confidence level). The horizontal dashed line shows a lower limit on the
expected astrophysical NS mass by [28].

and extinction (i.e. zero parallax does not necessarily imply infinite distance).
However, these caveats are mostly relevant for objects with poorly constrained
parallaxes, which does not apply to the source. Therefore, we start our modelling
by simply using a parallax to define priors for normalization of the atmosphere
models. We note that the model normalization is inversely proportional to
distance and parallax squared, so the inversion problem mentioned above is
not relevant here. We also correct for known zero point offsets in parallaxes
measured with Gaia, where the correction is calculated after [29] using the
code made available by the Gaia collaboration1 to be -27,239 micro-as. As a
cross-check, we also used the full geometric distance prior given by Eq 3 in

1https://www.cosmos.esa.int/web/gaia/edr3-code

https://www.cosmos.esa.int/web/gaia/edr3-code
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[19] with parameters α, β, L taken from the associated catalog2 for the case
when all other priors on the NS EOS are included; however, the difference
with respect to simple parallax inversion was found to be negligible in our
case. Finally, we note that in both cases (i.e. both for simple parallax inversion
and more sophisticated distance priors) there is also some uncertainty in the
true value of the adopted parallax zero point value. Indeed, besides estimates
by the Gaia collaboration (i.e. [29] used here), there are multiple attempts to
estimate it by contrasting the Gaia parallax measurements with independent
distance estimates obtained for various object types [30–32]. Deviations are,
however, on average consistent with zero, and in no case were found to be
larger than ∼ 0.02mas. We can safely conclude, therefore, that in our case the
distance estimate is dominated by the statistical uncertainty of the parallax.
Moreover, most of the works cited above find offsets either consistent or slightly
smaller than found by [29], i.e. that the latter work might underestimate the
true parallaxes slightly. In the context of our work, this would imply a smaller
distance and even smaller mass/radius of the neutron star.

Finally, it is worth noting that, besides geometric priors, [19] also provide
distance estimates based on photo-geometric priors, which could be more
accurate for sources with poorly constrained parallaxes, and gives an even
lower distance (∼ 2.2 vs ∼ 2.5 kpc). We note, however, that the presence of the
dust shell around the optical star, and complex absorption in the direction of
the source might bias distance photo-geometric estimate with respect to the
purely geometric priors which are rather well defined in our case. Again, in the
context of our work, a lower distance would imply an even lower neutron star
mass, so geometric priors appear to be a safer and more conservative choice.

X-ray data reduction

For spectral analysis, we used all data obtained with the XMM-Newton obser-
vatory in imaging modes (i.e. the same data as in [14]). In addition to that,
we also used a single 40 ks long Suzaku observation of the source (obsid.
401099010). All observations were reduced using current versions of XMM
SAS (xmmsas 20210316 1931), HEASOFT (6.29c) and current calibration
files (XMM-CCF-REL-386 for XMM-Newton, CalDB 4.9.4 for Chandra, and
20181010 for Suzaku). For XMM-Newton observations, the source spectra were
extracted from a source-centred region with a radius of 50′′ (optimised for
best signal-to-noise ratio using the eregionanalyse task). The background was
extracted from nearby source-free regions around the source as recommended
in the XMM-Newton documentation (that is, source-centred annuli with radius
90-200′′ for the MOS cameras and a 90′′ circle to the side of the source with
the same raw Y coordinate as the source for the PN camera). For Suzaku,
source spectra were extracted from a source-centred circular region with radius
of 200′′ and background from an annulus with an inner radius of 260′′ and an
outer radius of 400′′. We have verified that the spectral analysis results are
not significantly affected by a different choice of the background regions, which

2https://www2.mpia-hd.mpg.de/homes/calj/gedr3 distances/main.html

https://www2.mpia-hd.mpg.de/homes/calj/gedr3_distances/main.html
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is expected given the comparatively low surface brightness of the extended
emission from the SNR (which dominates the astrophysical background), and
is consistent with earlier findings by [14]. The extracted spectra were binned
to contain at least one count per energy bin in the range of 0.2-10 keV for
XMM MOS, and 0.4-10 keV for XMM EPIC PN and Suzaku/XIS cameras, and
modelled using C-statistics [33] in Xspec [34] for the initial fit where only priors
on normalisation defined from the parallax were used. The parameter values
and uncertainties were estimated using the the posterior samples generated
with the chain command implementing a Markov chain Monte Carlo (mcmc)
method in Xspec. On the other hand, for the final mass and radius estimates
that include more complex priors (i.e. full distance priors and EOS priors from
the literature) the Bayesian spectral analysis (BXA) package [35] was used to
generate posterior samples.

