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We analyze the impact of several multiquark interaction channels on the properties of hybrid stars.
Four and eight vector interactions were included in the SUð3Þ Nambu–Jona-Lasinio model to describe
the quark matter, and all vectorlike interactions were investigated. The hybrid stars were built starting
from an hadronic equation of state that satisfy presently accepted nuclear matter properties and
considering the quark model constrained by the vacuum properties of several light mesons. The interplay
between the eight-quark vector interaction and the four-quark isovector-vector interaction determine the
size of the quark core and its strangeness content. The inclusion of a isovector-vector interaction is
essential to obtain large s-quark contents and a smaller central speed of sound, although this interaction
pushes the onset of quarks to larger densities. It is observed that low mass stars, with a mass below
1.4 M⊙, may contain a quark core but with a small strangeness content. It is shown that the presently
existing mass and tidal deformability constraints from neutron stars observations allow for the existence
of hybrid stars with a large strangeness content and large quark cores for binary mass ratios
q ¼ M2=M1 ≳ 0.85.
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I. INTRODUCTION

Multimessenger astrophysics provides deeper insights
into neutron stars (NS) physics by combining astrophysical
observations of electromagnetic radiation and gravitational
waves (GW). The observation of the pulsars PSR J1614-
2230 (M ¼ 1.908� 0.016 M⊙) [1,2], PSR J0348þ 0432
(M ¼ 2.01� 0.04 M⊙) [3], and MSP J0740þ 6620 [4],
(M ¼ 2.14þ0.10

−0.09 M⊙) established considerable constraints
on the nuclear matter equation of state (EoS). The analysis
by the LIGO/Virgo Collaboration of the GW170817 NS
merger provided important information about NS physics
[5,6], e.g., an upper limit of the tidal deformability of a
NS star, constraining the high density EoS. The obser-
vations of the gamma-ray burst (GRB) GRB170817A [7]
and electromagnetic transient AT2017gfo [8], which
followed up the GW170817 event, give further hints
on the NS tidal deformability [9–13]. A recent observa-
tion from the LIGO/Virgo Collaboration is the compact
binary coalescence GW190814 [14]. Even though the
primary binary component is conclusively a black hole
of mass 22.2–24.3 M⊙, the nature of the secondary
component with a mass 2.50–2.67 M⊙ remains yet
inconclusive [14]. Recent estimates for both the mass
and radius of the millisecond-pulsar PSR J0030þ 0451
were put forward by the Neutron Star Interior

Composition Explorer (NICER) mission [15]. However,
the uncertainties obtained are still large and therefore, do
not constrain much the EoS.
The NS tidal deformability estimated from GW obser-

vations favors a not too stiff EoS for NS matter [16].
However, this behavior conflicts with the observations of
massive pulsars, which require a stiff EoS and predict large
radii and thus large tidal deformabilities. The contrasting
indications of low radii predictions from tidal deform-
abilities estimations and large radii from massive pulsar
observations pose considerable constraints on the
high density region of the nuclear matter EoS. These
indications might be a signal of the existence of non-
nucleonic degrees of freedom at high densities in NS
matter, such as quark matter. The existence of a first-
order phase transition from hadronic to quark matter
may still explain the observational data [17]. Detecting
observational signatures for the presence of exotic
matter inside NS is a major difficulty; e.g., it is hard
to distinguish between a purely hadronic NS and one with
a quark core solely from NS observables, such as the star
mass, radius and tidal deformability. However, the pres-
ence of a first-order phase transition to quark matter
can imprint signatures in NS binary mergers observa-
tions, favoring the hypothesis of quark matter in the NS
core [17–19].
QCD effective models that incorporate important proper-

ties and symmetries of the strong interaction are widely
used for describing quark degrees of freedom in NS matter.
The Nambu–Jona-Lasinio (NJL) model is one of such
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effective models that considers chiral symmetry preserving
interactions [20,21] and that has been used to study the
possible existence of quark matter inside NS [22–31].
The description of NSmatter with non-nucleonic degrees

