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In the context of the massive secondary object recently observed in the compact-star merger GW 190814, we
investigate the possibility of producing massive neutron stars from a few different equation of state models
that contain exotic degrees of freedom, such as hyperons and quarks. Our work shows that state-of-the-art
relativistic mean-field models can generate massive stars reaching =2.05 Mg,,, while being in good agreement
with gravitational-wave events and x-ray pulsar observations, when quark vector interactions and nonstandard
self-vector interactions are introduced. In particular, we present a new version of the Chiral Mean Field (CMF)
model in which a different quark-deconfinement potential allows for stable stars with a pure quark core. When
rapid rotation is considered, our models generate stellar masses that approach, and in some cases surpass
2.5 Mgy,- We find that in such cases fast rotation does not necessarily suppress exotic degrees of freedom due to
changes in stellar central density, but require a larger amount of baryons than what is allowed in the nonrotating
stars. This is not the case for pure quark stars, which can easily reach 2.5 Mg, and still possess approximately
the same amount of baryons as stable nonrotating stars. We also briefly discuss possible origins for fast rotating
stars with a large amount of baryons and their stability, showing how the event GW190814 can be associated
with a star containing quarks as one of its progenitors.
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I. INTRODUCTION

In the past decade, several massive neutron stars have
been observed, 1.97 & 0.04 Mgy, [1], 2.01 £ 0.04 Mgy, [2],
2.27 £0.17 Mgy, [3], and 2.147939 Mgy, [4], all consistent
with having a mass of ~2.1 Mg,,. While some of these ob-
served neutron stars are rapidly spinning, we note that the
most rapidly known pulsar PSR J1748-2446ad was found to
rotate with a frequency of 716 Hz [5]. Recently, however,
there has been indication of even faster stars, such as one
possibly rotating at 1250 Hz inferred from observations of
narrow pulses in the fast radio burst FRB 181112 [6].

Following the multi-messenger gravitational wave event
GW170817 [7], it was argued that the maximum mass of
neutron stars is likely be bounded by M < 2.3 Mg, [8]. It
has been shown [8] that such an upper bound would allow for
uniformly rotating stars of up to M < 2.8 Mg,,. Recently, the
LIGO/VIRGO collaboration has announced the gravitational
wave event GW190814 [9], which was reported to be the
merger of a 23.27}") Mgy, black hole and a 2.59709% Mgyn
object. The secondary object’s mass falls into the so called
“mass-gap” category, in which stars are considered too light
to be a black hole but too heavy to be a neutron star, the
latter being due to lack of electromagnetic observations, but
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also due to conflicts with our current knowledge of supernova
explosion mechanisms [10]. See Ref. [11] for a recent dis-
cussion on the mass-gap in the context of GW190814, where
the authors state that such objects can be formed, but at very
low rates. See also Ref. [12] for an alternative explanation in
the context of accretion from the circumbinary disk, which is
only possible in the case of large mass companions. In this
case, the fast rotation from the neutron star could be supplied
by the circumbinary accretion disk.

In the case of dynamical exchanges in dense stellar envi-
ronments, the merger rate of neutron stars with black holes
may be significant in young star clusters [13], with the possi-
bility of the lower-mass object being itself a merger remnant
that acquires a black hole companion via dynamical interac-
tions [14]. In the latter case, the high spin of the lower-mass
object would be the distinguishing feature. Unfortunately,
the uninformative spin posterior for the secondary object in
GW190814 provides no evidence for or against this hypoth-
esis [7]. Hopefully, in the near future, this matter could be
settled through the indication or not of a second burst of mass
ejection in similar (mass-wise) mergers [15].

Recently, it was found that nonrotating nucleonic models
can generate massive stars with M ~ 2.5 Mgy, [16-20], even
when allowing for kaon condensation [21], although it was
shown that some of these models are not necessarily com-
patible with constraints obtained from energetic heavy-ion
collisions [22]. Including fast rotation, Ref. [23] demonstrated
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that using a parametrized nucleonic equation of state (EoS),
M > 2.5Mg,, stars can be stable even though, again, this
can create tension with other astrophysical observables [24].
And, although it was shown that rotation can increase the
mass of hybrid stars, in Refs. [25-27] it was found that only
nucleonic rotating stars can reach M > 2.5 Mg,,. In addition,
more recently, Ref. [28,29] concluded that, even when includ-
ing rotation, the presence of hyperons or heavier resonances
in dense matter acts strongly against the interpretation of
GW190814 involving a neutron star.

Following recent advances in the literature showing that
massive neutron stars should contain a quark core [30], in this
work, we investigate the possibility of having exotic degrees
of freedom in rapidly rotating neutron stars. We apply realistic
relativistic models to describe the interior of massive neu-
tron stars as containing hyperons [31] and/or quarks [32,33],
which is possible due to the introduction of different vector
(repulsive) interactions. Although some of these interactions
have already individually been introduced, in this work we
present a more in-depth discussion of their effects. In particu-
lar, we discuss the introduction of quark-vector interactions
and free nonstandard self-vector interactions to the Chiral
Mean Field (CMF) model. These, combined with a different
quark-deconfinement potential, allows for stable stars with
a pure quark core to be described for the first time in this
formalism, which is also able to describe at finite temperature
lattice QCD and heavy-ion collisions data.

Higher-order vector interactions such as w* have been
suggested long ago and first used in Walecka-type mod-
els [34]. For quark matter, this kind of interaction was recently
used in Ref. [35] for the bag model. Quark vector-isoscalar
and vector-isovector couplings have been used in the NJL
model [25,36-42], 2-flavor confining QM (CQM) model [43],
FRG within a quark-meson model [44], quark-meson-nucleon
(QMN) model [45], and bag model [35]. Finally, a 8-quark
interaction has been used in the NJL model [46]. All of these
have been shown to generate more massive neutron-stars than
their respective zero-vector coupling counterparts.

In a second step, we introduce fast rotation effects using
a full general relativity numerical code RNS [47]. In this
way we are able to verify how rotation changes the stars
we generate by allowing them to hold more mass, but at the
same time present a different internal structure. For a detailed
discussion on how uniform and differential rotation changes
the masses and central densities of hybrid stars, see Ref. [48§],
where the authors find massive fast rotating stars with M ~
2.5 Mgy, using a constant speed of sound parametrization with
v, = 0.8 c.

