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The recent analysis on the central compact object in the HESS J1731-347 remnant suggests interestingly
small values for its mass and radius. Such an observation favors soft nuclear models that may be challenged
by the observation of massive compact stars. In contrast, the recent PREX-II experiment, concerning the
neutron skin thickness of 208Pb, points toward stiff equations of state that favor larger compact star radii. In
the present study, we aim to explore the compatibility between stiff hadronic equations of state (favored by
PREX-II) and the HESS J1731-347 remnant in the context of hybrid stars. For the construction of hybrid
equations of state we use three widely employed Skyrme models combined with the well-known vector
MIT bag model. Furthermore we consider two different scenarios concerning the energy density of the bag.
In the first case, that of a constant bag parameter, we find that the resulting hybrid equations of state (which
satisfy the HESS J1731-347 constraints) are strongly disfavored by the observation of ∼2M⊙ pulsars.
However, the introduction of a Gaussian density dependence yields results that are compatible with the
conservative 2M⊙ constraint. The utilization of recent data based on the observation of PSR J0030þ 0451,
PSR J0952-0607, and GW190814 allows for the imposition of additional constraints on the relevant
parameters and the stiffness of the two phases. Interestingly, we find that the derived hybrid equations of
state do not satisfy the PSR J0030þ 0451 constraints in 1σ and only marginally agree with the 2σ
estimations. In addition, we estimate that the observation of massive pulsars, like PSR J0952-0607, in
combination with the existence of HESS J1731-347, may require a strong phase transition below ∼1.7n0.
Finally, we show that the supermassive compact object (2.5 − 2.67M⊙) involved in GW190814 could
potentially be explained as a rapidly rotating hybrid star.

DOI: 10.1103/PhysRevD.109.063017

I. INTRODUCTION

One of the most important unresolved questions regard-
ing the physics of dense nuclear matter concerns the density
dependence of the nuclear symmetry energy EsymðnÞ [1,2].
A critical parameter for the behavior of isospin asymmetric
matter is the so-called symmetry energy slope L, which is
proportional to the derivative of Esym at the saturation
density. Despite its significance, this quantity cannot be
directly measured in experiments. Therefore, the identi-
fication and use of relevant observables on finite nuclei are
essential for its accurate determination. In that direction,
Reed et al. [3] employed the recent PREX-II estimation on
the neutron skin thickness of 208Pb (Δrnp ¼ 0.283�
0.071 fm) [4–6] and exploited its strong and linear corre-
lation with the slope parameter to report a value of
L ¼ 106� 37 MeV. Interestingly, the latter result is higher
than previous theoretical calculations or theoretical inter-
pretations of experimental data [7–11], and points toward a
rather stiff equation of state (EOS). From an astrophysical

perspective, the aforementioned L value would result in
compact star configurations with large radii and tidal
deformabilities [3]. Recently, the CREX Collaboration
published their data on the neutron skin thickness of 48Ca,
and they reported a very low value of Δrnp ¼ 0.121�
0.026 fm [12]. The latter result favors soft EOSs, and hence
it is in tension with the PREX-II results [13,14]. It is worth
mentioning that several studies until this moment, have
attempted and failed to resolve this discrepancy [15,16].
Notably, the authors of Ref. [17] achieved the construction
of three energy density functionals (EDFs) that can
simultaneously describe the PREX and CREX measure-
ments. However, the resulting large and positive values for
the curvature of the symmetry energy (Ksym) are in striking
contrast to most nonrelativistic EDFs and ab initio models
that predict negative values [17]. Consequently, the derived
EOSs are extremely stiff. The upcoming Meinz radius
experiment at MESA [18] will either verify or disprove the
PREX-II results, and it will hopefully shed light on the
PREX-CREX tension.
The PREX-II estimation for the stiffness of the EOS may

have rather interesting astrophysical implications. For in-
stance, in Ref. [3], the authors used a special class of EDFs
and argued that the radius of a ∼1.4M⊙ neutron star (R1.4)
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should be at least∼13 km, while for the dimensionless tidal
deformability they predicted aminimumvalue ofΛ1.4∼642.
Notably, according to the analysis of Ref. [19], the afore-
mentioned Λ1.4 estimation is not compatible with the
GW170817 event [20]. In a recent study, Thakur et al. [21]
employed a relativistic mean field approach and predicted a
similar value forR1.4, where the resulting tidal deformability
marginally satisfied the constraint from Ref. [19]. It is
worth commenting that, several different studies, which
employed recent astronomical data, have also found
difficulty in accommodating the PREX-II values of Δrnp
and L [22–26]. In that direction, it has been suggested that a
possible phase transition from hadronic to deconfined
quark matter may be essential to ensure the stiff EOS
behavior at low baryon densities and a subsequent softening
at higher density values (favored by GW170817) [27].
Finally, the PREX-II result also has an intriguing impact
on the thermal evolution of compact stars. In particular, a
large symmetry energy slope lowers the stellar mass thresh-
old for the activation of the direct Urca process, leading to
rapid cooling [28,29].
A recent analysis on the central compact object within the

HESS J1731-347 supernova remnant indicates that it has an
interestingly smallmass and radius [30]. Specifically, within
1σ, M ¼ 0.77þ0.20

−0.17M⊙ and R ¼ 10.4þ0.86
−0.78 km. It is worth

mentioning that, asAlford andHalpern [31] commented, the
aforementioned result relies on the assumption that the star
has a uniform temperature carbon atmosphere, and it is
located at a distance of 2.5 kpc. As a consequence, further
studies are required to cross examine and understand the
validity of these results. In any case, the possibility of such a
strangely light compact star has triggered a wave of studies
that investigate its nature.
To begin with, Di Clemente et al. [32] attempted to

explain the formation of the aforementioned compact
object in the framework of strange stars. In particular,
the authors argued that strange stars exhibit lower gravi-
tational mass for a given baryon mass. Hence, despite the
fact that a recent analysis points to a minimum neutron star
formation mass of 1.17M⊙ (based on the estimation of a
minimum baryon mass of 1.28M⊙) [33], this value could be
lower in the presence of strange quark matter. Later,
Horvath et al. [34] examined the case of a strange star
by adopting a model of color-flavor locked quark matter.
Apart from the mass-radius dependence, the authors
also discussed the thermal evolution and argued that the
suppression of rapid cooling due to superconductivity may
suffice for the understanding of the reported temperature
and age of the HESS J1731-347 remnant. The strange star
scenario has also been studied in Refs. [35–37] with the
implementation of additional constraints (trace anomaly,
GW170817) and the discussion of different stellar proper-
ties (e.g., anisotropy, radial oscillations).
An investigation has also been conducted for the