Spectral analysis

Single temperature models

Several options were considered to model the observed X-ray spectrum. Tak-
ing into account that uniformly emitting hydrogen atmospheres or blackbody
models were already shown to provide unrealistic neutron star parameters for
distances around ∼ 3 kpc [14], we only considered an absorbed, uniformly
emitting carbon atmosphere, and two kinds of models with non-uniform tem-
perature distributions. For a uniformly emitting carbon atmosphere model,
flat priors for mass, radius, and temperature were assumed, while Gaussian
priors according to the observed zero-point corrected Gaia parallax were used
to define the atmosphere model normalisation. In practice, this was done in
the Xspec package where the normalisation of the carbatm component was tied
to a hidden parameter equal to the zero-point corrected parallax value px as
norm = (10×px)2(px/px). Priors for the parallax were then set using the bayes
command in Xspec. The fits were carried out and the uncertainties estimated
from the mcmc chain created by running the chain command in Xspec.

In all cases (also those discussed in the next section), interstellar absorption
was included in the model and described using a TBabs component with the
abundances from [36]. Finally, for all models we also included a component
associated with the dust scattering halo around the neutron star recently studied
in detail by [20], and expected to contribute to the soft part of the spectrum.
Indeed, scattered emission is softer than the incident flux, and a large fraction of
the halo falls within the PSFs of XMM-Newton and Suzaku, respectively, making
the observed spectrum somewhat softer. A similar component is commonly
included in the modeling of the spectrum of the CCO in Cas A. To model
this component, we used the xscat model in Xspec [37]. We assumed MRN
[38] dust composition, with an effective hydrogen column density equal to
that of the absorption component, and the relative distance to the observer
fixed to the value reported by [20] based on the analysis of the radial halo
profile using Chandra data for the thin sheet approximation, i.e. 0.88. We
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note that while the actual dust distribution is likely more complex [20], this is
not expected to significantly change the halo contribution to the point source
spectrum. Inclusion of the scattering component was indeed found to only
have a minor yet noticeable effect on the derived parameters as illustrated in
Fig. M2. The best-fit parameters are reported in Table 1 and correspond to the
thick solid contours in Fig. 1. The posterior samples are also available via http:
//samples.info.tobe.updated.after.clarificationonwhereelectronicdatagoes.

More complex temperature distributions

As already mentioned, emission from a NS surface with uniform temperature is
not the only option to describe the observed X-ray spectrum. It may be that the
temperature distribution over the surface is actually not uniform and pulsations
are not observed only due to their low amplitude. To test the feasibility of this
scenario, it is important to verify whether the observed spectrum agrees with
the upper limits on pulsed fraction. The expected pulsed fraction is basically
defined by the difference in temperatures of the polar and equatorial areas
and orientation of the spinning neutron star with respect to the observer. To
estimate the probability that the pulsations are missed because of an unfavorable
orientation of the pulsar, one needs, therefore, to constrain the temperature
distribution, which can be done based on the modeling of the observed X-ray
spectrum. We therefore considered two kinds of spectral models to describe
this situation: two-temperature models with hotter and cooler components
intended to mimic emission from the polar areas and the rest of the surface
(both described as either hydrogen or carbon atmospheres [39]), and a more
realistic case with a smooth variation of temperature over the surface. In the
latter case, hydrogen atmosphere models (similar to the uniformly distributed
temperature case) yield completely unrealistic NS parameters, so only results
for carbon atmospheres are reported.

For the two component models, strong degeneracy between component
parameters required that most of the parameters remain fixed to some rea-
sonable values. In particular, given that the main goal of the modeling here
was to assess whether pulsations from a standard neutron star at a given dis-
tance could be missed, we assumed standard neutron star parameters and a
fixed distance to the source, whereas the temperatures of the two components
and fractional area occupied by the hotter component were considered as free
parameters. On the other hand, the same parallax-based priors for normaliza-
tion and flat priors for mass and radius as described in the previous section for
the uniform temperature models were assumed for the more realistic models
with smoothly varying temperature.