According to Ref. [49], fast rotation larger than 1.1 kHz is
possible, but in this case instabilities related to f-modes and
r-modes have to be somehow suppressed. This can be possi-
ble due to damping caused by mutual friction of superfluid
vortices [50-52], specially in the case of matter with hy-
perons and quarks [53]. Alternatively, instabilities could still
be damped if the temperature stays below a certain rotation
dependent threshold. According to Ref. [54], this mechanism
alone could explain a 2.50-2.67 Mgy, neutron star.

Our goal is to verify to which extent (if any) fast rotation
prevents exotic degrees of freedom from being present in the

massive hybrid stars we obtain. We finalize by discussing
how our results compare to results obtained assuming that fast
rotating massive stars are completely made out of quarks.

II. RESULTS

The intermediate and high density regimes (=2 ng, the
nuclear saturation density) that occupy a significant portion
of the volume inside neutron stars are regions where neither
of the reliable theories of effective field theory for nucleons
at low density or perturbative quantum chromo dynamics
(PQCD) at extremely high density can be directly applied. As
aresult, there are very few options left. One of them is to resort
to some sort of interpolation [55,56] and another is to rely
on relativistic mean-field effective models. In this work, we
make use of the latter, which unlike the former, can provide a
particle population and, therefore, can be tested in dynamical
stellar simulations of, for example, stellar cooling.

A. The CMF model

In this subsection, we focus on the CMF model. We briefly
describe its formalism and present three modifications that
allow it to describe for the first time stable hybrid stars with
a pure quark core. The CMF model is based on a nonlinear
realization of the SU(3) sigma model and is constructed in
such a way that chiral invariance is restored at large tem-
peratures and/or densities. In its present version, it contains
hadronic, as well as quark degrees of freedom.' The masses
of the baryons and quarks are generated by the medium and
are also coupled to a field ®, which acts as an order parameter
for deconfinement:

My = gpoo + gpsT38 + 85 ¢ + Mo, + gpo D2,
M; = 84qc0 + gq8T38 + gq;“; +M0q + gq@(l -®). (1)

In this way, at low densities (and or temperatures) the quarks
are too massive to appear, while at large densities (and or
temperatures) the baryons become too massive and disappear.
At zero temperature, ¢ jumps from 0 —~ 1 across the phase
transition. The scalar mesons o, & (isovector), and ¢ (with
closed strangeness), and the vector mesons w, p (isovec-
tor), and ¢ (with closed strangeness) mediate the interactions
between the baryons and quarks. The mesons are taken as
classical fields within the mean-field approximation [59]. See
Ref. [60] for a complete list of couplings g and bare masses
M.
The Lagrangian density of the model:

L = Lxin + Lint + Lseit + Lsg — U, (2)

contains a kinetic term for the baryons, quark, leptons, and
mesons, an interaction term between baryons and or quarks
mediated by the mesons, a self-interaction term for the
mesons, a symmetry-breaking term responsible for producing

Note that an alternative version of the CMF model includes in
addition the chiral partners of the baryons and gives the baryons a
finite size [57,58].
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the masses of the pseudoscalar mesons, and a potential for the
deconfinement order parameter ®:

U= (ClaT4 +ayuy + azTZM%;) ®?
+a;T;) In(1 — 6% + 8% — 30%), 3)

which depends on temperature 7 and baryon chemical po-
tential pp. For details on the other U terms and values for
the couplings a, please see Ref. [60]. The chemical potential
dependency in U (still present even at zero temperature) was
introduced motivated by the discussions in Ref. [61].

The CMF model was fitted to reproduce low and high-
energy nuclear and lattice QCD constraints [62], such as the
deconfinement crossover transition expected to take place at
very large temperatures, as well as tested in stellar merger [63]
and cooling simulations [64]. For a detailed description of
how this formalism can be applied to describe neutron and
proto-neutron stars, while being in agreement with perturba-
tive QCD results for the relevant regime, see Ref. [60,65].

More recently, we have introduced a new free parame-
ter in the meson self-interaction term of the pure hadronic
CMF model [66], a vector-isovector coupling proportional to
w?p?. It was shown that this kind of term, first introduced in
Ref. [67] to improve agreement with neutron skin data, allows
us to describe a more soft EoS at low/intermediate densities
and, as a consequence, reproduce stars with smaller radius and
lower tidal deformability (with practically unchanged mass),
in addition to being in better agreement with Effective Field
Theory results for low densities [68]. We set our normalized
wp coupling strength here to 11.34 to generate tidal deforma-
bilities A < 730, in agreement with results obtained from the
binary neutron-star merger GW170817 [69]. The p coupling
constant is then refit to reproduce the same symmetry energy
at saturation (as the original CMF parametrization), gy, =
4.41, although it generates now a lower symmetry energy
slope L =75 MeV in better agreement with data (for a dis-
cussion on the symmetry energy see Ref. [70] and references
therein).

Our results for the CMF model at zero temperature un-
der charge neutrality and chemical equilibrium with the wp
interaction are shown (for the first time with deconfinement
to quark matter) in the top panel of Fig. 1 as a function
of baryon number density. When compared to the original
CMF parametrization (not shown here), this one generates
matter which is more soft symmetry energy, meaning a lower
energy cost to produce neutrons and, therefore, a larger
neutron-to-proton ratio, less leptons and hyperons. Note that,
alternatively, varying the scalar-isoscalar coupling strength
would produce a similar outcome [71], although this change is
not allowed in chiral models (such as ours), in which the scalar
sector is fixed to generate the vacuum masses of hadrons.

The wp interaction also reproduces a slightly later (with
respect to baryon chemical potential or density) deconfine-
ment phase transition. The quark phase stays unchanged, as
the quarks do not couple in the isovector channel. The delay
of the phase transition has to do with a lower pressure versus
energy density (softer EoS) at low/intermediate densities but
that corresponds to a stiffer pressure versus baryon chemical
potential in the hadronic phase when the wp interaction is

deconfinement
M>BTECnACS

deconfinement

02 04 06 08 1
n [fm'3]

FIG. 1. Particle population within the CMF model with quarks
as a function of baryon number density. The shaded region covers
the jump in density generated by the first-order phase transition to
deconfined quark matter. Quark number densities were divided by 3.
The top panel shows the original parametrization with an additional
wp interaction. The bottom panel shows the effects of a modified U
potential and a finite quark vector-meson coupling. In both cases we
keep w* = 0® = 0.

included. The gray lines in Fig. 2 illustrate how the stellar
radius is modified by varying the wp interaction (shown for
hadronic matter only).