scenario of hybrid stars [38–40]. The systematic study

of Ref. [38] on the properties of twin stars showed that,
depending on the transition density and the hadronic EOS,
a third family of compact objects could also provide an
explanation for the mass and radius reported in Ref. [30].
Furthermore, Brodie and Haber [39] constructed a large set
of EOSs based on the results of chiral effective field theory
and showed that purely hadronic stars barely cross the 2σ
contour for the compact object in HESS J1731-347.
However, by combining the softest hadronic EOS from
their set with a constant speed of sound quark model, the
authors concluded that hybrid stars may provide a viable
explanation. In addition, the recent study of Ref. [40],
examined the cooling aspect of the problem and showed
that hybrid stars are potentially compatible with the thermal
evolution of the HESS J1731-347 remnant.
It is important to comment that, according toRefs. [40–43],

the case of a purely hadronic star should not be excluded.
However, the common conclusion from the aforementioned
studies is that the EOS needs to be quite soft in order to
reproduce the results of Ref. [30] in 1σ. Notably, the authors
of Ref. [44] have managed to provide a description for the
HESS J1731-347 remnant by employing a rather stiff EOS
and by considering the admixture of dark matter. While the
original EOS fails to explain the reported radius, a proper
value for the Fermi momentum of dark matter yields the
desired result.
The main motivation of the present study is twofold.

Firstly, we aim to explore the compatibility between stiff
hadronic EOSs (favored by PREX-II) with the observa-
tion of the HESS J1731-347 remnant in the context of
hybrid stars. Secondly, we wish to examine the properties
of the resulting hybrid stars in the light of recent astro-
physical constraints. Interestingly, almost none of the
EOSs that were previously employed for the explanation
of the compact object in HESS J1731-347 (within 1σ) is
compatible with the results of PREX-II. In particular,
the only EOS that lies within the PREX-II range is
employed in Ref. [40]. It is worth noting that, despite the
relatively large symmetry energy slope, the authors refer
to that EOS as soft due to its low incompressibility value
of K ¼ 201 MeV.
This paper is organized as it follows. In Sec. II we review

the hadronic and quark models selected in this work. In
addition, we briefly discuss Maxwell construction, which is
the employed method for the derivation of hybrid EOSs. In
Sec. III we present our results and discuss their implica-
tions. Section IV contains a summary of our findings.

II. EQUATION OF STATE

A. Hadronic matter

For the description of the hadronic part we employed
three distinct Skyrme effective interactions [45,46]. In
particular, we use the Ska, SkI3, and SkI5 EOSs. The
corresponding cluster energy functional used for the unified
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description of the inner crust is the one from Ref. [47]. In
addition, for the outer parts of stellar models we have added
the well-known EOS of Baym et al. [48]. It is worth noting
that all of the employed hadronic EOSs have been
extensively used in the literature for the study of cold
and hot neutron star matter [49–56].
The key nuclear properties for the employed EOSs can be

found in Table I. Notably, the corresponding values for the
symmetry energy slope cover the wide interval predicted
by the PREX-II Collaboration (L ¼ 106� 37 MeV) [3].
Furthermore, the generally accepted value for the incom-
pressibility of nuclear matter is considered to beK ¼ 240�
20 MeV [57–59]. However, according to the comprehen-
sive analysis of Ref. [60], the value ofK could be larger. For
the latter reason the selected EOSs are all characterized by
K ∼ 260 MeV, which corresponds to the upper limit of the
aforementioned range. In Fig. 1, we depict the considered
hadronic EOSs. As it is evident, the larger the symmetry
energy slope, the higher the pressure for a given baryon
density (i.e., the stiffer the EOS).
The employed EOSs have been obtained through the

CompOSE repository [61]. For more details concerning their
construction the reader is referred to Refs. [45–47,62].

B. Quark matter

The worldwide model for the description of quark
matter is the MIT bag model [63]. In this framework,

noninteracting quarks are confined within a bag due to the
enforcement of an external pressure, known as vacuum
pressure. The corresponding Lagrangian density for the
standard MIT bag model is the following (ℏ ¼ c ¼ 1) [64]:

L0 ¼
X

q¼u;d;s

½ψqðiγμ∂μ −mqÞψq − B�Θ; ð1Þ

where mq stands for the rest mass of q quark and B is the
so-called bag constant. Θ denotes a Heavyside step
function which vanishes out of the bag in order to ensure
the confinement.
As performed in multiple previous studies [64–76], we

introduce an interaction among quarks via minimal cou-
pling with a vector boson Vμ, which is analogous to the ω
meson in quantum hadrodynamics [77]. Therefore, the
interaction term reads as [64]

Lvec ¼
�
−gv

X
q

ψq γμVμψq þ
1

2
m2

VVμVμ

�
Θ; ð2Þ

where gv is the coupling constant and mV denotes the mass
of the mediating boson. In the present model, known as the
vector MIT Bag model, the energy density can be explicitly
written as [70]

EQ ¼
X
q

Eq þ
1

2
Gvðnu þ nd þ nsÞ2 þ B; ð3Þ

where Gv ¼ ðgv=mVÞ2. For simplicity, we will refer to Gv
as a coupling constant since it incorporates the strength of
the repulsive interaction. The quantity Eq corresponds to
the energy density of an ideal Fermi gas, given as

Eq ¼
3

8π2

(
kFqðk2Fq þm2

qÞ1=2ð2k2Fq þm2
qÞ

−m4
q ln

"
kFq þ ðk2Fq þmqÞ1=2

mq

#)
; ð4Þ

where kFq ¼ ðπ2nqÞ1=3 denotes the quark Fermi momen-
tum. It is worth commenting that the formula of Eq. (3)
could be equivalently derived by the consideration of a
Yukawa type potential [78,79]. Furthermore, the inclusion
of a vector interaction shifts the chemical potential of q
quark as [70]

μq ¼ ðk2Fq þm2
qÞ1=2 þGvðnu þ nd þ nsÞ; ð5Þ

and the total pressure of the system is found through the
standard thermodynamic relationFIG. 1. The hadronic EOSs employed in this study.

TABLE I. The energy per nucleon of symmetric nuclear matter
E0, the symmetry energy slope L, the incompressibility K, and
the symmetry energy J0 at saturation density n0 for the employed
hadronic models.

