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In the context of the massive secondary object recently observed in the compact-star merger
GW190814, 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 MSun , while being in good agreement with gravitational-wave events and x-ray pulsar observations, when quark vector interactions and non-standard 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 MSun .
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 non-rotating stars. This is not the case for pure quark stars, which can easily reach 2.5 MSun and
still possess approximately the same amount of baryons as stable non-rotating 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.

I.

INTRODUCTION

In the last decade, several massive neutron stars have
been observed, 1.97 ± 0.04 MSun [1], 2.01 ± 0.04 MSun [2],
+0.20
2.27±0.17 MSun [3], and 2.14−0.18
MSun [4], all consistent
with having a mass of ∼ 2.1 MSun . While some of these
observed neutron stars are rapidly spinning, we note that
the most rapid 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 MSun [8]. It has been shown [8] that such an upper bound would allow for uniformly rotating stars of
up to M . 2.8 MSun . Recently, the LIGO/VIRGO collaboration has announced the gravitational wave event
GW190814 [9], which was reported to be the merger of
+0.08
a 23.2+1.1
−1.0 MSun black hole and a 2.59−0.09 MSun object.
The secondary object’s mass falls into the so called “massgap” 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 also due to conflicts with our current knowledge of
supernova explosion mechanisms [10]. See Ref. [11] for
a recent discussion on the mass-gap in the context of
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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 environments, the merger rate of neutron stars with black
holes may be significant in young star clusters [13], with
the possibility of the lower-mass object being itself a
merger remnant that acquires a black hole companion
via dynamical interactions [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 hypothesis [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 non-rotating nucleonic
models can generate massive stars with M ∼ 2.5 MSun
[16–20], even when allowing for kaon condensation [21],
although it was shown that some of these models are not
necessarily compatible with constraints obtained from
energetic heavy-ion collisions [22]. Including fast rotation, Ref. [23] demonstrated that using a parametrized
nucleonic equation of state (EoS), M > 2.5 MSun 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 nucle-
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onic rotating stars can reach M > 2.5 MSun . In addition,
more recently, Ref. [28, 29] concluded that, even when
including 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 neutron 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 particular,
we discuss the introduction of quark-vector interactions
and free non-standard 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 ω 4 have been
suggested long ago and first used in Walecka-type models
[34]. For quark matter, this kind of interaction was recently used in Ref. [35] for the bag model. Quark vectorisoscalar 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], quarkmeson-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 zerovector 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 MSun using a constant
speed of sound parametrization with vs = 0.8 c.
According to Ref. [49], fast rotation larger than 1.1
kHz is possible, but in this case instabilities related to fmodes and r-modes have to be somehow suppressed. This
can be possible due to damping caused by mutual friction of superfluid vortices [50–52], specially in the case of
matter with hyperons 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 MSun 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 n0 , 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 a result, 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 Chiral Mean Field
(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 temperatures and/or
densities. In its present version, it contains hadronic, as
well as quark degrees of freedom 1 . The masses of the
baryons and quarks are generated by the medium and
are also coupled to a field Φ, which acts as an order parameter for deconfinement:
MB∗ = gBσ σ + gBδ τ3 δ + gBζ ζ + M0B + gBΦ Φ2 ,
Mq∗ = gqσ σ + gqδ τ3 δ + gqζ ζ + M0q + gqΦ (1 − Φ). (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, Φ jumps
from 0 →∼ 1 across the phase transition. The scalar
mesons σ, δ (isovector), and ζ (with closed strangeness)
and the vector mesons ω, ρ (isovector), and φ (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
M0 .

1

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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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 ωρ interaction. The bottom panel shows the
effects of a modified U potential and a finite quark
vector-meson coupling. In both cases we keep
ω 4 = ω 6 = 0.

The Lagrangian density of the model:
L = LKin + LInt + LSelf + LSB − 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 the masses of the pseudo-scalar mesons, and a
potential for the deconfinement order parameter Φ:

U = ao T 4 + a1 µ4B + a2 T 2 µ2B Φ2

+ a3 To4 ln 1 − 6Φ2 + 8Φ3 − 3Φ4 ,
(3)