But, as a consequence of the large jump in baryon density
across the deconfinement phase transition shown in the top
panel of Fig. 1, stars with pure quark matter inside (that have
reached the threshold for deconfinement to quark matter to
take place) are not stable. Of course, this is not the case if we
allow for a mixture of phases to exist, which can turn hybrid
stars stable [65], but this is not the topic of the present work.

In this work, we present three additional modifications to
the CMF model, all of which will allow to describe massive
hybrid stars with a pure quark core. They are:

(1) A change in the deconfinement order parameter poten-
tial U, which now has a weaker quadratic dependence
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22 TABLE I. For each different set of high-order vector self inter-
actions, we show the maximum allowed stellar mass M of the static
20 stellar sequence, its central density 7, (in units of saturation number
’ density ny = 0.15 fm™>), its central speed of sound squared v2, and
the radius R and tidal deformability A for a M = 1.4 Mg,, star. The
1.8 top rows show results for hadronic (only) matter and the bottom
—_ when allowing for a phase transition to deconfined quark matter. The
EU:; L6 results marked by an asterisk reproduce a late (very high density)

s . phase transition to quark matter.

- (u4: =0
L4 _ 36:8 Interactions M(Msu,) n.(ngy) vf R; 4 (km) Aig
- 0)4: 0)6;& 0 with quarks Hadrons Qn]y
1.2+ _— (,)4¢0 with quarks 0)4 = 0)6 =0 2.00 6.5 0.47 13.4 711
- "0 with quarks o #0 2.08 6.5 0.57 13.5 730
1.0 : : : : : : % #0 2.07 6.8 0.96 135 722
11 115 12 %s[km] 13 13.5 14 “Zith quﬁarks

o*=0"=0 1.99 6.9 0.60 13.4 711
FIG. 2. Static mass-radius diagram for several CMF model equa- o' #0 2.02 6.0 0.53 13.5 730
tions of state (shown until the maximum mass only). Green curves ot #0x 2.07 6.3 0.56 135 730
present a first-order phase transition to deconfined quark matter. The ® #0 2.03 6.6 0.61 13.5 722
grey lines show the results of varying the wp vector-isovector self @ #0 % 2.07 6.7 0.61 13.5 722

interaction coupling strength from 0 — 62 for hadronic matter.

on the pure chemical potential part au3®?, instead
of the quartic one in Eq. (3), with ] = —2867.5. This
change requires an adjustment of the @ coupling in the
effective mass of the particles in Eq. (1) to g4o = 450
and gge = 1350 MeV. As a consequence, the decon-
finement first-order phase transition becomes much
weaker, generating a much smaller jump in density.
This can be verified when comparing both panels in
Fig. 1. Note that the bottom panel of Fig. 1 and all fol-
lowing particle population figures shown in this work
will extend only to density ranges that go just a little
bit beyond the maximum density reached in maximum
mass static stars. As & is zero in the hadronic phase at
zero temperature, the changes we discussed in U and
® couplings affect only the quark phase.

(2) A change in the quark couplings in the interaction
term of the Lagrangian density (which contains the
effective masses M*). We have decreased g,, and
84 to —5 and, for the first time within the CMF
model, added a nonzero vector-quark interaction with
coupling g4, = 11. Together, these changes allow for
massive stable stars with a pure quark core. We show
in the full lines of Fig. 2 the mass-radius diagram for
the population showed in the bottom panel of Fig. 1,
also including a Baym, Pethick, and Sutherland (BPS)
prescription for the crust [72]. In Fig. 2 we also show
using a different color (navy blue) equations of state in
which the quarks were artificially suppressed. In this
case, as expected, larger stellar masses are achieved.
In any case, this parametrization generates stars with
masses up to 2 Mg, Table I illustrates some properties
for the maximum-mass star and 1.4 Mg,, star of each
sequence.

(3) A new free parameter in the meson self-interaction

term in the Lagrangian. We add either a w* or a °
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higher-order vector isovector interaction as a way to
take the Dirac sea into account without resorting to
a more complex relativistic Hartree or Hartree-Fock
approximation [73,74]. These terms allow us to repro-
duce a stiffer EoS and generate more massive neutron
stars (see Fig. 2). In particular, the »* interaction
modifies the equation of state at all densities. As a con-
sequence, we modified our original couplings gy, =
11.91 and g4 = 45.20 to reproduce the original satura-
tion properties, especially being careful not to increase
the nuclear compressibility, which in turn constrained
it to be larger than our chosen value of g+ = —4.7.
We changed in this case some quark-related couplings
to be g, =8, a] = —2738, g,o =500, and ggo =
1500 MeV, to warrant stellar stability. We also consider
in this work a later (in baryon density or chemical
potential) phase transition to quark matter by changing
further g, = 8.9 and a| = —2730.6. This allows us
to reproduce even more massive stars, not shown in
Fig. 2 because they mimic pure hadronic stars. These
late-transition configurations are marked by an asterisk
in Table I and also shown in the thin lines in top panel
of Fig. 3. The thick lines in this panel show a case that
presents an earlier phase transition. Note that the w*
interaction allows for the first time for strange quarks
to exist inside massive stars in this formalism, appear-
ing in a larger amount in the earlier transition case. It
is interesting to note that the w* coupling increases the
tidal deformability of M = 1.4 Mg, stars, as well as
the central speed of sound of pure hadronic stars, but
actually decreases the speed of sound of hybrid stars
(see Table I).

When we add a »® higher-order vector isovector
interaction (instead of the w* one), the results differ.
This term reproduces a stiffer EoS mainly at large
densities. As a consequence, once more we modified
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FIG. 3. Same as the bottom panel of Fig. 1 but with different
high order vector self interaction w* # 0 (top panel) and w® # 0
(bottom panel). The thick lines show a parametrization for quark
matter that gives rise to an early deconfinement, while the thin lines
show a parametrization for quark matter that gives rise to a late
deconfinement to quark matter.

our original coupling to g4 = 39.10 to reproduce the
original saturation properties. But, now, our value of
8.6 = —0.00038 MeV 2 is chosen to control the speed
of sound not to approach the speed of light value too
fast with increasing density.> We changed in this case
some couplings to g,, = 14.5, aj = —2867.5, g0 =
500, and gge = 1500 MeV, to warrant stellar stabil-
ity. We again consider a later (in density or chemical
potential) phase transition to quark matter by chang-
ing further g,, = 36 and a} = —2932.25. This allows
us again to reproduce even more massive stars, with

ZNote that the speed of light as a boundary for the speed of sound
is not guaranteed in relativistic models when vector interactions are
added [75]. Usually, this is not a problem, due to the presence of
scalar interactions with opposite behavior. This is no longer the case
for large densities when the w® self-vector interaction is introduced.

configurations marked by an asterisk in Table I and
also shown in the thin lines in the bottom panel of
Fig. 3. The thick lines in this panel show the earlier
phase transition. In either case, with the w® higher-
order vector interaction we reproduce stars with more
hyperons but no strange quarks.