Model n0 (fm−3) E0 (MeV) L (MeV) K (MeV) J0 (MeV)

Ska 0.155 −15.99 74.62 263.2 32.91
SkI3 0.158 −15.98 100.5 258.2 34.83
SkI5 0.156 −15.85 129.3 255.8 36.64
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PQ ¼
X
q

μqnq − EQ: ð6Þ

At this point, there are 3 degrees of freedom (nu, nd, ns)
that determine the thermodynamic state of the system. In
order to calculate the quark EOS we also need to consider
the conditions for chemical equilibrium and charge neutral-
ity. Taking into account the relevant weak processes,
considering a system composed of uds quarks and elec-
trons, the condition for chemical equilibrium reads as

μd ¼ μu þ μe; μd ¼ μs; ð7Þ

while the charge neutrality is expressed via

2

3
nu −

1

3
ðnd þ nsÞ − ne ¼ 0: ð8Þ

The quantities μe ¼ ðð3π2neÞ2=3 þm2
eÞ1=2, ne, and me

denote the electron chemical potential, number density,
and mass, respectively.

C. Phase transition

In the present work we considered the scenario of a
sharp phase transition. Namely, we employed Maxwell
construction, which is the favored method in the case
of a large surface tension in the hadron-quark interface
(σ ≳ 40 MeV fm−2) [80,81]. In this framework, both
phases need to satisfy local charge neutrality, which results
into a discontinuity in the energy density (ΔE). In principle,
the favorable phase is characterized by the lower baryon
chemical potential for a given value of pressure. Thus, the
onset of quark deconfinement is determined by the follow-
ing conditions [82]:

Ph ¼Pq; μhB¼ μqB; Th¼Tq; ð9Þ

where P, μB, and T denote the pressure, the baryon
chemical potential, and the temperature, respectively.
The superscripts h and q stand for the hadronic and the
quark phase. Note that the condition for thermal equilib-
rium is trivially satisfied due to the use of zero temperature
EOSs. Finally, the baryon chemical potential for hadronic
matter is given by μhB ¼ μn, where μn is the chemical
potential of the neutron. For quark matter, μqB ¼ 2μd þ μu.
Depending on its properties, a first order phase transition

may have interesting implications on the structure of the
resulting hybrid stars. The strength of a phase transition is
defined by the value of the energy density discontinuity.
Notably, if the energy density jump surpasses a critical
value (ΔEcr), then a third family of compact objects may
appear on the mass-radius plane. The aforementioned
stable branch gives rise to the existence of the so-called
twin star solutions [83–87]. In particular, the strong phase
transition (extreme softening) results into an unstable

region on the M − R diagram where the mass decreases
with increasing central pressure. As a consequence, if the
speed of sound in quark matter is sufficient to yield stable
configurations for larger pressure, then the resulting stable
hybrid branch is going to be disconnected from the
hadronic one (shifted to lower radius). Hence, two stars
with an identical mass and a different radius (twin stars)
could potentially exist. The value of the critical energy
density jump was first studied by Seidov, and it was given
by the following expression [82,88]:

ΔEcr ¼
1

2
Etr þ

3

2
Ptr; ð10Þ

where Etr and Ptr denote the energy density and pressure of
the hadronic phase at the onset of quark deconfinement. As
is evident by Eq. (10), the larger the value of the transition
density, the strongest the phase transition needed for the
disconnection of the two stable branches. Notably, the
value of ΔE acts as a regulator of the radius in the hybrid
branch. More precisely, the larger the value of the energy
density jump, the lower the radius values of the resulting
hybrid stars [38,89].

D. Bag constant

We investigate two different scenarios concerning the
bag parameter: (a) constant and (b) density dependent. In
the first case, considering the values of quark masses fixed
(mu ¼ md ¼ 5 MeV, ms ¼ 95 MeV), there are only two
free parameters (Gv, B) that affect the properties of the
EOS. In Fig. 2(a) we depict the effects of Gv and B on the
pressure-chemical potential relation of quark EOSs. We
observe that increasing eitherGv or B leads to higher values
of baryon chemical potential for a given pressure. Thus,
quark matter becomes less favorable, and the phase
transition onset would be shifted to a higher density (for
a given hadronic EOS). In Fig. 2(b) we illustrate the effects
of the aforementioned parameters on the stiffness of the
resulting EOSs. As expected, increasing the strength of the
repulsive interaction leads to stiffer quark EOSs. In con-
trast, increasing the bag constant induces softening to
the EOS.
In order to enrich and extend our study we also examined

the scenario of a density dependent bag. Following the
discussion of several related studies [90–97], we consid-
ered the widely employed Gaussian parametrization

BðnÞ ¼ Bas þ ðB0 − BasÞ exp
�
−β

�
n
n0

�
2
�
; ð11Þ

where B0 and Bas stand for the values of B at zero and
asymptotically large density. The baryon density in quark
matter is given by n ¼ ðnu þ nd þ nsÞ=3, while n0 denotes
the nuclear saturation density. It is important to note that in
the case of a density dependent B value, we must add an
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extra term in the quark chemical potentials in order to
ensure the thermodynamic consistency. As indicated by
Ref. [76], in which a vector MIT bag model with a density
dependent bag parameter is also employed, the chemical
potential will be modified as it follows

μq ¼ ðk2Fq þm2
qÞ1=2 þ Gvðnu þ nd þ nsÞ þ

∂B
∂nq

: ð12Þ

With regard to the determination of pressure, one may use
the standard thermodynamic relations:

PQ ¼ n
dEQ

dn
− EQ ¼

X
q

μqnq − EQ: ð13Þ

In Fig. 3, we display the pressure as a function of the
baryon chemical potential for different Bas and B0 values
(Gv ¼ 0.25 fm2 and β ¼ 0.1). Notably, increasing either
one of the parameters leads to a larger chemical potential

for a given pressure and hence, the onset of quark
deconfinement would be shifted toward higher densities.
It is worth noting that at asymptotically large density all of
the curves with equal Bas coincide. The latter results from
the fact that the density dependent part of the bag term
vanishes at high density values.

III. RESULTS AND DISCUSSION

A. Constant bag parameter

We began our analysis by examining the scenario of a
constant bag pressure. In particular, we constructed a large
number of quark EOSs, by varying the values of Gv and
B1=4 in the ranges ½0.01–0.3� fm2 and [146–180] MeV.
Then, we employed the Maxwell construction in order to
combine them with the selected low density hadronic EOSs
(Ska, SkI3, SkI5). As our main goal was to investigate
the compatibility of the resulting hybrid EOSs with the
HESS J1731-347 observation, we excluded any model that
predicts purely hadronic stars with mass larger than
∼1.1M⊙ (the latter value exceeds the maximum possible
mass of the HESS J1731-347 remnant in 1σ). Furthermore,
the consideration of transition density values below n0 is
not possible, as nuclear matter is known to be stable at that
range. In the absence of a robust theoretical lower limit on
the transition density we set n0 as a loose lower bound,
similarly to Ref. [98].
In Fig. 4 we present the mass-radius dependence for the

derived hybrid EOSs. The region defined by the solid
contour denotes the mass and radius of the HESS J1731-
347 remnant in 1σ [30]. In addition, the areas mapped by
the dashed contours correspond to constraints based on the
analysis of the GW170817 event (95% confidence) [20].
The shaded regions indicate constraints on the maximum
mass from the observation of PSR J0348þ 0432 [99],

FIG. 3. Pressure as a function of the chemical potential for
different values of Bas and B0 (the considered values of Gv and β
are 0.25 fm2 and 0.1, respectively).