of freedom is achieved by constructing a hybrid EoS. A
possible method to obtain the EoS is to consider a two-
model approach: one that describes the hadronic (confined)
phase and a second model describing the quark (decon-
fined) phase.While different procedures can be used for the
matching of the two EoS [32], we consider a Maxwell
construction in order to describe a first-order phase tran-
sition from hadron to quark mater. The reliability of such
approach depends on the still unknown surface tension
between both phases; however, it is justified and has been
widely considered [26,33–37], if the surface tension, σ, is of
the order of σ ≳ 40 MeV fm−2 [38]. The NJL model has
been explored in describing the quark phase of a hybrid
EoS in several works, e.g., [27,36,39]. The presence of the
vector-isoscalar interactions in theNJLmodelwas shown to
be very important in stiffening the EoS to sustain 2 M⊙. The
eight-quark interactions were first introduced to stabilize
the NJL vacuum of the four-quark NJL and six-quark ’t
Hooft interactions [40,41]. The study of the effect of scalar
and vector eight-quark terms in stellar matter was done in
[33], where it was shown that these terms allow for the
description of two solar mass hybrid stars, with the eight-
quark scalar channel giving rise to a reduction of the onset of
quark matter, and the eight-quark vector channel stiffening
the equation of state at high densities. Within this same
model it was possible to describe twin stars [34] considering
a very stiff hadronic EoS. In [42,43] further studies were
undertaken with the same model, in particular, a Bayesian
analysis which studied the possibility of discriminating a
hybrid EoS with a strong first order phase transition over
other possible EoS [42]. It was also studied the possible
existence of a critical end point in the QCD phase diagram,
taking into account the 2 M⊙ NS constraint [43].
Local and nonlocal versions of NJL models including

the four-quark vector interaction typically would not
predict the existence of hybrid stars (or just small quark
branches) [22,25,44]. Other approaches for describing
quark matter in NS were also explored. In [45,46], the
high-density EoS region was analyzed by a constant
speed of sound parametrization, showing that a large
speed of sound in the quark phase, v2s ≳ 0.5 for soft
hadronic EoS and v2s ≳ 0.4 for stiff hadronic EoS would
be required for Mmax > 2 M⊙. Using the same formal-
ism, [47] showed that strong repulsive interactions in
quark matter are required to support the NS masses
M ≳ 2.0 M⊙. In [48], imposing constraints from obser-
vational and theoretical ab initio calculations, the authors
proposed that 1.4 M⊙ NS are compatible with hadronic
stars, by using a speed of sound EoS parametrization.
Furthermore, the authors inferred that massive stars

≈2 M⊙ and a speed of sound not far from the conformal
limit will have large quark cores.
In our previous works [49,50], we have analyzed

hybrid stars using the NJL model with different inter-
action terms at the Lagrangian level which describes the
quark phase. The usual three-flavor NJL model [20,51]
with additional vector and pseudovector interactions and
the vector-isovector and pseudovector-isovector inter-
actions were explored in [49]. It was shown that
considerable quark core sizes would require moderate
values for the quark vector-isoscalar term and a weak
vector isovector term. Additional higher-order repulsive
interactions, four-quark and eight-quark vector-isoscalar
interactions, were included in [50]. The eight-quark
vector-isoscalar channel was shown to allow for the
appearance of a quark core at moderately low NS
masses, ∼1 M⊙, while providing the required repulsion
to keep the star stability up to ∼2.1 M⊙. It was also
shown that both the heaviest NS mass and radius are
sensitive to the strength of an eight-quark vector-
isoscalar channel [50].
The present work is an extension of our previous

works: we explore the effect of all the four-quark and
eight-quark vector interaction channels within the three-
flavor NJL model in describing hybrid EoS. We will
investigate the impact of the interaction channels in the
existence and stability of hybrid star sequences and on
the quark core properties, such as mass and radius. The
possibility of having quark cores in light NS and fulfilling
all observational constraints will be studied. In particular,
we will look at the strangeness content and analyse
whether NS with large quark cores may have a high
s-quark fraction. Immediately after the measurement
of the mass of the pulsar PSR J1614-2230, it was
suggested that exotic degrees of freedom such as strange-
ness might be ruled out with the detection of a two solar
mass NS [1,52]. However, since then, several studies have
shown that in fact it is possible that hyperons nucleate
inside a star with at least two solar masses [53–58]; see
[59] for a review. Also inside hybrid stars, the existence
of strange quarks was not ruled out by the two solar mass
constraint; see for instance [27,36,60]. Recently, within a
Bayesian analysis, which incorporates both information
from the GW170817 binary neutron star merger [5,6],
the MP J0740þ 6620 [4] and the pulsar PSR J0030þ
0451 as detected by NICER [15], it was shown that the
maximum mass of an hybrid star could be above
2 M⊙ [61].
This paper is organized as follows: in Sec. II the quark

model is presented. The results are discussed in Sec. III and
our conclusions are drawn in Sec. IV.