We generate sequences of rapidly rotating neutron stars
using the RNS code [47], which computes rotating perfect
fluid equilibria by numerically fully solving the Einstein equa-
tions. Fig. 4 shows how neutron-star gravitational masses
increase with increasing rotational frequency within the CMF
model for the two most massive cases shown in Table I,
including a late phase transition to quark matter and either
a w* (top panel) or w® (bottom panel) higher-order self-vector
coupling. More specifically, the color code shows angular
momentum in units of square mass. Considering for exam-
ple the most massive static star in either panel of Fig. 4,
an increase in angular momentum at fixed baryon number
follows the diagonal almost horizontal line, whose effect is
to decrease considerably stellar central density, to the point
of excluding quarks (both panels) and even hyperons (in the
top panel only), when crossing the black threshold vertical
lines.

In reality, a fast rotating star does not have to have a static
counterpart with the same amount of baryons. In this case
however, the star will necessarily collapse to a black hole
as it spins down past a given threshold, unless something
changes its fate, as for example the merger with another
star. Still in this case, the merger of a heavy neutron star
with another compact star will result in a black hole, but
not before emitting gravitational waves that could be detected
here on Earth. This might have been the case of GW190814.
As seen in the upper-right corner of both panels in Fig. 4,
stars with about 0.4 Mg,, extra baryon mass (than the static
maximum mass) can have masses ~2.5 Mgy, and still contain
exotic degrees of freedom, namely hyperons and some quark
matter.

But not all the configurations shown in Fig. 4 are sta-
ble. According to the turning-point criterion for secular
stability [76], moving along a sequence of constant angular
momentum, we must find a maximum given by dM/dn. These
points are marked by dots, forming the black dotted line in
Fig. 4. To the right of this line, uniformly rotating configura-
tions are unstable with respect to axisymmetric perturbations.
In the case of the w* self interaction shown in the top panel,
there are stable configurations with a considerable amount of
quark matter rotating at the maximum allowed frequency and
reproducing ~2.5 Mg,,. However, in the case of the ® self
interaction shown in the bottom panel of Fig. 4, stable config-
urations have an insignificant amount of quark matter when
rotating at the maximum allowed frequency and, therefore, in
this case ~2.5 Mg,, stars would only contain exotic matter
made out of hyperons.

For completeness, we report the characteristics of the most
massive maximally spinning configuration in the first two
lines of Table II. We note that the maximum mass of the most
rapidly spinning hybrid star of the CMF models is about 1.18
times larger than the mass of the most massive nonspinning
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FIG. 4. Mass-central density diagram for rotating stars repro-
duced by the CMF model allowing for a late deconfinement to
quark matter. The rotational frequency increases vertically and the
(almost) horizontal lines denote constant baryon number and are
spaced 0.1 Mg,, apart. The top panel shows results for the w* # 0
and the bottom panel for the w® # O case. The onset of hyperons
and quarks is denoted by labeled vertical black lines. The color code
shows angular momentum in units of M>. The black dotted lines
show the turning-point criterion for stability.

star. This is fully in line with universal relations for hadronic
stars [77] but less than what has previously been reported for
certain first-order phase transition models [48].

B. Comparison with other models

For comparison, we also show how vector interactions in
the quark EoS can generate massive stars within different
models. Note that all of these, including the CMF model,
fulfill tidal deformability constraints from Ref. [69] and recent
NICER x-ray pulsar radius constraints from Refs. [78,79].
We start with a model combination, matching the relativistic
Many-Body Forces (MBF) model [80] which describes the
interaction of baryons considering higher-order scalar self-

TABLE II. Gravitational mass M, rotational frequency f, and
central stellar density n. for the most massive maximally spinning
configuration involved.

EoS model M Mgyn) f (kHz) n. (ng)
CMF o* # 0 H4+Q = 2.474 1.38 0.88
CMF w° # 0 H4Q = 2.455 1.39 0.89
MBF + vBag 2.587 1.34 0.81
vBag 3.189 1.58 0.71

couplings interpreted as many-body forces (parameter ¢ =
0.04), with a vector-enhanced Bag (vBag) model. We once
more add a BPS crust [72] to the EoS. The MBF model
used here contains wp contributions (coupling strength of
40), following the same motivation as for the CMF model.
The hybrid stars are constructed in this case via a Maxwell
construction leading to a quark phase in which the higher-
order vector self interaction w* term is also included with
strength 23 (for the first time in this formalism), while the Bag
constant is B = 77 MeV fm~3 and the quark vector coupling
is ap = 3 fm? [81,82].

The respective particle population is shown in the top panel
of Fig. 5. Due to the early deconfinement to quark matter,
only the Lambda hyperons appear in the hadronic phase. In
the quark phase, the amount of strange quarks increases with
density. The stellar masses and radii generated by this hybrid
EoS are shown in Fig. 6 and Table III, where we also show the
pure MBF hadronic version for comparison.

In a completely different approach, we describe pure
quark stars using the vector interaction enhanced bag model
(vBag) [83], which is parametrized to reproduce absolutely
stable strange matter [84] with a bag constant B = 59 MeV
fm~ and quark vector coupling K, = 70 fm?. It is further
worth mentioning that the main difference between vBag and
standard Nambu-Jona-Lasinio (NJL) models in the chirally
restored phase is the value of the effective vacuum bag con-
stant, which due to confinement is expected to be smaller in
bag type models and, hence, more likely in support of the
strange matter hypothesis [83]. As can be seen in Fig. 6 and
Table III, vector repulsion is essential and sufficient to model
high-mass pure quark stars. The respective particle population
is shown in the bottom panel of Fig. 5. At low densities, matter
is more isospin asymmetric and there are no strange quarks.
At large densities, there is about the same number of each
quark.