(a)

(b)

FIG. 2. (a) Pressure as a function of the chemical potential for
different values of Gv and B. (b) Quark EOSs for different values
of Gv and B.
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PSR J0740þ 6620 [100], and PSR J0952-0607 [101]. The
red curves stand for the EOSs that are compatible with
the HESS J1731-347 observation, while the gray ones are
excluded. Furthermore, the black solid curves show the
M − R relations for the original hadronic EOSs. From
Fig. 4, considering the hybrid configuration plane in
agreement to the HESS J1731-347, we observed that the
softening of the hadronic EOSs leads to higher values of
maximum neutron star mass. Notably, the stiffest hadronic
EOS (SkI5) is insufficient to predict hybrid star configu-
rations that surpass the conservative 2M⊙ constraint.
In Fig. 5(a) we depict the quark matter parametrizations

that yield results compatible with HESS J1731-347 in 1σ.
We observe that as the hadronic EOS stiffens, the area of
viable parametrizations decreases. In addition, as Gv
increases, the range of possible B values is decreasing.
Notably, for a given value ofGv, the lower possible value for

the bag constant is primarily determined by the fact that all
EOSs which predict phase transition below n0 are excluded
(increasing either B or Gv shifts the onset of quark
deconfinement to higher densities). The highest possible
value of B results from an interplay between the predicted
transition density and the softening that is induced by the
phase transition. In particular, considering the large radii
predicted by the stiff hadronic EOSs (see Fig. 4) and the low
mass and radius of the HESS J1731-347 remnant, one can
safely deduce that a strong and early phase transition is
essential. The latter is illustrated in Fig. 5(b) where we
depict the energy density discontinuity as a function of the
corresponding critical energy density jump. As is evident,
all of the allowed parametrizations yield ΔE ≥ ΔEcr, which
supports the existence of twin star solutions. Note that,
increasing the bag constant would result in an increase of
the critical energy density jump (as the phase transition is
shifted toward higher densities), and therefore a stronger
phase transition would be required for the appearance of a
disconnected stable hybrid branch.
In Table II we report the maximum possible transition

density (nmax) and the corresponding quark matter para-
metrization for each of the employed hadronic EOSs.
Evidently, as the hadronic EOS becomes stiffer, nmax is
reduced. Furthermore, the maximum transition density
derives from the quark matter parametrization with the
lowest employed value ofGv and the highest possible value
of B. The latter can be understood by considering the
following scenario. In principle, increasing the strength of
the repulsive interaction stiffens the EOS, while increasing
the value of the bag constant leads to softening. Let us now
assume that for a given value of Gv the largest possible
value for the explanation of HESS J1371-34 is Bi, and the
corresponding transition density is ni. If we now increase

(a) (b) (c)

FIG. 4. Mass-radius diagrams for the EOSs constructed with the Skyrme hadronic models and the vector MIT bag quark model with
constant bag pressure. The solid black line stands for the original hadronic EOS. The red (gray) lines stand for the EOSs that are included
(excluded) by the observation of the HESS J1731-347 remnant. The contour regions stand for the 95% confidence interval from
the analysis of the GW170817 event [20] and the estimation for the mass and radius of the HESS J1731-347 remnant in 1σ [30]. The
shaded regions correspond to possible constraints on the maximum mass from the observation of PSR J0348þ 0432 [99], PSR
J0740þ 6620 [100], and PSR J0952-0607 [101]. Panels (a), (b), and (c) correspond to the cases where the hadronic matter is modeled
via the Ska, SkI3, and SkI5 EOSs, respectively.

(a) (b)

FIG. 5. (a) The parametrizations that yield results compatible
with HESS J1731-347 (68% confidence). The axis limits corre-
spond to all of the employed parametrizations. The shaded region
corresponds to the stability window of uds quark matter. (b) The
energy density jump vs the critical energy jump for all of the
parametrizations depicted in panel (a).
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Gv, the only way to obtain a phase transition at ni is by
employing a value of B < Bi. Obviously, the quark EOS in
the second case is stiffer asGv increased andBdecreased.As
a consequence, the corresponding energy density of quark
matter at the hadron-quark interface is going to be smaller
(andΔE will be reduced), since a stiffer EOS requires lower
energy density for supporting the same amount of pressure.
Considering that ΔE regulates the radius dislocation
between the hadronic and the hybrid branch (lower ΔE
results in higher radii in the hybrid branch) [38,89], then the
stiffer EOS is not going to satisfy the mass and radius
constraints for the HESS J1731-347 remnant. Thus, increas-
ingGv leads to viable phase transitions only for n < ni, and
hence, the maximum transition density derives from the
softest allowed parametrization (maximumB and minimum
Gv). The latter analysis also explains our previous obser-
vation that beyond a value of Gv it is impossible to obtain
hybrid configurations compatible with HESS J1731-347. In
particular, asGv increases, the largest possible value for the
transition density decreases. It is worth noting that at some
point the maximum transition density reaches n0, and
therefore further increasing Gv would result in phase
transitions below nuclear saturation density.

While softening the quark EOS allows for an increase of
the maximum possible transition density, the maximum
mass of the predicted compact stars is decreased. As is
evident from Table II the reported parametrizations sig-
nificantly fail to produce stable massive stars. In Fig. 6 we
present the maximum mass of all EOSs that agree with
the HESS J1731-347 observation as a function of the
corresponding transition density. We observed that the
conservative 2M⊙ limit places stringent constraints on
the onset of quark deconfinement. For the Ska EOS, the
observation of PSR J0348þ 0432 restricts the phase
transition onset below ∼0.2 fm−3. However, as the hadronic
EOS stiffens, the latter value gets lower. Considering that a
phase transition close to nuclear saturation is unrealistic,
we may conclude that the model of a constant bag pressure
gets strongly disfavored as the symmetry energy slope
increases.