II. MODEL AND FORMALISM

For the quark matter, we consider the following multi-
quark interaction Lagrangian density:
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L ¼ ψ̄ði=∂ − m̂þ μ̂γ0Þψ þGS

X8

a¼0

½ðψ̄λaψÞ2 þ ðψ̄iγ5λaψÞ2� −GD½detðψ̄ð1þ γ5ÞψÞ þ detðψ̄ð1 − γ5ÞψÞ�

− Gω½ðψ̄γμλ0ψÞ2 þ ðψ̄γμγ5λ0ψÞ2� −Gρ

X8

a¼1

½ðψ̄γμλaψÞ2 þ ðψ̄γμγ5λaψÞ2� −Gωω½ðψ̄γμλ0ψÞ2 þ ðψ̄γμγ5λ0ψÞ2�2

− Gρρ

X8

a¼1

X8

b¼1

½ðψ̄γμλaψÞ2 þ ðψ̄γμγ5λaψÞ2�½ðψ̄γμλbψÞ2 þ ðψ̄γμγ5λbψÞ2�

− Gωρ½ðψ̄γμλ0ψÞ2 þ ðψ̄γμγ5λ0ψÞ2�
X8

a¼1

½ðψ̄γμλaψÞ2 þ ðψ̄γμγ5λaψÞ2�: ð1Þ

This is a SU(3) NJL-type model that includes four
and six scalar-pseudoscalar interactions, and four and
eight vector interactions. The quark current masses and
chemical potentials are given by m̂ ¼ diagðmu;md;msÞ
and μ̂ ¼ diagðμu; μd; μsÞ, respectively. The model is regu-
larized by a three-momentum cutoff Λ. We note that the
Lagrangian density terms designated with a subscript ρ
involve the three flavors, u, d and s and therefore, are
hypercharge operators.
The four scalar and pseudoscalar quark interaction are

present in the original formulation of the NJL model and
are essential to incorporate spontaneous chiral symmetry

breaking in the model. The ’t Hooft determinant for three
quark flavors corresponds to a six quark interaction
which incorporates the explicit UAð1Þ symmetry breaking
in the model. Incorporating vector interaction in the model
has been found to be necessary to model the medium to
high density behavior of the EoS and predict 2 M⊙ NSs.
The inclusion of all possible chiral-symmetric set of
eight quark vector interactions was performed in [62], in
order to study the masses of the lowest spin-0 and spin-1
meson states.
In the mean-field approximation, the model thermody-

namical potential is given by

Ω −Ω0 ¼ 2GSðσ2u þ σ2d þ σ2sÞ − 4GDσuσdσs −
2

3
Gωðρu þ ρd þ ρsÞ2 −Gρððρu − ρdÞ2 þ

1

3
ðρu þ ρd − 2ρsÞ2Þ

−
4

3
Gωωðρu þ ρd þ ρsÞ4 − 3Gρρððρu − ρdÞ2 þ

1

3
ðρu þ ρd − 2ρsÞ2Þ2

− 2Gωρðρu þ ρd þ ρsÞ2ððρu − ρdÞ2 þ
1

3
ðρu þ ρd − 2ρsÞ2Þ

− 2Nc

X

i¼u;d;s

Z
d3p
ð2πÞ3 ½Ei þ T lnð1þ e−ðEiþμ̃iÞ=TÞ þ T lnð1þ e−ðEi−μ̃iÞ=TÞ�; ð2Þ

where Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þM2

i

p
, σi and ρi are the i-flavor quark

condensate and quark density. The constant Ω0 is fixed to
give a vanishing vacuum potential. The values for the quark
condensates, σi, and densities, ρi, are obtained by requiring
the potential to be stationary with respect to the effective
masses and effective chemical potentials, ∂Ω=∂Mi ¼ 0
and ∂Ω=∂μ̃i ¼ 0 i.e., imposing thermodynamic consistency
[21]. In the mean-field approximation, the product between
quark bilinear operators in Eq. (1) is linearized, providing an
effective Lagrangian which is quadratic in the fermion
fields. Using such approximation, it is possible to obtain
the thermodynamical potential written in Eq. (2). For more
details on the linear expansion of the product between N
operators, see [63]. For i ≠ j ≠ k ∈ fu; d; sg, the effective
mass,Mi, and effective chemical potentials, μ̃i, are given by