In the latter case, we used the same parametrisation of temperature over
the surface as in [40]. Physically, this model is motivated by the assumption
that the CCO has a strong buried magnetic field and a thermal flux through
the neutron star crust driven by the inclination of the dipole field in the crust
[41]. For a dipole magnetic field configuration, one might expect in this case
a temperature distribution with zero temperature at the magnetic equator

http://samples.info.tobe.updated.after.clarificationonwhereelectronicdatagoes
http://samples.info.tobe.updated.after.clarificationonwhereelectronicdatagoes
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Parameter carbatm1 carbatm2 hatm2 cd0 cd90
NH, 1022 cm−2 2.25(3) 2.22(2) 2.69+0.04

−0.05 2.23(3) 2.26(2)

T1, MK 2.05+0.09
−0.06 ≤ 1.04 1.07(2) 2.09+0.06

−0.05 2.28+0.07
−0.06

T2, MK 2.44+0.04
−0.03 3.97(4)

f1 0.977(2) 0.9976(1)

M/M⊙ 0.77+0.20
−0.17 1.4 1.4 0.89(18) 0.78+0.32

−0.21

R, km 10.4+0.86
−0.78 12 12 11.69+1.02

−0.89 11.84+2.34
−2.24

χ2 2313.23 2312.98 2398.26 2313.64 2312.91
dof 2038 2039 2039 2038 2038

Table 1 Best fit results for spectral fits using only zero-point corrected parallax as a prior.
Reported are values for a single temperature carbon atmosphere model (carbatm1),
two-temperature carbon and hydrogen atmosphere models (carbatm2,hatm2), and carbon
atmosphere models with smooth temperature distribution and angle between the magnetic
and spin axes of 0 and 90 degrees. The value of the parameter f1 denotes the fraction of the
surface of the neutron star occupied by the cooler component. Uncertainties are reported at
1σ confidence level.

given by T 4 = T 4
p
4 cosβ2(1 + 3 cosβ2)−1, where Tp is the temperature at

the pole, and β is the magnetic co-latitude [40]. Assuming the temperature
distribution described above, and local spectra interpolated based on the
existing carbatm grid, we computed a tree-parameter grid of the model spectra.
The first parameter is the neutron star radius (from 8 to 15.5 km with steps of
0.5 km), the second parameter is the neutron star mass (from 0.5 to 2 solar
masses with steps of 0.1 solar masses), and the third parameter is the polar
temperature Tp (from 2 to 4 MK with steps of 0.25 MK). The observed spectra
were then computed for two values of the angle between the rotation axis and
the magnetic pole, θB=0 and 90 degrees. The methods of computation for the
spectra were discussed in detail in [12]. The best-fit results are presented in
Table 1. The fit results were then used to estimate the theoretically expected
pulsed fraction, and were then compared with observed limits on the pulsed
fraction as described in section 1.

Incorporating EOS priors in spectral modeling

A detailed discussion of all theoretically possible EOSs and the implications
that our results might have for them is well beyond the scope of this work,
so here we would like only to illustrate how the obtained results might affect
constraints already obtained by other authors. Recently, [22] published a
comprehensive analysis of nuclear-physics and multi-messenger astrophysics
constraints on the EOS of cold dense matter, i.e. NICER observations of PSR
J0740+6620 and PSR J0030+0451, tidal deformability constrains deduced
from the gravitational wave events GW190425 and GW170817 (including their
electromagnetic counterparts AT2017gfo and GRB170817A). This estimate
was updated by [23] to include the latest mass and radius measurements
for PSR J0740+6620 by [27]. In addition to those estimates we also include
constraints by [24] based on the analysis of the burst spectra of the X-ray
burster 4U 1702-429. In particular, we start with EOSs calculated by [22] and
weights for those estimated based on the full set of constraints considered
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Fig. 2 Corner plots corresponding to the final fit with single temperature carbon atmosphere
model including full distance priors and EOS constrain priors as discussed in the text.

by these authors (i.e. the chiralEFT MTOV NICER GW170817 AT2017gfo family
of solutions). We then adopt the same Bayesian procedure as these authors
and [23] to incorporate mass and radius measurements from NICER (for PSR
J0740+6620) and RXTE (for 4U 1702-429). That is, we assume that the
likelihood of a given EOS is given by

