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Abstract. The recent observation of the extremely compact neutron star in the HESS J1731-347 remnant has
challenged our understanding concerning the nature of dense nuclear matter. In particular, the low radius of
the aforementioned compact object favors soft nuclear equations of state. However, the neutron skin thickness
of 2%8Pb extracted from the long-awaited PREX-II experiment favors stiff equations of state which may be
associated with larger radii for low mass stellar configurations. In this contribution we present our recent work
on the possible reconciliation of the HESS J1731-347 observation in the framework of hybrid stars, under
the assumption of a stiff low-density phase which may be favored by the PREX-II results. In addition, we
examine the compatibility of the resulting hybrid models with recent constraints based on the observation of

PSR J0030+0451, PSR J0952-0607 and GW190814.

1 Introduction

Neutron stars serve as unique natural laboratories for
studying dense nuclear matter. In principle, different nu-
clear models predict different equations of state, which
in turn predict distinct structural properties for compact
stars. Therefore, accurate measurements on bulk neutron
star properties set the ground for the imposition of robust
constraints on the nuclear equation of state (EOS).

The low-density sector of the nuclear EOS is primar-
ily constrained via nuclear experiments. The energy per
nucleon, as predicted through a nuclear model, can be ex-
pressed as a sum that involves the energy in symmetric
nuclear matter and the symmetry energy. Around the nu-
clear saturation density (n9), both of the aforementioned
terms can be expanded in series where the leading orders
are identified as the symmetry energy slope (L) and the
incompressibility of nuclear matter (Ky) [1-3]. Interest-
ingly, it has been shown that both of these properties cor-
relate with the radius of neutron stars for a given mass (see
Refs. [4-6] and references therein). However, the correla-
tions naturally become weaker as the mass becomes larger.
In addition, different studies have provided strong correla-
tions between bulk neutron star properties and rescaled ex-
pressions that involve both L and Ky [4, 5]. Therefore, the
accurate experimental extraction of L and K, could pro-
vide fruitful information on the structure of low mass neu-
tron stars [6].

In 2021, the PREX-II collaboration published their re-
sults on the neutron skin thickness of 2*® Pb, finding a sur-
prisingly large value of R?%® = 0.283+0.071 fm [7]. Then,
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Reed et al. [8] were able to leverage the strong correlation
between Rf,?fi and the slope parameter to report a value of
L =106 + 37 MeV. Such a measurement favors stiff EOSs
(large variations in pressure for small variations in den-
sity) and may have interesting astrophysical implications.
Firstly, the study of Ref. [8] used a special class of en-
ergy density functionals and estimated that the radius of a
1.4 M, neutron star should be at least ~13 km, a result that
may be incompatible with the GW170817 event [9, 10]. In
addiition, a recent analysis of Sotani et al. [6] exploited
correlations, between stellar properties and a parameter in-
volving both L and K, to derive constraints on the mass-
radius plane. By utilizing the PREX-II result, the authors
estimated that subsolar mass neutron stars should be char-
acterized by a radius larger than ~13 km.

It is worth noting that in 2022, the CREX collaboration
also published their results on the neutron skin thickness
of *¥Ca, providing a rather low value of R¥. = 0.121 +
0.026 fm [11]. Interestingly, different works found impor-
tant difficulty in accommodating the PREX-II and CREX
results simultaneously [12—15]. Up to this moment, the
problem has been treated in the studies of Refs. [16, 17],
which constructed new energy density functionals based
on the inclusion of the scalar-isovector 6 meson. Notably,
the results of Ref. [16] provided an extremely stiff EOS
estimation, which is disfavored by GW170817. The latter
issue has been, to some extent, resolved in Ref. [17]. In
any case, the upcoming Meinz radius experiment at MESA
will hopefully play a critical role on the resolution of the
PREX-CREX discrepancy [18].

Recently, the analysis of the x-ray spectrum from the
central compact object in the HESS J1731-347 super-
nova remnant extracted surprisingly low values for its
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mass and radius [19]. More precisely, the authors re-
ported the discovery of a subsolar mass compact object
(M = 0.77*)39 M) with a radius of R = 10.4705¢ km. It
is worth noting that the explanation of the reported mass
and radius has triggered a wave of studies, which inves-
tigated several different scenarios for the internal compo-
sition of this ultralight compact object (see for instance
Refs. [20-36]). Interestingly, such a measurement indi-
cates that the nuclear EOS should be sufficiently soft at
low densities. Specifically, different relativistic mean-field
approaches suggest a value for the slope parameter that is
below ~40 MeV [28-30].