Figure 7 shows the impact of rotation effects on the
two additional models discussed above. The largest possi-
ble gravitational mass found for stars increases again with
increasing rotational frequency, easily achieving and going
above 2.5Mg,,. Once more, for the combined model, an
increase in rotation at fixed (or small increase in) baryon num-
ber decreases the stellar central density, suppressing quark
but not hyperonic degrees of freedom. This is not the case
again for stars that rotate fast but possess a large amount
of baryons (than what is allowed in the static case). Once
more, the upper-right corner of the top panel of Fig. 7 shows
that stars with about 0.4 Mg,, extra baryon mass (than the
static maximum mass) can have masses ~2.6 Mg,, and still
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FIG. 6. Static mass-radius diagram for different equation of state
models (shown until the maximum mass only).

TABLE III. Same as Table I but for other equation of state models.

Interactions MMgw)  n.(ng) v? Ris (km) A
MBF 2.14 5.8 0.51 13.6 823
MBF + vBag 2.14 5.8 0.40 13.6 823
vBag 2.26 5.8 0.47 11.1 144

contain exotic degrees of freedom, namely hyperons and
quarks.

In this case, the stability criterion does not exclude any
kind of exotic degrees of freedom due to the very early setup
of deconfinement, although the total amount of strangeness
is reduced by allowing for a lower amount of s quarks. The
characteristics of the most massive maximally spinning con-
figuration are shown for this combination in the third line of
Table II.

Only in the pure quark model, are the quarks never
suppressed when fast rotation is included, irrespective of
the increase or lack of increase in baryon number when
compared to the static solution. But, in particular, an increase
in mass at fixed baryonic number (the maximum static one),
which decreases the stellar central density from ng = 0.9 —
0.4 fm 3, modifies the particle composition by replacing some
of the strange quarks by down quarks, decreasing the total
stellar strangeness content. But this model also predicts much
more massive fast rotating stars that possess ~1 Mgy, of extra
baryon mass (than the static maximum mass). The character-
istics of this most massive maximally spinning configuration
are shown in the fourth line of Table II. Note that all frequency
limits in this table are within the range predicted by Ref. [10],
which used universal relations to generate rapidly rotating
massive stars.

III. CONCLUSIONS AND DISCUSSIONS

We have presented in this work an extension of the Chiral
Mean Field (CMF) hadronic and quark relativistic mean-
field model that contains new vector interactions. This model
stands out, as it was formulated to be applicable in different
regimes, including hot temperatures produced in relativistic
heavy-ion collisions and intermediate temperatures produced
in neutron-star mergers and supernova explosions. The nov-
elty lies in the vector interactions included showing for the
first time the particle population changes caused by the wp
self-vector interaction, together with new terms for the quark-
meson interaction, and w* and w® self-vector interactions.
We have also modified the deconfinement order parameter
potential U to generate hybrid stars with a stable pure quark
core, without the need of generating mixtures of phases (as
the standard CMF parametrization). Although it has been
shown that strong vector interactions are not favored by lattice
QCD [85,86], those calculations are performed in the large
temperature, low density limit and do not necessarily extrap-
olate to our low temperature, high density regime.

We have also made comparisons with other two relativis-
tic descriptions, the Many-Body Forces (MBF) model [80],
which describes the interaction of baryons considering
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are the same as Fig. 4.

higher-order scalar self-couplings interpreted as many-body
forces, combined with a vector-enhanced Bag (vBag) model
for the quarks and the vector interaction enhanced bag (vBag)
model alone. We demonstrated that in all cases vector inter-
actions can increase the maximum mass of stable nonrotating
hybrid stars to ~ 2.1 Mgy,, but at the same time not creating
conflict with other observations of for example neutron star
radii and tidal deformabilities. This is because the vector inter-
actions stiffen the equation of state of nuclear matter mainly at
intermediate and large densities (or chemical potentials) and
we combined it with a wp interaction that tends to soften the
EoS at low and intermediate densities.

For each equation of state, we have calculated using a
full general-relativity numerical code the parameter space of
rapidly rotating neutron stars up to break-up frequencies of ~
1.5kHz. We found that even when rotating this fast, both hy-
brid EoSs still can reproduce stars that contain quark degrees
of freedom with masses ~ 2.5 Mg, (for some parametriza-

tions), but only if they possess considerably more baryons
than what is allowed for static stars. In this case, they cannot
survive as neutron stars as they spin down and must, eventu-
ally, collapse to black holes. Such rapidly rotating short lived
neutron stars could be formed, for example, through low-mass
binary neutron star mergers [87].

But, no matter the initial stellar mass and baryon num-
ber, as they spin down at fixed baryon number, their central
densities increase and (unless their masses are too small)
surpass the threshold for deconfinement. This kind of event
might have interesting observables related to, for example,
oscillations [88,89] and ejecta [90]. Note that several works
in the literature have already investigated how the appearance
of quarks in supernova events can trigger the explosion of
massive stars [91-93], but much more work is needed to fully
understand this scenario for different gravitational and also
different baryon masses. Work on this topic using the CMF
model is in progress.

The comparison with the pure quark model is a little
bit more interesting, as in this case quarks are obviously
present in all possible rotating configurations. Nevertheless,
it is interesting that this EoS also allows ~2.5Mg,, stars
to have approximately the same amount of baryons as non-
spinning solutions. This means that such stars could spin
down without collapsing to a black hole. Of course, this
feature is related to the larger freedom in modeling quark
models, which do not have to reproduce nuclear saturation
properties.

We highlight the importance of studying the effects of
rotation on stars that contain exotic matter as a way to learn
about dense matter and, more specific, nuclear interactions.
For example, different self-coupling vector interactions that
reproduce about the same static maximum mass stars behave
differently under fast rotation, only in one of the cases (that
generates stiffer equations of state at all densities) it allows
for sizable stable hybrid stars with pure quark cores rotating
at the limiting frequencies. In addition, the pure quark model
that generates about the about the same static maximum stellar
mass (as the hybrid models) generates much more massive
stars with a much larger baryon number and much larger
angular momenta when rotating at limiting frequencies. Nev-
ertheless, all models presented a decrease in strangeness for
stars that rotate faster.

We finally comment on the implications of our work for
a hypothetical neutron star origin of the secondary object
in GW190814. We have shown that rapid rotation can in-
crease the maximally allowed mass of rotating hybrid stars
to >~ 2.5 Mg,,. This indicates that, with further refinement of
the models, having hyperons and deconfined quarks is not at
odds with supporting a massive neutron star, while also not
being in conflict with other recent astrophysical observations
of stellar radius and tidal deformability. This type of analysis
allows us to learn more about the attractive and repulsive
components of strongly interacting matter in a regime other-
wise not accessible. Furthermore, we find that even a slowly
rotating pure quark star could explain a non-black hole mas-
sive secondary object. This is a feature that is beyond the
mass range comfortably attainable with realistic hybrid-star
models.
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Note that around and after our work appeared online, other
works showed that hybrid stars could explain the secondary
object in GW190814 using alternatively a holographic de-
scription for quark matter [94] or large constant speed of
sound description with vg = ¢ [95], that pure quark stars could
explain it through the two-flavor hypothesis [43], using large
CFL gaps A > 200 MeV [96], or invoking electric charge
separation [97], or finally that there is another two-family
approach to the problem [98].