LBurst(EOS) =

∫
dMdR pBurst(M,R)π(M,R | EOS)

∝

∫
dMdR pBurst(M,R)δ(R−R(M,EOS))

∝

∫
dM pBurst(M,R = R(M,EOS)),

(1)

where pBurst(M,R) is the joint-posterior probability distribution from [24]. Here
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we use the fact that the radius of the neutron star R(M,EOS) is unambiguously
defined for a given EOS. The likelihood is then marginalized over the entire
parameter space. We verified that using this approach we were able to reproduce
the results presented in [23] starting with those reported by [22] and including
the most recent PSR J0740+6620 results, and then proceeded to also include
constraints from 4U 1702-429 modeling to obtain the updated probabilities
associated with each EOS.

These were then used to define priors for the modeling of the X-ray spectra
taking all prior information into account. In practice this was accomplished
using the Bayesian X-ray analysis (BXA) package [35]. In practical terms the
EOS priors were incorporated within the BXA fit through interpolation over
the two-dimensional look-up matrix in the mass/radius plane calculated based
on posterior probabilities for individual EOSs obtained as described above. The
matrix was calculated by co-adding posterior probabilities for all considered
EOSs for each point on a grid (defined on a grid of 1000 steps for masses
between 0.3 and 2 solar masses and for radii between 0.3 and 2.2), and used to
derive NS radius priors for any given mass value (flat priors within the same
range were assumed for the mass). In particular, priors for the radius were
taken from the cumulative distribution of probability values within the look-up
matrix row corresponding to the given mass value smoothed with a gaussian
kernel with a width of dM = 0.1M⊙ (at each step of the fit, i.e. mass and
radius priors are inter-dependent). Full Gaia distance priors were incorporated
in the same way as in [20]. With priors defined, the BXA fit was carried out for
the same set of spectra as in the simplified analysis described above, and the
uncertainties for model parameters were estimated using the resulting posterior
samples, i.e. we find M = 0.83+0.17

−0.13M⊙, R = 11.25+0.53
−0.37 km as presented in

Fig. 2. Note that all fit parameters are close to those reported above for the
case when only parallax priors were considered, i.e. the quality of the fit for
the X-ray spectra is comparable in both cases, although the formal assessment
of the goodness of fit in the Bayesian framework is not straightforward in
the absence of alternative models. The final posterior samples for all spectral
fits along with the updated weights for all considered EOSs are available at
http://updateafterclarificationoftheplaceforelectronicmaterial

To estimate the radius of the ”standard” 1.4M⊙ neutron star, and assess the
impact of inclusion of our measurement in the context of tightening constraints
on the EOS, we followed a procedure similar to that outlined above and used by
[23]. In particular, the posterior samples obtained above were used to calculate
the probability (or weight) of each of the considered EOS. The resulting weights
were then used to select EOSs agreeing with the data at a specified confidence
level (in our case 90% to permit a direct comparison with [23]), and the final
R1.4 value and confidence intervals were calculated by calculating the radius
for M = 1.4M⊙ for the selected EOS. We have verified that we are able to
reproduce the value reported by [23] when using only priors considered in that
publication, and then proceeded with the inclusion of additional priors described
above. With all extra priors included, we obtain R1.4 = 11.68+0.52

−0.50 km, i.e. a

http://updateafterclarificationoftheplaceforelectronicmaterial
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measurably narrower range compared to [23] who reports R1.4 = 11.94+0.76
−0.87 km.

We note that the inclusion of 4U 1702−429 data which was not considered by
[23] also affects this estimate. A more direct comparison reflecting only the
addition of the CCO results could be obtained by omitting the burster data,
which leads to R1.4 = 11.42+0.48

−0.43 km, i.e. slightly lower but with comparable
uncertainties.