B. Density dependent bag parameter

We continued our study by analyzing the case of a
density dependent bag pressure. In this scenario we
considered two different values for the strength of the
interaction. In particular, we set Gv to 0.25 fm2 and
0.3 fm2. Then, we fixed β to a typical value of 0.1, and
we varied the values of B1=4

as and B1=4
0 in the ranges [0,

200] MeV and ½B1=4
as ; B1=4

as þ 200� MeV, respectively.
Notably, for the two limiting cases fB1=4

as ¼ 0; B1=4
0 ¼

200 MeVg and fB1=4
as ¼ 200; B1=4

0 ¼ 200 MeVg the pre-
dicted transition densities allow for purely hadronic stars
with mass higher than ∼1.1M⊙. Therefore, we may safely
deduce that it is impossible to obtain viable hybrid
configurations beyond these parametrizations (as increas-
ing B1=4

as or B1=4
0 shifts the phase transition toward higher

densities).
In Fig. 7 we depict the mass-radius relations for the

constructed hybrid EOSs. The top panels correspond to
the case where Gv ¼ 0.25 fm2, while the bottom panels to
Gv ¼ 0.3 fm2 (the drawn astrophysical constraints are the
same as in Fig. 4). Once again, the red curves denote the
cases where the HESS J1731-347 constraint is satisfied,
while the gray ones are excluded. Interestingly, all of the
configurations that agree with the observation of the
HESS J1731-347 can also support massive compact stars
that exceed the 2M⊙ limit. In addition, we observed that
as the strength of the repulsive interaction increases the
maximum possible mass for the hybrid configurations
becomes larger. However, the disconnection of the hybrid
branch appeared to reach lower radii for the softest
scenario (Gv ¼ 0.25 fm2).
As shown in Tables III and IV, the maximum mass for

the EOSs with the maximum possible transition density is
not strongly affected by the employed hadronic model.
However, as the hadronic EOS stiffens, the corresponding
transition density decreases. Furthermore, stiffening the

TABLE II. The maximum transition density, the corresponding
Gv and B values, and the predicted maximum mass for each
hadronic EOS.

Model nmax (fm−3) Gv (fm2) B1=4 (MeV) Mmax (M⊙)

Ska 0.280 0.01 172 1.44
SkI3 0.261 0.01 173 1.43
SkI5 0.222 0.01 172 1.43

FIG. 6. The maximum mass as a function of the transition
density for each hadronic EOS. The shaded regions correspond to
possible constraints on the maximum mass from the observation
of PSR J0348þ 0432 [99], PSR J0740þ 6620 [100], and PSR
J0952-0607 [101].
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quark EOS leads to a reduction of nmax for a given hadronic
model. Therefore, the highest value for the onset of quark
deconfinement derives from the combination of the softest
possible models of hadronic and quark matter. We conclude
that information on the maximum mass of compact stars in
combination with a robust lower limit on the transition
density may provide important insight concerning the
stiffness of the two phases.
In Figs. 8(a) and 9(a) we depict all of the allowed quark

matter parametrizations for the cases of Gv ¼ 0.25 and
0.3 fm2, respectively. Similarly to the case of the constant
bag parameter, we observed that the stiffness of the
hadronic phase does not affect the location of the parameter
space. However, it affects its width. In particular, the stiffer
the hadronic EOS, the fewer the allowed parametrizations.
Figures 8(b) and 9(b) illustrate the expected necessity for a
strong phase transition. It is worth commenting that the
lower value for the coupling constant allows for signifi-
cantly stronger phase transitions (larger ΔE).

Contrary to the previous case (constant B), we observed
that the resulting hybrid EOSs satisfy the conservative 2M⊙
constraint for larger values of the transition density. As we
have shown in Fig. 5(a), it is not possible to obtain a hybrid
EOS that is compatible with HESS J1731-347 for a quark
EOS with constant B and Gv ¼ 0.25 fm2. The latter results
from the fact that the quark EOS is very stiff, and hence the
resulting energy density jump is small. In Fig. 10, we depict
two hybrid EOSs (constant and density dependent bag),
which are characterized by same value of Gv ¼ 0.25 fm2

and predict the same transition density (the low density
phase is described by the Ska model). For the scenario of
the n-dependent bag pressure we have used the EOS with
the maximum transition density (see Table III). As is
illustrated, the introduction of an n-dependent bag allows
for the desired soft behavior at low baryon density, leading
to a significant density discontinuity. The latter is a direct
consequence of the density dependence, as an extra
negative term appears in the baryon chemical potential.

(a) (b) (c)

(d) (e) (f)

FIG. 7. Mass-radius diagrams for the EOSs constructed with the Skyrme hadronic models and the vector MIT bag quark model with
density dependent bag pressure. The solid black line stands for the original hadronic EOS. The red (grey) lines stand for the EOSs that are
included (excluded) by the observation of theHESS J1731-347 remnant. The contour regions stand for the 95%confidence interval from the
GW170817 event and the estimation for the mass and radius of the HESS J1731-347 remnant in 1σ. The shaded regions correspond
to possible constraints on the maximum mass from the observation of PSR J0348þ 0432 [99], PSR J0740þ 6620 [100], and
PSR J0952-0607 [101]. The toppanels stand for the case ofGv ¼ 0.25 fm2, while for the bottompanelsGv ¼ 0.3 fm3. The hadronicmatter
is described via the Ska EOS [panels (a),(d)], the SkI3 EOS [panels (b),(e)] and the SkI5 EOS [panels (c),(f)].
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In particular, if B is constant then the baryon chemical
potential is given by

μcB ¼ μu þ 2μd ¼
X
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2Fq þm2

q

q
þ 9Gvn; ð14Þ

where the index q denotes the u, d, s quark flavors.
However, if B is density dependent then

μnB ¼
X
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2Fq þm2

q

q
þ9Gvn þ

X
q

∂B
∂nq

: ð15Þ

The first two terms in Eqs. (14) and (15) are identical for a
given baryon density. The latter is fairly simple to understand
since the extra term in Eq. (12) is the same regardless of the
quark flavor. Therefore, the expressions for chemical equi-
librium and charge neutrality [see Eqs. (7) and (8)], which
determine the quark fractions for a given baryon density,
remain identical (either for constant or n-dependent B).