which depends on temperature T and baryon chemical
potential µB . 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 highenergy 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 perturbative QCD results for the
relevant regime, see Ref. [60, 65].
More recently, we have introduced a new free parameter in the meson self-interaction term of the pure
hadronic CMF model [66], a vector-isovector coupling
proportional to ω 2 ρ2 . 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 ωρ coupling strength here to 11.34 in order to generate tidal deformabilities Λ̃ < 730, in agreement with
results obtained from the binary neutron-star merger
GW170817 [69]. The ρ coupling constant is then refit
to reproduce the same symmetry energy at saturation
(as the original CMF parametrization), gN ρ = 4.41, although it generates now a lower symmetry energy slope
L = 75 MeV in better agreement with data (for a discussion on the symmetry energy see Ref. [70] and references
therein).
Our results for the CMF model at zero temperature
under charge neutrality and chemical equilibrium with
the ωρ 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 in order to generate the vacuum masses of hadrons.
The ωρ interaction also reproduces a slightly later
(with respect to baryon chemical potential or density)
deconfinement 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 vs. energy density (softer
EoS) at low/intermediate densities but that corresponds
to a stiffer pressure vs. baryon chemical potential in
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side (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:
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Fig. 2: Static mass-radius diagram for several CMF
model equations of state (shown until the maximum
mass only). Green curves present a first-order phase
transition to deconfined quark matter. The grey lines
show the results of varying the ωρ vector-isovector self
interaction coupling strength from 0 → 62 for hadronic
matter.
Interactions M(MSun ) nc (n0 )
hadrons only
ω4 = ω6 = 0
2.00
6.5
ω 4 6= 0
2.08
6.5
ω 6 6= 0
2.07
6.8
with quarks
ω4 = ω6 = 0
1.99
6.9
ω 4 6= 0
2.02
6.0
ω 4 6= 0 ∗
2.07
6.3
ω 6 6= 0
2.03
6.6
ω 6 6= 0 ∗
2.07
6.7

vs2

R1.4 (km) Λ1.4

0.47
0.57
0.96

13.4
13.5
13.5

711
730
722

0.60
0.53
0.56
0.61
0.61

13.4
13.5
13.5
13.5
13.5

711
730
730
722
722

TABLE I: For each different set of high-order vector self
interactions, we show the maximum allowed stellar mass
M of the static stellar sequence, its central density nc
(in units of saturation number density n0 = 0.15 fm−3 ),
its central speed of sound squared vs2 , and the radius R
and tidal deformability Λ for a M = 1.4 MSun star. The
top rows show results for hadronic (only) matter and
the bottom when allowing for a phase transition to
deconfined quark matter. The results marked by an
asterisk reproduce a late (very high density) phase
transition to quark matter.

the hadronic phase when the ωρ interaction is included.
The gray lines in Fig. 2 illustrate how the stellar radius is modified by varying the ωρ 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 in-

• a change in the deconfinement order parameter
potential U, which now has a weaker quadratic
dependence on the pure chemical potential part
a01 µ2B Φ2 , instead of the quartic one in Eq. 3, with
a01 = −2867.5. This change requires an adjustment
of the Φ coupling in the effective mass of the particles in Eq. (1) to gqΦ = 450 and gBΦ = 1350
MeV. As a consequence, the deconfinement firstorder 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 following 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 Φ is zero in the
hadronic phase at zero temperature, the changes
we discussed in U and Φ couplings affect only the
quark phase.
• a change in the quark couplings in the interaction
term of the Lagrangian density (which contains the
effective masses M ∗ ). We have decreased gqσ and
gqζ to −5 and, for the first time within the CMF
model, added a non-zero vector-quark interaction
with coupling gqω = 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 MSun . Table I illustrates some properties for the
maximum-mass star and 1.4 MSun star of each sequence.
• a new free parameter in the meson self-interaction
term in the Lagrangian. We add either a ω 4 or a ω 6
higher-order vector isovector interaction as a way
to take the Dirac sea into account without resorting
to a more complex relativistic Hartree or HartreeFock approximation [73, 74]. These terms allow us
to reproduce a stiffer EoS and generate more massive neutron stars (see Fig. 2). In particular, the ω 4
interaction modifies the equation of state at all densities. As a consequence, we modified our original
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interesting to note that the ω 4 coupling increases
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This term reproduces a stiffer EoS mainly at large
densities. As a consequence, once more we modified
our original coupling to g4 = 39.10 to reproduce
the original saturation properties. But, now, our
value of gω6 = −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 2 . We
changed in this case some couplings to gqω = 14.5,
a01 = −2867.5, gqΦ = 500, and gBΦ = 1500 MeV,
in order to warrant stellar stability. We again
consider a later (in density or chemical potential)
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again to reproduce even more massive stars, with
configurations marked by an asterisk in Table I and
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higher-order vector interaction we reproduce stars
with more hyperons but no strange quarks.
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Fig. 3: Same as the bottom panel of Fig. 1 but with
different high order vector self interaction ω 4 6= 0 (top
panel) and ω 6 6= 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.
couplings gN ω = 11.91 and g4 = 45.20 to reproduce
the original saturation properties, especially being
careful not to increase the nuclear compressibility,
which in turn constrained it to be larger than our
chosen value of gω4 = −4.7. We changed in this
case some quark-related couplings to be gqω = 8,
a01 = −2738, gqΦ = 500, and gBΦ = 1500 MeV, in
order 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 gqω = 8.9 and a01 = −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

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 equations. 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 ω 4 (top panel) or ω 6
(bottom panel) higher-order self-vector coupling. More
specifically, the color code shows angular momentum in
units of square mass. Considering for example 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.