Timing analysis

Upper limits on pulsed fraction

Considering that one of the key assumptions in estimating neutron star param-
eters based on the spectral analysis is that the observed emission comes from
the entire surface of the neutron star, it is important to justify this assumption,
and the lack of detectable pulsations in CCOs is an important argument here.
We attempted, therefore, to improve upper limits on the pulsed fraction by
combining all available data from all telescopes with sufficient time resolution
to search for pulsations in a given frequency range. We first extracted source
photons from the same regions as for spectra (or columns corresponding to
source position for timing modes) in the energy range of 1.7-4.2 keV, and cor-
rected the observed photon arrival times to the Solar system barycentre. The
energy range for the search was chosen to maximise the expected pulsed frac-
tion based on the spectral modeling results and the observed background level.
We then searched for possible pulsed signals using Z2

2 statistics [42] as imple-
mented in the stingray package [43]. To improve sensitivity, the periodicity
search was conducted over period ranges listed in Table 2 and corresponding to
the Nyquist frequencies for various XMM EPIC readout modes. The aim was
to maximise counting statistics in each frequency range by including the maxi-
mum amount of data with a time resolution suitable for detecting pulsations
(hence weaker limits for shorter periods which is due to the lower available
exposure performed in high-resolution read-out modes).

Period range, s Pulsed fraction limit, % PH,% PC,% Pdipole,%
6× 10−5 − 3.5× 10−3 9.7 3.39 1.34 5.04
3.5× 10−3 − 1.14× 10−2 5.2 1.23 0.48 1.80
1.14× 10−2 − 0.1468 3.8 0.75 0.29 1.08
0.1468-2000 3.4 0.62 0.24 0.90

Table 2 Upper limits on pulsed fraction and probability to miss pulsations by chance for a
two-component carbon atmosphere model and a model with a smooth temperature variation
as function of probed period range (at 3σ confidence level).

In each case, periodograms were averaged over segments with a length
exceeding the longest period searched by a factor of 200 to reduce noise and
further improve sensitivity. Similar to earlier works, no pulsed signal was
found, so only upper limits on the pulsed fraction could be obtained (using
the method outlined in [44] and implemented as amplitude upper limit and
pf from a stingray functions in Stingray). As already mentioned, a non-detection
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of the pulsations does not necessarily imply that the temperature distribution
over the surface of the neutron star is fully uniform; however, the obtained
upper limits together with the spectral analysis results can still be used to
put strong constraints on the geometry of the potential pulsar and estimate
the probability of missing pulsations by chance, which we discuss in the next
section.

Theoretically expected pulsed fraction

The results of the spectral modeling described above were then used as input
for calculation of the potentially expected pulsed fraction for arbitrary angles
defining the geometry of the in-homogeneously emitting neutron star. In partic-
ular, we assume that potential pulsations arise because of higher temperature
around the magnetic poles, and, therefore, the geometry is defined by two
angles. That is, angle θB between the magnetic dipole axis and the rotational
axis, and inclination angle i between the rotational axis and the direction to the
observer. The method for computing the pulsed fraction was described in detail
for the two-temperature hydrogen model by [12], and takes into account gravi-
tational light bending and local beam pattern expected based on atmosphere
calculations. The same method has now been extended to two-temperature
carbon atmosphere as well as carbon atmosphere models with a smoothly vary-
ing temperature profile described above. In both cases, we used fixed neutron
star parameters, M = 1.4M⊙ and R = 12 km, and the spot temperatures and
their averaged visible area fractions presented in Table 1. The variability was
investigated in the energy range 1.7-4.2 keV, where the amplitude of potential
pulsations could be expected to be largest based on model atmosphere calcula-
tions and given the instrumental background level. The corresponding pulsed
fraction maps for all three cases are shown in Fig. 3.

Compared to [12], the revised distance estimate further reduced the allowed
hot spot area for the two-temperature hydrogen atmosphere model, and thus the
range of angles compatible with the observed pulsed fraction limit. The obtained
probability is now 6.2×10−3 (see Table 2). This value is uncomfortably low even
for a single source. We also note that the joint probability to miss pulsations from
all non-pulsating CCOs is even lower (∼ 10−6 assuming blackbody-like hotspots
[16]), so we conclude that it is highly unlikely that pulsations are not detected
just because of an unfavourable orientation if emission from a two-temperature
hydrogen atmosphere is assumed. Considering the larger derived hotspot area
for a two-component carbon atmosphere, one could expect a higher chance of
missing pulsations, which could thus provide an alternative explanation for
their non-detection. We find, however, that the actual probability here is even
lower than for the hydrogen atmosphere case (2.4× 10−3, see Table 2). This is
due to the fact that emission from the carbon atmosphere is strongly beamed
towards the normal (see e.g. Fig.3 in [12]), which is a direct consequence of
the fact that the observed part of the spectrum is determined by the carbon
photo-ionisation opacity. A specific intensity emitted at larger angles to the
normal forms at cooler upper atmospheric layers where carbon is less ionised
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Fig. 3 The contours show the theoretically expected pulsed fraction given the best-fit
spectral parameters for each model described in Section 1 and upper limits obtained in this
work for various frequency ranges and reported in Table 2. The region to the lower-left of
the respective contours represents the range of angles allowed for a given model and upper
limit on pulsed fraction. The shaded region corresponds thus to the weakest of the upper
limits (i.e. 9.7%) and represents a conservative estimate.