Mi ¼ mi − 4GSσi þ 2GDσjσk; ð3Þ

μ̃i ¼ μi −
4

3
Gωðρi þ ρj þ ρkÞ −

4

3
Gρð2ρi − ρj − ρkÞ

−
16

9
Gωωðρi þ ρj þ ρkÞ3: −

32

9
Gρρð2ρi − ρj − ρkÞ3

−
32

3
Gρρðρi − ρjÞðρk − ρiÞð2ρi − ρj − ρkÞ

−
8

9
Gωρðρi þ ρj þ ρkÞ

× ð4ρ2i þ ρ2j þ ρ2k − ρiρj − ρiρk − 4ρjρkÞ: ð4Þ
By taking the zero temperature limit in Eq. (2), one can

determine the pressure and energy density for cold quark
matter P ¼ −Ω and ϵ ¼ −PþP

i μiρi, respectively. In
the following analysis, we will represent the EoS quantities
as a function of baryonic density, n, which is given by
n ¼ ðρu þ ρd þ ρsÞ=3.
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The model interaction couplings include the usual NJL
parameters fGS;GD;Λg and the following additional extra
terms fGω; Gωω; Gρ; Gρρ; Gωρg. Our goal is to analyze the
overall effect of the additional terms on the NS properties of
hybrid EoS. For that, we fixGS,GD, andΛ to reproduce the
meson masses of the π�, K�, η and η0 and the leptonic
decay constants of the π� and K�, fπ� and fK� , while
leaving the extra coupling as free parameters. We show the
parameter set used in Table I, and the model predictions,
within the present parametrization, for some meson masses
and leptonic decay constants in Table II.
As in our previous works [36], each model parametriza-

tion is identified by dimensionless ratios instead of the
actual couplings values. The quark models are character-
ized by the following five coupling ratios: χω ¼ Gω=GS,
χωω ¼ Gωω=G4

S, χρ ¼ Gρ=GS, χρρ ¼ Gρρ=G4
S, and

χωρ ¼ Gωρ=G4
S. In the following, we identify each model

by the set of values fχω; χωω; χρ; χρρ; χωρg. The model
pressure, P, and energy density, ϵ, are defined up to an extra
constant term B, i.e., P → Pþ B and ϵ → ϵ − B. The effect
of the bag parameter B was already widely studied [23,26–
31,36,49,65–67]. It was found that the baryonic density
at which the onset of quark matter occurs decreases
with increasing B. We have verified that this behavior
remains the same in the presence of any of the considered
interactions and regardless of their coupling values.
Therefore, for the sake of simplicity, we fix, hereafter,
the bag parameter to B ¼ 15 MeV=fm3.1

Each hybrid EoS consists of a hadronic phase connected
to a quark phase through a first-order phase transition. This

two-model approach has been widely used [26,33–37].
The first-order phase transition from hadronic to quark
matter is achieved imposing the Maxwell construction, in
which both phases are in chemical, thermal and mechanical
equilibrium: μHB ¼ μQB , P

H ¼ PQ, and TH ¼ TQ, where μB
is the baryon chemical potential, P the pressure and the
labels H and Q represent the hadronic and quark phases,
respectively. The DDME2 model is used for the hadronic
part [68]. This is a relativistic mean-field model with
density dependent couplings that describes two solar mass
stars and satisfies a well established set of nuclear matter
and finite nuclei constraints [58,69], including the con-
straints set by the ab initio calculations for neutron matter
using a chiral effective field theoretical approach [70]. It is
important to realize that the hadronic EoS also has an
impact in the hybrid star EoS: having a softer EoS, for
example, would shift the deconfinement transition to larger
densities, giving rise to smaller quark branches, and to
the possibility of not fulfilling the 2 M⊙ star constraint.
The opposite would be valid for a harder hadronic EoS.
In [49] we have shown that, in order to get 2 M⊙ hybrid
stars, the hadronic EoS has to be in average stiffer than
necessary for a 2 M⊙ hadronic star. Having this in mind,
we chose for the hadronic phase an EoS that would allow
2 M⊙ hybrid stars and still satisfy well established nuclear
properties.