2

Note 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 ω 6 self-vector interaction is
introduced.

6
EoS Model
M (MSun ) f (kHz)
CMF ω 4 6= 0 H+Q ∗
2.474
1.38
CMF ω 6 6= 0 H+Q ∗
2.455
1.39
MBF + vBag
2.587
1.34
3.189
1.58
vBag

nc (n0 )
0.88
0.89
0.81
0.71

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

Fig. 4: Mass-central density diagram for rotating stars
reproduced 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 MSun apart. The top panel shows results for
the ω 4 6= 0 and the bottom panel for the ω 6 6= 0 case.
The onset of hyperons and quarks is denoted by
labelled vertical black lines. The color code shows
angular momentum in units of M 2 . The black dotted
lines show the turning-point criterion for stability.

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 MSun

extra baryon mass (than the static maximum mass) can
have masses ∼ 2.5 MSun and still contain exotic degrees
of freedom, namely hyperons and some quark matter.
But not all the configurations shown in Fig. 4 are stable. 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
∂M/∂n. These points are marked by dots, forming the
black dotted line in Fig. 4. To the right of this line,
uniformly rotating configurations are unstable with respect to axisymmetric perturbations. In the case of the
ω 4 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 MSun . On the other hand, in the case
of the ω 6 self interaction shown in the bottom panel of
Fig. 4, stable configurations have an insignificant amount
of quark matter when rotating at the maximum allowed
frequency and, therefore, in this case ∼ 2.5 MSun 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 Tab. 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 non-spinning 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-couplings interpreted as many-body forces (parameter ζ = 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 ωρ contributions (coupling strength
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Fig. 5: Particle population within the MBF-vBag model
combination (top panel) and particle population within
the vBag model, both as a function of baryon number
density. Quark number densities were divided by 3.
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 ω 4 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 a0 = 3 fm2 [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 Tab. 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−3 and quark vector coupling Kv = 70 fm2 .
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 constant, 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 Tab. 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 possible
gravitational mass found for stars increases again with increasing rotational frequency, easily achieving and going
above 2.5 MSun . Once more, for the combined model, an
increase in rotation at fixed (or small increase in) baryon
number 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 MSun
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quarks, decreasing the total stellar strangeness content.
But this model also predicts much more massive fast rotating stars that possess ∼ 1 MSun of extra baryon mass
(than the static maximum mass). The characteristics of
this most massive maximally spinning configuration are
shown in the fourth line of Tab. 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.

Fig. 7: Mass-central density diagram for rotating stars
reproduced by different equation of state models: the
MBF+vBag combination in the top panel and the vBag
in the bottom one. Labels are the same as Fig. 4.

extra baryon mass (than the static maximum mass) can
have masses ∼ 2.6 MSun and still 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 configuration are shown for this combination in the third line of Tab. 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 nB = 0.9 → 0.4 fm−3 , modifies the particle composition by replacing some of the strange quarks by down

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 novelty lies in the vector interactions included showing for the first time the particle
population changes caused by the ωρ self-vector interaction, together with new terms for the quark-meson interaction, and ω 4 and ω 6 self-vector interactions. We have
also modified the deconfinement order parameter potential U in order 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 extrapolate to our low temperature, high density regime.
We have also made comparisons with other two relativistic descriptions, the Many-body Forces (MBF)
model [80], which describes the interaction of baryons
considering 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 interactions can increase
the maximum mass of stable non-rotating hybrid stars
to ' 2.1 MSun , 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 interactions stiffen the equation of state of nuclear matter
mainly at intermediate and large densities (or chemical
potentials) and we combined it with a ωρ 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 ' 1.5 kHz. We found that even when rotating
this fast, both hybrid EoSs still can reproduce stars that
contain quark degrees of freedom with masses ' 2.5 MSun
(for some parametrizations), but only if they possess considerably more baryons than what is allowed for static
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stars. In this case, they cannot survive as neutron stars
as they spin down and must, eventually, 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 number, 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 ∼ 2.5 MSun
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
modelling 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. Nevertheless, 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 increase the maximally allowed mass of rotating
hybrid stars to ' 2.5 MSun . 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 otherwise
not accessible. Furthermore, we find that even a slowly
rotating pure quark star could explain a non-black hole
massive secondary object. This is a feature that is beyond the mass range comfortably attainable with realistic
hybrid-star models.
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 description for quark matter [94] or large
constant speed of sound description with vS = c [95], that
pure quark stars could explain it through the two-flavor
hypothesis [43], using large CFL gaps ∆ > 200 MeV [96],
or invoking electric charge separation [97], or finally that
there is another 2-family approach to the problem [98].
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