and photo-ionisation opacity is larger. We conclude, therefore, that the absence
of observable pulsations due to unfavorable orientation is also unlikely in this
scenario.

Finally, a similar approach was used for the neutron star model covered
by a carbon atmosphere with a smoothed temperature distribution, as it
was described in Sect. 1. We assumed the neutron star parameters, averaged
between the two limiting cases θB = 0 and 90 degrees (see Table 1), namely
M = 0.83M⊙, R = 11.8 km and Tp = 2.19MK as input since the difference in
derived parameters is in any case small and can not meaningfully affect the
results. The area of the hot neutron star part is larger in comparison with a
local hot spot case, and as a consequence the estimated probability to miss
pulsations because of unfavorable orientation is also slightly larger, (9× 10−3,
see Table 2). However, it remains low even if only a single source is considered,
so we conclude that the CCO is likely indeed not pulsating and we observe
emission from a more or less uniformly hot carbon atmosphere.

Data and software availability

XMM-Newton and Suzaku data used in the publication are publicly available
at the respective missions’ data centres and HEASARC archives. The data
reduction was carried out using the software and instructions provided by the
respective mission science operation centres. The tabulated EOSs considered
in this work are available as part of the original publications (i.e. [22–24]).
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[18] Doroshenko, V., Pühlhofer, G., Kavanagh, P., Santangelo, A., Suleimanov,
V., Klochkov, D.: Evidence for a binary origin of a central compact
object. MNRAS 458(3), 2565–2572 (2016) arXiv:1508.03557 [astro-ph.HE].
https://doi.org/10.1093/mnras/stw499

https://arxiv.org/abs/1307.1230
https://doi.org/10.1051/0004-6361/201321740
https://doi.org/10.1051/0004-6361/201321740
https://arxiv.org/abs/1605.09400
https://doi.org/10.3847/0004-637X/826/2/162
https://doi.org/10.3847/0004-637X/826/2/162
https://arxiv.org/abs/1701.06417
https://doi.org/10.1051/0004-6361/201630028
https://doi.org/10.1051/0004-6361/201630028
https://arxiv.org/abs/0911.0672
https://doi.org/10.1038/nature08525
https://arxiv.org/abs/1410.1055
https://doi.org/10.1051/0004-6361/201424683
https://doi.org/10.1051/0004-6361/201424683
https://arxiv.org/abs/1806.09946
https://doi.org/10.1051/0004-6361/201833271
https://doi.org/10.1051/0004-6361/201833271
https://arxiv.org/abs/2109.06036
https://doi.org/10.1088/1674-4527/21/11/294
https://doi.org/10.1088/1674-4527/21/11/294
https://arxiv.org/abs/0911.0093
https://doi.org/10.1088/0004-637X/709/1/436
https://doi.org/10.1088/0004-637X/709/1/436
https://arxiv.org/abs/1508.03557
https://doi.org/10.1093/mnras/stw499


A strangely light neutron star 17

[19] Bailer-Jones, C.A.L., Rybizki, J., Fouesneau, M., Demleitner, M., Andrae,
R.: Estimating Distances from Parallaxes. V. Geometric and Photogeo-
metric Distances to 1.47 Billion Stars in Gaia Early Data Release 3. AJ
161(3), 147 (2021) arXiv:2012.05220 [astro-ph.SR]. https://doi.org/10.
3847/1538-3881/abd806

[20] Landstorfer, A., Doroshenko, V., Pühlhofer, G.: Dust scattering halo
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