III. RESULTS

The aim of the present work is to analyze the effect of
quark matter on the hybrid stars properties. The quark
model we are considering has five free parameters:
χω ¼ Gω=GS, χωω¼Gωω=G4

S, χρ¼Gρ=GS, χρρ¼Gρρ=G4
S,

χωρ ¼ Gωρ=G4
S. In our previous works [49,50], we have

already analyzed some interactions of the present quark
model [Eq. (1)], which we briefly summarize. The cou-
plings fχω; χρg were analyzed in [49], where a set of
hadronic EoS was used. In there, the χω coupling was seen
to stiffen the quark EoS, with the onset of quarks occurring
at larger densities, giving rise to more massive hybrid stars
with smaller quark cores. Similar results were also dis-
cussed in [31,36,50]. On the other hand, χρ softens the
quark EoS at higher densities, as the onset of the strange
quarks is pushed to lower densities but stiffens the quark
EoS at lower densities while the s-quark does not set in. As
a result, the onset of quark matter occurs at higher densities
for a nonzero χρ, and sizeable quark cores are only obtained

TABLE I. Parameters of the NJL model used in the present work: Λ is the model cutoff, mu;d andms are the quark current masses, GS
and GD are coupling constants.Mu;d andMs are the resulting constituent quark masses in the vacuum. This parameter set yields, in the
vacuum, a light quark condensate of hq̄lqli1=3 ¼ −243.9 MeV and strange quark condensate of hq̄sqsi1=3 ¼ −262.9 MeV.

Λ [MeV] mu;d [MeV] ms [MeV] GSΛ2 GDΛ5 Mu;d [MeV] Ms [MeV]

623.58 5.70 136.60 1.67 13.67 332.2 510.7

TABLE II. The masses and decay constants of several mesons
within the model and the respective experimental values.

NJL SU(3) Experimental [64]

mπ� [MeV] 139.6 139.6
fπ� [MeV] 92.0 92.2
mK� [MeV] 493.7 493.7
fK� [MeV] 96.4 110.4
mη [MeV] 515.6 547.9
mη0 [MeV] 957.8 957.8

1There was a misprint in the B value reported in our previous
work [50], being B ¼ 15 MeV=fm3 the value used instead of the
reported value, B ¼ 10 MeV=fm3.
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if χρ < 0.4 [36,49]. The effect of the fχω; χωωg interactions
was the purpose of our work [50]. Besides the effect of χω
we just referred, it was also shown that χωω induces a
nonlinear density dependence of the speed of sound, which
is crucial to generate large quark cores.
Despite controlling the onset density of strange quarks,

the impact of both χρρ and χωρ couplings on the EoS quark
matter in β-equilibrium is weak when compared with the
other couplings. Almost all NS properties show small
changes with both couplings and, for the sake of simplicity,
we fix them to χρρ ¼ χωρ ¼ 0 hereafter. While a detailed
study of both couplings is left for future work, we give later
a brief overview of their impact. The effect of χω was
confirmed; i.e., the onset of quark matter happens at larger
densities with increasing coupling, giving rise to smaller
quark cores. In a first approach, we consider χω ¼ 0 and
analyze the impact of fχωω; χρg on the properties of hybrid
stars. In a second step, we consider the interplay among the
three couplings, fχωω; χρ; χωg. In fact, as expected, a
nonzero χω changes the results as just referred, e.g., a
finite χω gives more massive stars with smaller quark cores.

A. Quark matter EOS

We first discuss the joint effect of the couplings
fχωω; χρg on the properties of the EoS and set χω ¼ 0.
Figure 1 shows the squared speed of sound (top panels) and
the pressure (bottom panels) of the quark EoS as a function
of baryonic density for different values of χρ (color scale)
and χωω (different panels). As χωω increases, the pressure,
PðnÞ increases at high densities: the EoS clearly shifts to
larger values of P. The increase of the χρ coupling shifts the
onset of strange quarks to lower densities with direct
consequences on the stiffness of the EoS: a) at low
densities, below the s-quark onset, the larger the value
of χρ the stiffer the EoS; b) the EoS smooths as soon as the
s-quark sets in, and this happens first to the large values of
χρ (purple color), and above this onset density the EoS with
larger values of χρ have the smaller pressures. The v2sðnÞ

reflects this behavior: the sudden decrease between 0.3 and
0.5 fm−3 signals the appearance of strange quarks which
moves towards lower densities with increasing χρ. A
smoother crossover to strange matter is obtained with
smaller values of χρ because the fraction of s-quarks
increases more slowly; see [36].
For the highest densities, v2sðnÞ is again larger for the

larger χρ couplings, revealing the stiffening effect of χρ
once the fraction of s quarks becomes equilibrated.