ACKNOWLEDGMENTS

We thank Agnieszka Sorensen for useful discussions.
Support for this research comes from the National Sci-
ence Foundation under Grant No. PHY-1748621 and
PHAROS (COST Action CA16214). S.H. acknowledges
support from the National Science Foundation, Grant
No. PHY-1630782, and the Heising-Simons Foundation,
Grant No. 2017-228.

[1] P. Demorest, T. Pennucci, S. Ransom, M. Roberts, and J.
Hessels, Nature 467, 1081 (2010).

[2] J. Antoniadis et al., Science 340, 6131 (2013).

[3] M. Linares, T. Shahbaz, and J. Casares, Astrophys. J. 859, 54
(2018).

[4] H. T. Cromartie, E. Fonseca, S. M. Ransom, P. B. Demorest,
Z. Arzoumanian, H. Blumer, P. R. Brook, M. E. DeCesar, T.
Dolch, J. A. Ellis, R. D. Ferdman, E. C. Ferrara, N. Garver-
Daniels, P. A. Gentile, M. L. Jones, M. T. Lam, D. R. Lorimer,
R. S. Lynch, M. A. McLaughlin, C. Ng, D. J. Nice, T. T.
Pennucci, R. Spiewak, I. H. Stairs, K. Stovall, J. K. Swiggum,
and W. W. Zhu, Nat. Astron. 4, 72 (2020).

[5] J. W. Hessels, S. M. Ransom, I. H. Stairs, P. C. C. Freire, V. M.
Kaspi, and F. Camilo, Science 311, 1901 (2006).

[6] S. Yamasaki, T. Totani, and K. Kiuchi
arXiv:2010.07796.

[7] B. P. Abbott et al. (LIGO Scientific Collaboration and

(2020,

Virgo Collaboration), Phys. Rev. Lett. 119, 161101
(2017).

[8] L. Rezzolla, E. R. Most, and L. R. Weih, Astrophys. J. Lett. 852,
L25 (2018).

[9] R. Abbott et al. (LIGO Scientific, Virgo), Astrophys. J. 896,
L44 (2020).

[10] C. L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik,
V. Kalogera, and D. E. Holz, Astrophys. J. 749, 91 (2012).

[11] M. Zevin, M. Spera, C. P. Berry, and V. Kalogera, Astrophys. J.
Lett. 899, L1 (2020).

[12] M. Safarzadeh and A. Loeb, Astrophys. J. Lett. 899, L15
(2020).

[13] B. M. Ziosi, M. Mapelli, M. Branchesi, and G. Tormen, Mon.
Not. R. Astron. Soc. 441, 3703 (2014).

[14] A. Gupta, D. Gerosa, K. G. Arun, E. Berti, W. M. Farr, and B. S.
Sathyaprakash, Phys. Rev. D 101, 103036 (2020).

[15] E. R. Most, L. J. Papenfort, S. Tootle, and L. Rezzolla (2020),
arXiv:2012.03896.

[16] H. Tan, J. Noronha-Hostler, and N. Yunes, Phys. Rev. Lett. 125,
261104 (2020).

[17] A. Tsokaros, M. Ruiz, and S. L. Shapiro, APJ 905, 48, (2020).

[18] Y. Lim, A. Bhattacharya, J. W. Holt, and D. Pati (2020),
arXiv:2007.06526.

[19] K. Huang, J. Hu, Y. Zhang, and H. Shen, Astrophys. J. 904, 39
(2020).

[20] I. A. Rather, A. A. Usmani, and S. K. Patra (2020),
arXiv:2011.14077.

[21] V. B. Thapa and M. Sinha, Phys. Rev. D 102, 123007 (2020).

[22] F. Fattoyev, C. Horowitz, J. Piekarewicz, and B. Reed, Phys.
Rev. C 102, 065805 (2020).

[23] N.-B. Zhang and B.-A. Li, Astrophys. J. 902, 38 (2020).

[24] 1. Tews, P. T. Pang, T. Dietrich, M. W. Coughlin, S. Antier,
M. Bulla, J. Heinzel, and L. Issa, Astrophys. J. Lett. 908, L1
(2021).

[25] M. Shahrbaf, D. Blaschke, A. G. Grunfeld, and H. R. Moshfegh,
Phys. Rev. C 101, 025807 (2020).

[26] S. K. Dhiman, R. Kumar, and B. K. Agrawal, Phys. Rev. C 76,
045801 (2007).

[27] R. Riahi and S. Zafarollah Kalantari, Int. J. Mod. Phys. D 30,
2150001 (2021).

[28] A. Sedrakian, F. Weber, and J. J. Li, Phys. Rev. D 102, 041301
(2020).

[29] J.J. Li, A. Sedrakian, and F. Weber, Phys. Lett. B 810, 135812
(2020).

[30] E. Annala, T. Gorda, A. Kurkela, J. Nittild, and A. Vuorinen,
Nat. Phys. 16, 907 (2020).

[31] N. Glendenning, Phys. Lett. B 114, 392 (1982).

[32] N. Itoh, Prog. Theor. Phys. 44, 291 (1970).

[33] N. K. Glendenning, Phys. Rev. D 46, 1274 (1992).

[34] A.Bodmer, Nucl. Phys. A 526, 703 (1991).

[35] L. L. Lopes, C. Biesdorf, and D. P. Menezes (2020),
arXiv:2005.13136.

[36] G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song, and
T. Takatsuka, Rept. Prog. Phys. 81, 056902 (2018).

[37] R. C. Pereira, P. Costa, and C. Providéncia, Phys. Rev. D 94,
094001 (2016).

[38] X. Wu, A. Ohnishi, and H. Shen, Phys. Rev. C 98, 065801
(2018).

[39] G. Malfatti, M. G. Orsaria, G. A. Contrera, F. Weber,
and I. F. Ranea-Sandoval, Phys. Rev. C 100, 015803
(2019).

[40] L. L. Lopes and D. P. Menezes (2020), arXiv:2004.07909.