In this conference contribution we review our recent
work on the properties of hybrid stars that are compati-
ble with the HESS J1731-347 constraints, while assuming
a stiff behavior for the hadronic phase (parameterized to
be consistent with the PREX-II results). For more details
and additional results, the reader is referred to the original
work of Ref. [36].

2 Hybrid equation of state

The construction of a hybrid EOS requires the selection
of a nuclear model for the hadronic phase and a quark
model for the high-density phase. In the present study,
the hadronic sector is modelled via three Skyrme interac-
tions [37, 38]. In particular, we employed the Ska, SkI3
and SkI5 EOSs (obtained through the CompOSE reposi-
tory [37—41]). In Table 1, one can find the values of the
slope parameter and the incompressibility for each respec-
tive Skyrme model. As is evident, the symmetry energy
slope values cover the range predicted in Ref. [8]. Fur-
thermore, the generally accepted value for the incompress-
ibility of nuclear matter is expected in the range 220-
260 MeV [42—-44]. However, the extensive analysis of
Ref. [45] suggests a value in the range 250-315 MeV. For
the latter reason all of the employed models are charac-
terized by a value of Ky ~ 260 MeV. In Fig. 1 we have
plotted current astrophysical constraints [46—49] and the
M — R relations predicted from the selected hadronic mod-
els. As one can observe, none of the stiff hadronic models
that we employed is compatible with the HESS J1731-347
constraints.

Table 1: The symmetry energy slope L and the incom-
pressibility K at saturation density ng, for the employed
hadronic models.

Model no (fm=3) L (MeV) K (MeV)
Ska 0.155 74.62 2632
SKI3  0.158 100.5 258.2
SKIS  0.156 129.3 255.8

For the description of the quark phase, we have em-
ployed the widely used vector MIT bag model [50-56].
This model is an extension of the standard MIT bag model
with the addition of a vector interaction between quarks
(or equivalently the consideration of a Yukawa type po-
tential [57, 58]). In this framework, the energy density is
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Figure 1: The mass-radius relations for the Ska, SkI3
and SkI5S EOSs. The contour regions indicate con-
straints based on GW170817 (20°) [9], HESS J11731-347
(10) [19] and PSR J0030+0451 (10°) [49]. The shaded re-
gions indicate the masses of PSR J0348+0432 [46], PSR
JO740+6620 [47] and PSR J0952-0607 [48].

expressed via (natural units) [56]
1 2
Ep = quaﬁ 5 Gl + na +n,)* + B, (1)

where &; and n, stand for the Fermi energy density and
number density of q flavor quarks, respectively. Further-
more, G, indicates the coupling constant of the repulsive
interaction and B is the so-called bag parameter. In addi-
tion, we studied two distinct scenarios for the nature of the
bag parameter. More precisely, we treated it as: a) con-
stant and b) density dependent. In the second case, we
employed the most frequent parameterization found in the
literature (Gaussian parameterization) [59, 60] given by

2
B(n) = Bys + (Bo — Bus) exp l—ﬂ(:—O) } ) (2)

Finally, the derivation of chemical potentials and pressure
can be achieved through the use of standard thermody-
namic relations.

For the thermodynamically consistent combination of
the hadronic and quark models, we have employed the
Maxwell construction. The latter approach is the favored
method in the case of large surface tension in the hadron-
quark interface [61]. In this framework, charge neutral-
ity is imposed separately in the two phases leading to an
abrupt phase transition. Finally, in order to find the transi-
tion point one needs to solve the following equations [62]

Pl= P, iy = i, (3)

where up and P stand for the baryon chemical potential
and pressure, while the superscripts h and q denote the
hadronic and the quark phase.
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3 Results and discussion