B. NS properties

In order to study NS properties, we have integrated the
Tolmann-Oppenheimer-Volkoff (TOV) equations [71,72],
together with the differential equations that determine the
tidal deformability [73]. The sequence of stars for each
hybrid EoS, parametrized by fχωω; χρg and χω ¼ 0, is
presented in Fig. 2. Three scenarios are identified: χωω ¼
10 (left), χωω ¼ 15 (center), and χωω ¼ 20 (right). As
shown in [50], a larger χωω allows for larger quark
branches, capable of reproducing more massive NS with
quarks already present inside light NS. If χωω ¼ 10 and
χω ¼ 0, 2 M⊙ stars are not attained except for large values
of χρ, where the quark branch is very small. However, for
both χωω ¼ 15 and 20, it is possible to describe 2 M⊙ stars
with large quark branches. Figure 2 also shows the impact
of χρ on the onset of quarks: independently of χωω, the
larger χρ the larger the quark onset star mass, as expected
from the discussion of the pressure behavior. The second
effect of a finite χρ is to reduce considerably the quark
branch. This is mainly due to the increase in the amount of

FIG. 1. Quark matter squared speed of sound (top) and pressure
(bottom) as function of baryon density for different values of χρ
with χωω ¼ 10 (left), χωω ¼ 15 (center), and χωω ¼ 20 (right).

FIG. 2. MðRÞ diagrams for χωω ¼ 10 (left), χωω ¼ 15 (center),
and χωω ¼ 20 (right). The color scale indicates the χρ value, and
the solid black line represents the purely hadronic sequence. The
black dashed line indicates the maximum mass reached by each
EoS. The top blue and bottom red regions indicate, respectively,
the 90% (solid) and 50% (dashed) credible intervals of the LIGO/
Virgo analysis for each binary component from the GW170817
event [74] (using a set of parametrized EoS that assumes
Mmax ≥ 1.97 M⊙). The rectangular regions enclosed by dotted
lines indicate the constraints from the millisecond pulsar PSR
J0030þ 0451 NICER x-ray data [15,75].
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s-quarks that smooths the EoS and therefore, reduces the
ability to counterbalance gravity. As a consequence,
smaller central densities occur for larger values of χρ, as
also discussed in [36]. Thus, the radius of the maximum
mass, Rmax, is an increasing function of χρ. These results
are in accordance with [49], where smaller quark cores
were generated by larger χρ values. It is also interesting to
realize that the χρ interaction is responsible for the crossing
of all NS sequences in a small region of ðM;RÞ diagram.
Such crossing is also observed in the pressure and speed of
sound of the model for increasing values of χρ; see Fig. 1.
This effect is related to the decreasing of the onset density
of strange quarks with increasing χρ: increasing χρ stiffens
the low density region of the EoS while softening its high
density region. This opposite behavior in the low and high
density regions of the EoS, for increasing χρ, generates a
crossing point in between these densities regimes. Such
behaviors are then translated to the mass-radius relations,
giving rise to the crossing behavior observed in Fig. 2.
The set of hybrid EoS fulfill both the constraints derived

from the NICER x-ray data for the millisecond pulsar PSR
J0030þ 0451 [15,75] (shaded rectangular regions) and the
confidence intervals of the posterior probability from
the LIGO/Virgo analysis [74] for the tidal deformability.
Recent results of NICER [76,77], taking into account
NICER and other observations, predict for the pulsar
MP J0740þ 6620 the mass and radius 2.08� 0.07 M⊙
and 12.35� 0.75 km [76], and 2.072þ0.067