As a consequence, the chemical potential difference for the
two cases results from the bag related term. It is also
straightforward that the latter term is negative. Let us
now consider the two different scenarios depicted in
Fig. 10. At the point of the phase transition it is obvious
that μcBðnQ1

Þ ¼ μnBðnQ2
Þ, where nQ1

and nQ2
stand for the

baryon densities of the two quark models. Since the two first
terms of Eqs. (14) and (15) are identical for a given baryon
density, then it is obvious that nQ2

> nQ1
. Therefore, the

density jump in the n-dependent case is always going to be
wider (for a given transition density).
Despite the softening induced by the introduction of a

density dependent bag pressure, the resulting hybrid EOSs
can support massive compact stars. The reason is twofold.
Firstly, as we discussed, the introduction of an n-dependent
bag allows for a soft EOS behavior at low density even
for larger Gv values (stronger repulsive interaction/larger
speed of sound cs=c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dP=dE
p

). Secondly, the induced
softening vanishes at higher baryon density. The latter effect
manifests through the contribution of the bag related term to
the total speed of sound. In Fig. 11, we depict the afore-
mentioned contribution for the EOS with the maximum

TABLE IV. The maximum transition density in the case of
Gv ¼ 0.3 fm2 and the corresponding transition pressure and
maximum mass configuration.

Model nmax (fm−3) pmax (MeV fm−3) Mmax (M⊙)

Ska 0.259 14.323 2.147
SkI3 0.232 12.854 2.140
SkI5 0.203 10.442 2.145

TABLE III. The maximum transition density in the case of
Gv ¼ 0.25 fm2 and the corresponding transition pressure and
maximum mass configuration.

Model nmax (fm−3) pmax (MeV fm−3) Mmax (M⊙)

Ska 0.285 18.667 2.035
SkI3 0.256 16.761 2.031
SkI5 0.225 13.597 2.036

(a) (b)

FIG. 8. (a) The parametrizations that yield results compatible
with HESS J1731-347 (Gv ¼ 0.25 fm2). The shaded region
corresponds to the stability window of uds quark matter.
(b) The energy density jump vs the critical energy jump for
all of the parametrizations depicted in panel (a).

(a) (b)

FIG. 9. Same as Fig. 8 but for Gv ¼ 0.3 fm2.

FIG. 10. HybridEOSswith a phase transition atntr ¼ 0.285 fm−3.
The solid (dashed) curve denotes the case of a constant (density
dependent) bag.
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transition density in the case of Gv ¼ 0.25 fm2.
Interestingly, around 35% of the squared speed of sound
results from the density dependent bag term in the pressure
function. We need to highlight that the difference between
B0 and Bas plays a crucial role concerning the size of the
contribution. If it is large enough it may lead to violation of
causality. Therefore, one needs to pay special attention
when a density dependent bag model is employed.

C. PSR J0030 + 0451

The NICER constraints on the mass and radius of PSR
J0030þ 0451 have provided an important tool in the quest
of unraveling the nature of dense nuclear matter [102–104].
At this point we wish to examine the compatibility of the
resulting hybrid EOSs, discussed in the previous section,
with the NICER information on PSR J0030þ 0451.
According to the analysis of Miller et al. [102], the
mass and radius of PSR J0030þ 0451 are equal to M ¼
1.44þ0.15

−0.14M⊙ and R ¼ 13.02þ1.24
−1.06 km (in 68% confidence

or 1σ). Notably, a relevant analysis has been conducted in
Ref. [103], providing rather similar results. Considering the
low radius predicted by the constructed hybrid EOSs, we
aim to examine the implications of PSR J0030þ 0451 by
employing the lowest estimation on its radius (in different
confidence levels). In the present study, we employ the
results of Ref. [102], as the predicted lowest possible radius
is slightly larger (compared to the analysis of Ref. [103]),
providing a more challenging constraint on the derived
hybrid EOSs. A similar approach has been previously
employed in Ref. [105], where the authors utilized the mass
and radius of PSR J0030þ 0451 (within 1σ) in order to
impose constraints on the onset of strong phase transitions.
In Fig. 12 we depict the radius of 1.299M⊙ and 1.164M⊙

hybrid stars (in the case of Gv ¼ 0.25 fm2) as a function of

the corresponding transition density. The aforementioned
values correspond to the lowest possible mass of PSR
J0030þ 0451 in 1σ and 2σ, respectively [102]. Figure 13 is
the same as Fig. 12, but for the case where the coupling
constant is taken to be Gv ¼ 0.3 fm2. Our results indicate
that it is very difficult to simultaneously explain PREX-II,
HESS J1731-347, and PSR J0030þ 0451 in the frame-
work of hybrid stars. In particular, none of the constructed
hybrid EOSs satisfies the PSR J0030þ 0451 constraints in
1σ. Note that this result is in agreement with the relevant
analysis conducted in Ref. [105], where the authors
suggested that the mass and radius of PSR J0030þ
0451 disfavor strong phase transitions below ∼1.7n0. We
conclude that, if the estimations of PREX-II, HESS J1731-
347, and PSR J0030þ 0451 are verified, within 1σ, the
scenario of purely hadronic or hybrid stars would be
strongly challenged. As a consequence the scenario of
strange quark stars or the possible admixture of dark matter
in compact stars would be favored. As one can observe in
the bottom panels of Figs. 12 and 13, there are hybrid
configurations that are marginally compatible with the PSR
J0030þ 0451 in 2σ, for all of the possible transition
density values. However, as the transition density increases

FIG. 11. The contribution of the bag related term (in the
pressure function) to the squared speed of sound (in units of
squared speed of light c2) for the hybrid EOS with the largest
possible transition density for Gv ¼ 0.25 fm2.

(a)

(b)

FIG. 12. (a) The radius predicted from the resulting para-
metrizations and the 1σ constraint from NICER. (b) The radius
predicted from the resulting parametrizations and the 2σ con-
straint from NICER. The value of the coupling constant is equal
to Gv ¼ 0.25 fm2.
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the compatibility becomes more marginal. Interestingly, the
analysis of Ref. [105] suggests that the 2σ estimations on
PSR J0030þ 0451 should exclude any phase transition
below ∼1.4n0, which is in contrast with our results.
However, note that the authors of the aforementioned study
considered strong phase transition only for the case of
ΔE ¼ 350 MeV fm−3. According to our analysis the explan-
ation of HESS J1731-347 requires ΔE ≲ 320 MeV fm−3
[seeFigs. 8(b) and 9(b)]. LargerΔE values could beproduced
by considering lower Gv values. However, this would
potentially result in contradiction with the observation of
massive compact stars. Finally, one may argue that since the
radius of hybrid configurations may increase as a function of
themass, then the study of configurations basedon the lowest
mass estimation for the PSR J0030þ 0451 may exclude
EOSs that are in fact viable. However, based on the derived
2D contour on themass-radius plane for PSR J0030þ 0451,
higher mass configurations would have more stringent
radius constraints [see Fig. 7(b) in Ref. [102] ]. Therefore,
the study of higher mass compact stars would not alter the
conclusion that the agreement between our hybrid EOSs and
PSR J0030þ 0451 (in 2σ) is only marginal.