We began our analysis by considering the case of a con-
stant bag parameter. In particular, we varied the values
of G, and B'* in the ranges [0.01-0.3] fm? and [146-
180] MeV, respectively. In this way, we constructed a
large set of hybrid EOSs, exhausting the range of parame-
ters that could potentially lead to the reconciliation of the
HESS J1731-347 constraints [36]. In Fig. 2 we present
the maximum mass (M,,,,) as a function of the phase tran-
sition density (n,.) for all of the hybrid EOSs that were
found to be compatible with the observation of the ultra-
light compact object in the HESS J1731-347 remnant. As
is evident, the reconciliation of the aforementioned con-
straint is impossible beyond a transition density value.
Furthermore, stiffening the hadronic phase decreases the
maximum possible transition density. In addition, the EOS
softening induced by the phase transition has significant
effects on the resulting maximum mass. In particular, the
observation of massive compact stars that exceed the 2 M,
places strict constraints on the possible transition density
values. For the softer hadronic model employed (Ska) the
largest possible n,, that is compatible with the observation
of PSR J0348+043 is around ~ 0.2 fm~3. Note that as the
stiffness of the low-density phase increases, the latter value
moves closer to the nuclear saturation density. However,
a phase transition close to nuclear saturation is unrealistic
as nucleonic matter is known to be stable at that region.
Therefore, we may conclude that the model of a constant
bag parameter gets significantly disfavored as the hadronic
EOS stiffens.
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Figure 2: The maximum mass as a function of the tran-
sition density for hybrid EOSs that are compatible to the
HESS J1731-347 constraints. The bag parameter is con-
sidered to be a constant. The shaded regions indicate the
masses of PSR J0348+0432 [46], PSR J0740+6620 [47]
and PSR J0952-0607 [48]. Figure taken from Ref. [36].

We continued our work with the consideration of a
density dependent bag parameter. In this case we have
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Figure 3: The maximum mass as a function of the tran-
sition density for hybrid EOSs that are compatible to
the HESS J1731-347 constraints. The bag parameter
is considered to be density dependant. The shaded re-
gions indicate the masses of PSR J0348+0432 [46], PSR
JO740+6620 [47] and PSR J0952-0607 [48]. Panel a (b)
corresponds to the case of G,= 0.25 (0.3) fm?. Figure was
taken from Ref. [36].

varied the values of parameters BL*, B(l)/ * in the ranges

[0,200] MeV and [Bcl,§4, B51,§4 +200] MeV, respectively. For
B we selected a typical value of 0.1 and for G, we have
employed the values 0.25 and 0.3 fm?. In Fig. 3 we depict
the maximum mass as a function of the transition density
for all of the parametrizations that satisfy the constraints
imposed by HESS J1731-347. The top panel corresponds
to the case where the coupling constant is equal to 0.25
fm?2, while the bottom panel to case where G, = 0.3 fm?2.
Firstly, as one can observe, all of the EOSs are compatible
with the existence of 2M compact stars. However, as the
strength of the repulsive interaction increases, the result-
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Figure 4: Mass-radius relations for static and rapidly rotating compact stars constructed with the EOSs that are charac-
terised by the largest transition densities. The solid (dashed) curves correspond to the case of G, = 0.25 fm? (G, = 0.3
fm?). The solid contour region stands for the mass and radius of the HESS J1731-347 remnant in 1o-. The rectangles stand
for the 1o estimations on the mass and radius of PSR J0030+0451 [49, 68].The shaded regions indicate the masses of
PSR J0348+0432 [46], PSR J0740+6620 [47] and PSR J0952-0607 [48]. Figure taken from Ref. [36] (slightly modified).

ing maximum mass predictions also increase. Another re-
mark is that an increase of G, lowers the maximum possi-
ble transition density. Finally, it is worth commenting that
for the hybrid EOSs with the maximum possible transition
density (for each respective hadronic model), the resulting
maximum mass prediction appears to be similar regardless
of the stiffness of the nuclear EOS.

As seen in Fig. 3, the mass measurement for PSR
J0952-0607 [48] cannot be reconciled for all of the pos-
sible transition density values. However, the maximum
mass predictions for the constructed hybrid EOSs are ex-
tracted through the solution of the TOV equations [62].
The latter means that the derived stellar models are non-
rotating. Nevertheless, PSR J0952-0607 is one of the
fastest rotating pulsars ever detected. In particular, its ro-
tational frequency has been measured to be equal to 709
Hz [48]. Considering that the centrifugal force plays an
important role in the battle against gravitational collapse,
we recalculated the maximum mass by incorporating the
effects of rotation (calculations have been made possible
with the use of the publicly available RNS code [63-65]).
Fig. 4 illustrates the mass-radius relation, predicted by the
hybrid EOSs with the maximum possible transition, for
different rotational frequencies. As one can observe, in the
case of G, = 0.3 fm?, the PSR J0952-0607 constraints are
now satisfied. Note also that the plotted hybrid EOSs are
those that predict the lowest possible maximum mass (see
Fig. 3). As a consequence, the aforementioned constraint
would be fulfilled for all of the possible transition density
values (since the higher the maximum mass in the non-
rotating stellar sequence, the larger the maximum mass in
the rotating one [66, 67]).