[41] M. Ferreira, R. C. Pereira, and C. Providéncia, Phys. Rev. D
101, 123030 (2020).

[42] G. Alaverdyan, Symmetry 13, 124 (2021).

[43] Z. Cao, L.-W. Chen, P-C. Chu, and Y. Zhou (2020),
arXiv:2009.00942.

[44] K. Otto, M. Oertel, and B.-J. Schaefer, Eur. Phys. J. Spec. Top.
229, 3629 (2020).

[45] M. Marczenko, D. Blaschke, K. Redlich, and C. Sasaki, Astron.
Astrophys. 643, A82 (2020).

[46] S. Benic, D. Blaschke, D. E. Alvarez-Castillo, T. Fischer, and
S. Typel, Astron. Astrophys. 577, A40 (2015).

[47] N. Stergioulas and J. L. Friedman, Astrophys. J. 444, 306
(1995).

[48] G. Bozzola, P. L. Espino, C. D. Lewin, and V. Paschalidis, Eur.
Phys. J. A 55, 149 (2019).

[49] B. Biswas, R. Nandi, P. Char, S. Bose, and N. Stergioulas
(2020), arXiv:2010.02090.

025808-9


https://doi.org/10.1038/nature09466
https://doi.org/10.1126/science.1233232
https://doi.org/10.3847/1538-4357/aabde6
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1126/science.1123430
http://arxiv.org/abs/arXiv:2010.07796
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3847/2041-8213/aaa401
https://doi.org/10.3847/2041-8213/ab960f
https://doi.org/10.1088/0004-637X/749/1/91
https://doi.org/10.3847/2041-8213/aba74e
https://doi.org/10.3847/2041-8213/aba9df
https://doi.org/10.1093/mnras/stu824
https://doi.org/10.1103/PhysRevD.101.103036
http://arxiv.org/abs/arXiv:2012.03896
https://doi.org/10.1103/PhysRevLett.125.261104
https://doi.org/10.3847/1538-4357/abc421
http://arxiv.org/abs/arXiv:2007.06526
https://doi.org/10.3847/1538-4357/abbb37
http://arxiv.org/abs/arXiv:2011.14077
https://doi.org/10.1103/PhysRevD.102.123007
https://doi.org/10.1103/PhysRevC.102.065805
https://doi.org/10.3847/1538-4357/abb470
https://doi.org/10.3847/2041-8213/abdaae
https://doi.org/10.1103/PhysRevC.101.025807
https://doi.org/10.1103/PhysRevC.76.045801
https://doi.org/10.1142/S0218271821500012
https://doi.org/10.1103/PhysRevD.102.041301
https://doi.org/10.1016/j.physletb.2020.135812
https://doi.org/10.1038/s41567-020-0914-9
https://doi.org/10.1016/0370-2693(82)90078-8
https://doi.org/10.1143/PTP.44.291
https://doi.org/10.1103/PhysRevD.46.1274
https://doi.org/10.1016/0375-9474(91)90439-D
http://arxiv.org/abs/arXiv:2005.13136
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1103/PhysRevD.94.094001
https://doi.org/10.1103/PhysRevC.98.065801
https://doi.org/10.1103/PhysRevC.100.015803
http://arxiv.org/abs/arXiv:2004.07909
https://doi.org/10.1103/PhysRevD.101.123030
https://doi.org/10.3390/sym13010124
http://arxiv.org/abs/arXiv:2009.00942
https://doi.org/10.1140/epjst/e2020-000155-y
https://doi.org/10.1051/0004-6361/202038211
https://doi.org/10.1051/0004-6361/201425318
https://doi.org/10.1086/175605
https://doi.org/10.1140/epja/i2019-12831-2
http://arxiv.org/abs/arXiv:2010.02090

V. DEXHEIMER et al.

PHYSICAL REVIEW C 103, 025808 (2021)

[50] L. Lindblom and G. Mendell, Phys. Rev. D 61, 104003 (2000).

[51] E. Gaertig, K. Glampedakis, K. D. Kokkotas, and B. Zink, Phys.
Rev. Lett. 107, 101102 (2011).

[52] B. Haskell, N. Andersson, and A. Passamonti, Mon. Not. R.
Astron. Soc. 397, 1464 (2009).

[53] M. Nayyar and B. J. Owen, Phys. Rev. D 73, 084001 (2006).

[54] X. Zhou, A. Li, and B.-A. Li (2020), arXiv:2011.11934.

[55] A. Kurkela, E. S. Fraga, J. Schaftner-Bielich, and A. Vuorinen,
Astrophys. J. 789, 127 (2014).

[56] E. R. Most, L. R. Weih, L. Rezzolla, and J. Schaffner-Bielich,
Phys. Rev. Lett. 120, 261103 (2018).

[57] J. Steinheimer, S. Schramm, and H. Stocker, Phys. Rev. C 84,
045208 (2011).

[58] A. Motornenko, J. Steinheimer, V. Vovchenko, S. Schramm,
and H. Stoecker, Phys. Rev. C 101, 034904 (2020).

[59] S. Chin and J. Walecka, Phys. Lett. B 52, 24 (1974).

[60] J. Roark and V. Dexheimer, Phys. Rev. C 98, 055805 (2018).

[61] B.-J. Schaefer, J. M. Pawlowski, and J. Wambach, Phys. Rev. D
76, 074023 (2007).

[62] V. A. Dexheimer and S. Schramm, Phys. Rev. C 81, 045201
(2010).

[63] E. R. Most, L. J. Papenfort, V. Dexheimer, M. Hanauske, S.
Schramm, H. Stocker, and L. Rezzolla, Phys. Rev. Lett. 122,
061101 (2019).

[64] R. Negreiros, V. A. Dexheimer, and S. Schramm, Phys. Rev. C
82, 035803 (2010).

[65] J. Roark, X. Du, C. Constantinou, V. Dexheimer, A. W. Steiner,
and J. Stone, Mon. Not. Roy. Astron. Soc. 486, 5441 (2019).

[66] V. Dexheimer, R. O. Gomes, S. Schramm, and H. Pais, J. Phys.
G 46, 034002 (2019).

[67] C. J. Horowitz and J. Piekarewicz, Phys. Rev. C 66, 055803
(2002).

[68] K. Hebeler, J. Lattimer, C. Pethick, and A. Schwenk,
Astrophys. J. 773, 11 (2013).

[69] B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo
Collaboration), Phys. Rev. X 9, 011001 (2019).