D. PSR J0952-0607

Pulsar PSR J0952-0607, discovered by Bassa et al. [106],
has a frequency of f ¼ 709 Hz, making it the fastest known

spinning pulsar in the disk of the Milky Way. Recently,
Romani et al. [101] reported that PSR J0952-0607 has a
mass of M ¼ 2.35� 0.17M⊙, which is the largest well
measured mass found to date. The existence of such a
massive compact object has triggered the exploration of
possible constraints on the nuclear EOS, and it is likely to
revise many of the theoretical predictions concerning the
basic properties of neutron stars [38,107]. In particular,
the extreme softening induced by a strong phase transition
has important implications on the resulting maximum
mass. According to Ref. [108], the observation of super-
massive pulsars may exclude the possibility of twin star
solutions. However, our results clearly demonstrate that a
strong phase transition is essential for the explanation of the
HESS J1731-347 remnant (assuming a stiff low density

(a)

(b)

FIG. 13. Same as Fig. 12 but for the case of Gv ¼ 0.3 fm2.

(a)

(b)

FIG. 14. The maximum mass as a function the transition
density for each hadronic EOS. The shaded regions correspond
to possible constraints on the maximum mass from the obser-
vation of PSR J0348þ 0432 [99], PSR J0740þ 6620 [100], and
PSR J0952-0607 [101]. Panels (a) and (b) depict the cases where
Gv ¼ 0.25 and Gv ¼ 0.3 fm2.
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phase). Considering the tension between strong phase
transitions and massive compact stars, we aim to examine
the compatibility between the derived hybrid EOSs and the
reported mass of PSR J0952-0607.
In Fig. 14 we depict the maximum mass for all of the

hybrid EOSs that are compatible with the observation of
HESS J1731-347 as a function of the transition density. As
one can observe, the earlier the phase transition, the larger
the corresponding maximum mass. Notably, the observa-
tion of PSR J0952-0607 places very stringent constraints
on the coupling constant. In particular, for Gv ¼ 0.25 fm2

none of the EOSs can support stars with mass above
2.18M⊙. In contrast, for Gv ¼ 0.3 fm2 we find that several
configurations satisfy the aforementioned mass constraint.
Interestingly, the information on PSR J0952-0607 allows
for the imposition of constraints on the transition density. In
particular, considering the softest hadronic model (Ska), the
phase transition has to occur for a baryon density below
∼0.23 fm−3. The latter value reduces as the stiffness of the
hadronic phase increases.
The aforementioned results address the compatibility

between the derived hybrid EOSs and the existence of a
pulsar with M ¼ 2.35� 0.17M⊙, under the assumption
that the massive compact object is static (and hence
spherically symmetric). However, PSR J0952-0607 is
one of the fastest rotating pulsars ever detected. It is
noteworthy that fast rotation may have an effect on the
resulting maximum mass, as the centrifugal force contrib-
utes to the battle against gravity. For the latter reason we
revisit our previous calculation by introducing the effects of
rotation. Specifically, we selected the EOSs which for a
given value of transition density (rounded to two decimals)
predict the maximum possible mass. Then, we constructed
rotating equilibrium stellar models at rotational frequency
f ¼ 709 Hz. In Tables V and VI we report the maximum
mass of compact stars, rotating at 709 Hz, for different
values of the transition density. As shown in Table V the
inclusion of rotation enables the explanation of PSR J0952-
0607 mass even for Gv ¼ 0.25 fm2. However, this holds
only for the softest hadronic model, and the transition

density is constrained below ∼0.2 fm−3. For the case of
Gv ¼ 0.3 fm2, the constructed hybrid EOSs are compatible
with the mass of PSR J0952-0607 for all of the possible
transition density values. Interestingly, the EOS with the
maximum transition (∼1.7n0) density barely satisfies the
PSR J0952-0607 constraints.Note that decreasingGvwould
increase the maximum transition density but it would also
decrease the corresponding maximum mass. In addition,
increasing Gv would increase the maximum mass, but it
would reduce the maximum transition density. Based on the
softest model at hand (Ska), our results indicate that the
existence of HESS J1731-347 and PSR J0952-0607 sug-
gests a strong phase transition below ∼1.7n0.

E. GW190814

In August 2019, the LIGO/Virgo Collaboration reported
the observation of a compact binary coalescence involving
a 22.2 − 24.3M⊙ black hole and a compact object with a
mass of 2.5 − 2.67M⊙ [109]. Notably, the low mass com-
ponent falls into the neutron star–black hole mass gap,
and therefore it resembles either the most massive neutron
star or the lightest black hole ever detected. Subsequently,
the possibility of such a massive neutron star has triggered a
scientific debate concerning the nature of the secondary
component in the GW190814 event.
It is worth mentioning that none of the hybrid EOSs

derived in the present study agrees with the lowest
predicted limit for the mass of the unidentified compact
object in GW190814. However, as we discussed in the
previous section, the consideration of rapid rotation will
increase the maximum possible mass of a neutron star,
compared to a nonrotating one. Considering the extreme
scenario in the softening of the EOS, that is essential for the
explanation of the HESS J1731-347 remnant, we aim to
examine the possibility of explaining the existence of a
2.5 − 2.67M⊙ hybrid star under the assumption of extreme
rotation. In Fig. 15 we depict the mass-radius dependence
of the hybrid EOSs that predict the latest phase transitions
in the cases ofGv ¼ 0.25 and 0.3 fm2. Apart from the static
case, we also include the Keplerian sequence (i.e., stars

TABLE V. The maximum mass of hybrid stars rotating at
709 Hz for different values of the transition density and different
hadronic EOSs. The value of the coupling constant is equal to
Gv ¼ 0.25 fm2. The values of nmax for this case can be found in
Table III. The missing values correspond to the fact that no phase
transition occurs.

Mmax (M⊙)

ntr (fm−3) Ska SkI3 SkI5

0.20 2.190 2.151 2.120
0.24 2.147 2.105
0.28 2.095
nmax 2.076 2.073 2.080

TABLE VI. The maximum mass of hybrid stars rotating at
709 Hz for different values of the transition density and different
hadronic EOSs. The value of the coupling constant is equal to
Gv ¼ 0.3 fm2. The values of nmax for this case can be found in
Table IV. The missing values correspond to the fact that no phase
transition occurs.