In 2019 the LIGO/Virgo collaboration reported the
detection of gravitational waves from the merger of a
22.2 — 24.3M,, black hole with an unidentified compact

object of ~ 2.6M. Considering the possibility that the
unidentified compact object could be a neutron star, a wave
of studies has been triggered in an attempt of reconcili-
ating such an extreme mass. From Fig. 3 it is clear that
none of the hybrid EOSs, which are compatible to the con-
straints from HESS J1731-347, could support ~ 2.6 M, .
As previously discussed, the inclusion of rotation in our
calculations could potentially increase the resulting maxi-
mum mass predictions. For the latter reason in Fig. 4 we
also included the so called Keplerian sequence of stars.
In particular, the green curves denote the mass-radius re-
lation for maximally rotating compact stars that are de-
scribed through the hybrid EOSs with the highest possible
transition density. As is evident, the consideration of ex-
treme rotation enables the explanation of such a massive
compact object simultaneously with the existence of the
ultralight compact object in the HESS J1731-347 remnant
(for the case where G, = 0.3 fm?).

A final remark needs to made concerning the reconcil-
iation of the PSR J0030+0451 constraints. In our original
investigation [36], we found that the resulting hybrid EOSs
are incompatible with the analysis of Miller et al. [49] in
lo. This is also illustrated in Fig. 4 for the EOSs with
the maximum transition density. However, a recent study
has made a relevant re-analysis on the PSR J0030+0451
properties by incorporating additional data [68]. The au-
thors were able to reproduce the results of the initial anal-
yses but they also found a set of more complex solutions
that appeared to provide a better fit to the data. More
precisely, their two obtained solutions suggest that either
M ~ 14My, R ~ 115 kmor M ~ 1.7My, R ~ 145
km [68]. Owing the variety of different estimations, addi-
tional studies may be needed to accurately evaluate these
properties. However, it is interesting to comment that, the
new solution (the one with the lower radius) is also com-
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patible with hybrid EOSs that we presented in this study.
The latter is illustrated in Fig. 4 and it is crucial, as it in-
dicates that all of the considered constraints may be rec-
onciled (in 1o) in the hybrid star framework. In princi-
ple, the reconciliation of the PSR J0030+0451 constraints
as extracted in the work of Miller et al. [49], would re-
quire important stiffening of the quark matter EOS after
the phase transition. An interesting future work would be
to quantitatively examine how the stiffness of the quark
phase could be constrained by considering the 1o con-
straints of Ref. [49].

4 Conclusion

In the present conference paper we discussed the possible
reconciliation of the recent HESS J1731-347 constraints
under the assumption of a stiff low density phase (that may
be favored by the results of the PREX-II collaboration). In
order to achieve that we turned our focus in the frame-
work of hybrid stars. In particular, we have constructed
large sets of hybrid EOSs by combining three widely em-
ployed Skyrme models with the well-known vector MIT
bag model. Furthermore, we investigated two cases con-
cerning the bag parameter: a) constant and b) density de-
pendant. The main objective was to evaluate the level of
agreement between current astrophysical constraints and
the predictions of the EOSs that are compatible with HESS
J1731-347.

Firstly, we studied the dependence of the maximum
mass on the transition density for all of the hybrid EOSs
that are compatible with the existence of the central com-
pact object in the HESS J1731-347 remnant. In the case
of constant bag parameter, we found the existense of 2M
compact stars places very stringent constraints on the re-
sulting EOSs and the corresponding phase transition den-
sity. Notably, the inclusion of a density dependant bag
parameter enabled the prediction of massive compact stars
that exceed the 2M, for larger values of the transition den-
sity (compared to the constant B case).

In addition, we considered more extreme constraints
on the maximum mass imposed by the observation of PSR
J0952-0706 and GW190814. For the stiffest quark matter
parametrization employed (G, = 0.3 fm~3), we found that
the inclusion of rotational effects enabled the reproduction
of the PSR J0952-0706 mass for all the possible transition
density values. Similarly, the latter was also found to hold
for the GW190814 constraint but only under the assumpi-
ton of Keplerian (i.e., maximal) rotation.

Finally, we pointed out that our original analysis of
Ref. [36] indicated a possible discrepancy between the
resulting hybrid EOSs and the mass and radius of PSR
J0030+0451 (in 10) [49]. However, we showed that the
recent re-analyis of Ref. [68] extracted values for the
PSR J0030+0451 properties that are consistent with the
derived hybrid models.
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