[70] 1. Tews, J. M. Lattimer, A. Ohnishi, and E. E. Kolomeitsev,
Astrophys. J. 848, 105 (2017).

[71] S. Kubis, W. O. Wdjcik, and N. Zabari, Phys. Rev. C 102,
065803 (2020).

[72] G. Baym, C. Pethick, and P. Sutherland, Astrophys. J. 170, 299
(1971).

[73] R.J. Furnstahl and B. D. Serot, Phys. Rev. C 47, 2338 (1993).

[74] R. Furnstahl, B. D. Serot, and H.-B. Tang, Nucl. Phys. A 618,
446 (1997).

[75] Y. Zel’dovich, Zh. Eksp. Teor. Fiz. 41, 1609 (1961) [Sov. Phys.
JETP 14, 1143 (1962)].

[76] J. L. Friedman, J. R. Ipser, and R. D. Sorkin, Astrophys. J. 325,
722 (1988).

[77] C. Breu and L. Rezzolla, Mon. Not. R. Astron. Soc. 459, 646
(2016).

[78] M. Miller et al., Astrophys. J. Lett. 887, L.24 (2019).

[79] T. E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[80] R. O. Gomes, V. Dexheimer, S. Schramm, and C. Vasconcellos,
Astrophys. J. 808, 8 (2015).

[81] R. O. Gomes, V. Dexheimer, S. Han, and S. Schramm, Mon.
Not. Roy. Astron. Soc. 485, 4873 (2019).

[82] R. O. Gomes, P. Char, and S. Schramm, Astrophys. J. 877, 139
(2019).

[83] T. Klahn and T. Fischer, Astrophys. J. 810, 134 (2015).

[84] M. Salinas, T. Kldhn, and P. Jaikumar, Particles 2, 447 (2019).

[85] L. Ferroni and V. Koch, Phys. Rev. C 83, 045205 (2011).

[86] J. Steinheimer and S. Schramm, Phys. Lett. B 696, 257
(2011).

[87] B. Giacomazzo and R. Perna, Astrophys. J. Lett. 771, L26
(2013).

[88] E. Abdikamalov, H. Dimmelmeier, L. Rezzolla, and J. Miller,
Mon. Not. Roy. Astron. Soc. 394, 52 (2009).

[89] J. E. Staff, P. Jaikumar, V. Chan, and R. Ouyed, Astrophys. J.
751, 24 (2012).

[90] R. Ouyed, J. Dey, and M. Dey, Astron. Astrophys. 390, L39
(2002).

[91] I. Sagert, T. Fischer, M. Hempel, G. Pagliara, J.
Schaftner-Bielich, A. Mezzacappa, F.-K. Thielemann, and
M. Liebendorfer, Phys. Rev. Lett. 102, 081101 (2009).

[92] T. Fischer, N.-U. F. Bastian, M.-R. Wu, P. Baklanov, E.
Sorokina, S. Blinnikov, S. Typel, T. Kldhn, and D. B. Blaschke,
Nature Astron. 2, 980 (2018).

[93] S. Zha, E. P. O’Connor, M.-C. Chu, L.-M. Lin, and S. M.
Couch, Phys. Rev. Lett. 125, 051102 (2020).

[94] T. Demircik, C. Ecker, and M. Jdrvinen, Astrophys. J. Lett. 907,
L37 (2021).

[95] J.-E.  Christian and J.  Schaffner-Bielich  (2020),
arXiv:2011.01001 [astro-ph.HE].
[96] Z. Roupas, G. Panotopoulos, and 1. Lopes (2020),

arXiv:2010.11020 [astro-ph.HE].

[97] V. P. Goncalves and L. Lazzari, Phys. Rev. D 102, 034031
(2020).

[98] I. Bombaci, A. Drago, D. Logoteta, G. Pagliara, and I. Vidana
(2020), arXiv:2010.01509.

025808-10


https://doi.org/10.1103/PhysRevD.61.104003
https://doi.org/10.1103/PhysRevLett.107.101102
https://doi.org/10.1111/j.1365-2966.2009.14963.x
https://doi.org/10.1103/PhysRevD.73.084001
http://arxiv.org/abs/arXiv:2011.11934
https://doi.org/10.1088/0004-637X/789/2/127
https://doi.org/10.1103/PhysRevLett.120.261103
https://doi.org/10.1103/PhysRevC.84.045208
https://doi.org/10.1103/PhysRevC.101.034904
https://doi.org/10.1016/0370-2693(74)90708-4
https://doi.org/10.1103/PhysRevC.98.055805
https://doi.org/10.1103/PhysRevD.76.074023
https://doi.org/10.1103/PhysRevC.81.045201
https://doi.org/10.1103/PhysRevLett.122.061101
https://doi.org/10.1103/PhysRevC.82.035803
https://doi.org/10.1093/mnras/stz1240
https://doi.org/10.1088/1361-6471/ab01f0
https://doi.org/10.1103/PhysRevC.66.055803
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1103/PhysRevX.9.011001
https://doi.org/10.3847/1538-4357/aa8db9
https://doi.org/10.1103/PhysRevC.102.065803
https://doi.org/10.1086/151216
https://doi.org/10.1103/PhysRevC.47.2338
https://doi.org/10.1016/S0375-9474(97)00062-6
https://inspirehep.net/literature/1827797
https://doi.org/10.1086/166043
https://doi.org/10.1093/mnras/stw575
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.1088/0004-637X/808/1/8
https://doi.org/10.1093/mnras/stz542
https://doi.org/10.3847/1538-4357/ab1751
https://doi.org/10.1088/0004-637X/810/2/134
https://doi.org/10.3390/particles2040027
https://doi.org/10.1103/PhysRevC.83.045205
https://doi.org/10.1016/j.physletb.2010.12.046
https://doi.org/10.1088/2041-8205/771/2/L26
https://doi.org/10.1111/j.1365-2966.2008.14056.x
https://doi.org/10.1088/0004-637X/751/1/24
https://doi.org/10.1051/0004-6361:20020982
https://doi.org/10.1103/PhysRevLett.102.081101
https://doi.org/10.1038/s41550-018-0583-0
https://doi.org/10.1103/PhysRevLett.125.051102
https://doi.org/10.3847/2041-8213/abd853
http://arxiv.org/abs/arXiv:2011.01001
http://arxiv.org/abs/arXiv:2010.11020
https://doi.org/10.1103/PhysRevD.102.034031
http://arxiv.org/abs/arXiv:2010.01509