Mmax (M⊙)

ntr (fm−3) Ska SkI3 SkI5

0.20 2.276 2.243 2.201
0.22 2.248 2.211
0.24 2.225
nmax 2.194 2.190 2.196
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rotating at the mass shedding limit). For completeness we
also depict the sequence of stars rotating at 709Hz (discussed
in the previous Sec. III D). In the case of Gv ¼ 0.3 fm2, the
consideration of fast rotation yields results that are compat-
ible with the existence of a 2.5 − 2.67M⊙ compact star.
Taking into account that this holds for the EOS with the
lowest maximum mass for Gv ¼ 0.3 fm2, we may conclude
that all the configurations that agree with HESS J1731-347
are also in accordancewith the constraints fromGW190814,
considering the rapid rotation of neutron stars (since higher
maximum mass configurations in static neutron stars lead to
higher maximummass configurations in maximally rotating
ones [110]). However, in the case of Gv ¼ 0.25 fm2 the
sequence of maximally rotating compact stars cannot reach
2.5M⊙. Therefore, it would be necessary to consider con-
figurations with earlier phase transitions in order to explain
the GW190814 event.
One final remark needs to be made concerning the effect

of rotation on the radius difference of twin stars. By
examining the case of rotation at 709 Hz one may safely
deduce that the inclusion of rotational effects may result in
a significantly wider unstable region on the mass-radius
plane and hence a larger radius difference between twin
stars. More precisely, in the case of Gv ¼ 0.25 fm2 the
possible radius difference between the twin configurations
is sufficiently larger compared to the static case. This may
be of particular importance concerning the possibility of
exploiting inertial oscillation modes in order to probe the
hadron-quark phase transition [89]. For instance, it has
been shown that the radius of a compact star has a notable
effect on the so-called r-mode instability window, which
essentially determines the limiting spin frequency for stable
r-mode oscillations [111]. Finally, it is important to com-
ment that as the considered rotational frequency increases,
the sequences of stellar models will eventually terminate on

the hybrid branch of the Keplerian sequence. The latter
implies the possible elimination of stable twin star con-
figurations beyond a value of rotational frequency.
For the numerical integration of the equilibrium equa-

tions we used the publicly available RNS code by
Stergioulas and Friedman [112]; this code is based on
the method developed by Komatsu et al. [113] and
modifications introduced by Cook et al. [114].

IV. CONCLUSION

In the present study we focused on the explanation of the
compact object in the HESS J1731-347 remnant assuming
a stiff low density hadronic EOS, which is favored by the
recent PREX-II experiment. In particular, we considered
three widely employed Skyrme effective interactions, and
we have combined them with a vector MIT bag model in
order obtain a variety of hybrid EOSs. Finally, we inves-
tigated two distinct scenarios concerning the energy density
of the bag. In the first case it was taken to be a constant,
whereas in the second case we adopted a widely used
Gaussian parametrization. It was found that the explanation
of HESS J1731-347 requires a strong phase transition
(which leads to the appearance of a disconnected hybrid
branch) in both cases.
With regard to the scenario of the constant bag param-

eter, we found that the conservative ∼2M⊙ limit for the
maximum mass places stringent constraints on the derived
hybrid EOSs. More precisely, the onset of quark deconfine-
ment for the softest employed hadronic model is restricted
below ∼0.2 fm−3. In addition, stiffening the hadronic phase
shifts the onset of the phase transition to even lower
densities. Considering that a phase transition close to
nuclear saturation density is unrealistic we conclude that
the model of a constant bag pressure gets strongly dis-
favored as the low density phase stiffens.

(a) (b) (c)

FIG. 15. Mass-radius dependence for static and rapidly rotating compact stars constructed with the EOSs that predict the maximum
transition densities (see Tables III and IV). The solid (dashed) curves correspond to the case of Gv ¼ 0.3 fm2 (Gv ¼ 0.25 fm2). The
solid contour region stands for the mass and radius of the HESS J1731-347 remnant in 1σ. The shaded regions correspond to possible
constraints on the maximum mass from the observation of PSR J0348þ 0432 [99], PSR J0740þ 6620 [100], PSR J0952-0607 [101],
and GW190814 [109]. Panels (a), (b) and (c) correspond to the cases where the hadronic matter is modeled via the Ska, SkI3, and SkI5
EOSs, respectively.
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In the case of the density dependent bag parameter we
were able to show that it is possible to explain the
observation of the HESS J1731-347 remnant simultane-
ously with the existence of massive compact stars, even for
larger values of the transition density. The latter derives
from the fact that the introduction of density dependence
modifies the baryon chemical potential in a way that early
and strong phase transitions are allowed for larger values of
the repulsive interaction coupling constant. As a conse-
quence, the quark EOS may exhibit a soft behavior at low
baryon density (allowing for phase transition with large
ΔE) and then stiffen in order to support stable massive
compact stars. The direct effect of a density dependent bag
parameter in the stiffening of the EOS manifests through its
contribution to the total speed of sound.
Apart from the HESS J1371-374 constraints we also

considered the recent analysis for the mass and radius of
PSR J0030þ 0451. We found that it is very difficult to
simultaneously explain the aforementioned observations
within 1σ in the context of purely hadronic or hybrid stars.
As a consequence, the scenarios of purely quark stars or
compact stars that are admixed with dark matter may be
favored. Interestingly, we were able to show that the
derived hybrid EOSs are compatible with PSR J0030þ
0451 in 2σ for all of the possible transition density values.
However, we need to comment that as the transition density
increases the agreement becomes more marginal.
Taking into account the essential extreme EOS softening

that is required for the explanation of the HESS J1731-347
remnant, we also considered the possible limits on the
maximum mass of compact stars based on the observation
of PSR J0952-060 (2.35� 0.17M⊙). We demonstrated that
the explanation of such a massive compact object requires a
sufficiently large value for the coupling constant of the
repulsive interaction. For the largest employedGv value we

showed that the EOS with the maximum transition density
barely reaches 2.18M⊙. Considering that increasing the
coupling constant would result in earlier phase transitions
and also that decreasing it would lower the corresponding
maximum mass we were able to constrain the onset of
quark deconfinement below ∼1.7n0.
Finally, we paid particular attention to the possible

interpretation of the supermassive compact object involved
in the GW190814 event. Considering static stellar con-
figurations, we illustrated that it is not possible to obtain
stable ∼2.5M⊙ compact stars based on the derived hybrid
EOSs. However, the introduction of rapid rotation enabled
the explanation of such a massive compact object. In
particular, our results indicate that HESS J1731-347
and GW190814 are potentially compatible under the
assumption that the unidentified component in the latter
gravitational event is a maximally rotating hybrid star.

Note added. Shortly after the submission of our paper to
the journal, a preprint has appeared that also studies the
properties of hybrid stars in light of recent astronomical
data by considering various configurations for the stiffness
of the EOS [115]. Contrary to our study, which attempts to
provide some insight on the phenomenological parameters
of the quark EOS (interaction, bag parameter), the authors
conduct an alternative analysis based on a constant speed of
sound model.
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