−0.066 M⊙ and
12.39þ1.30

−0.98 km [77], at one standard deviation. Besides,
the authors of [76] also predict the radius 12.45� 0.65 km
for a 1.4 M⊙ star, at one standard deviation. Our results are
compatible with these new data.
The emitted gravitational-wave signals from binary NS

systems carries information on the tidal deformability of a

NS, which is an EoS dependent quantity. For a NS with
mass M, the dimensionless tidal deformability is given by
Λ ¼ 2k2R5=ð3M5Þ, where k2 is the Love number [73]. The
ΛðRÞ diagrams are shown in Fig. 3, for the same couplings
defined in Fig. 2. The background band is the 90%
posterior credible level obtained in [74] when it is imposed
that the EoS should describe 1.97 M⊙ stars. Only values
ΛðRÞ corresponding to hybrid NS with Mmax ≥ 1.97 M⊙
are shown. The ΛðRÞ determined from the hadron EoS
DDME2 lies just at the upper limit of the gray band. All
hybrid stars predict values of ΛðRÞ within the band and, as
expected, the following trends are observed: the larger χωω
and χρ the larger is ΛðRÞ, and, therefore, more compressed
in the direction of the upper bound of the LIGO/Virgo 90%
posterior credible level.
Let us know investigate how the quark core mass, MQC,

and radius, RQC, depend on the couplings fχωω; χρ; χωg.
Figure 4 shows the dependence of MQC (top) and RQC

(bottom) on the interactions fχωω; χρg, for χω ¼ 0, 0.1, 0.2,
from the left to the right, respectively. The couplings have a
competitive effect: while χωω increases the quark core
masses up to 1.53 M⊙, a finite value χρ or/and χω has the
decreasing effect. The main conclusions drawn are: (i) if
χω ¼ χρ ¼ 0, 2 M⊙ NS are only attained with a value of
χωω ≳ 12 and very large quark cores are possible. As we
will see next, these configurations correspond to speed of
sound in the center of the star close to 1; (ii) a finite χω or
finite χρ allows 2 M⊙ NS with intermediate values of χωω,
however, for the quark cores to have at least one third of the
total mass of the star χρ < 0.1 if χω ¼ 0.2, and χρ ≲ 0.3 if
χω ¼ 0.1. Similar conclusions are drawn concerning quark
core radii above 6 km, i.e., above half the star radius. This
discussion is in agreement with results in [49,50]. To
summarize, large quark cores require small values of χρ
and χω and a large χωω coupling. We may ask whether the
χρ and the χω interactions play the same role, or if they

FIG. 4. The quark core mass MQC [M⊙] (top) and radius RQC
[km] (bottom) as a function of χωω and χρ. The brown dashed
lines and black dotted lines represent, respectively, the value of
Mmax [M⊙] and specific fMQC; RQCg contour lines.

FIG. 3. ΛðMÞ diagrams for χωω ¼ 10 (left), χωω ¼ 15 (center),
and χωω ¼ 20 (right). The color scale indicates the χρ value and
the solid black line represents the purely hadronic sequence.
The background band is the 90% posterior credible level obtained
in [74], when it is imposed that the EoS should describe
1.97 M⊙ NS.
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affect the star properties in a different way. As we will see
next the coupling χρ directly affects the amount of
strangeness inside the star.
In Fig. 5, we show the v2sðnmaxÞ (top panels) and nmax

(bottom panels), where nmax is the central density of Mmax,
as a function of χωω and χρ for three values of χω: 0 (left),
0.1 (center), and 0.2 (left). There are competitive effects
from the three couplings on the v2sðnmaxÞ: while v2s
increases quite rapidly with χωω, the χρ channel smooths
this trend. This also reflects the fact that a finite value of χρ
reduces the central density attained. Notice however, that
the largest densities are not attained for the largest values of
the coupling χωω: for χρ ¼ 0 the largest central densities
occur with χωω ∼ 12 and reduce quite fast when χρ
increases; for the largest values of χωω considered the
reduction of the central density with χρ is slower. As we
will see next, this behavior has an effect on the strangeness
content of the star. Comparing Figs. 5 and 4, we also
conclude that the largest quark cores occur for χωω > 17
when the central densities are smaller than the maximum
value attained for χωω ¼ 12. The χω reduces the range of v2s
values because it generates smaller quark cores, see Fig. 4,
and the central densities are not large enough for the term
χωω to have a strong effect.
Figure 6 represents the fraction of s-quarks at the central

density of Mmax, Ymax
s ¼ ρmax

s =3nmax. The s-quark fraction
shows a nonlinear dependence on the couplings χωω and χρ.
We have seen that the larger the value of χρ, the earlier the
onset of s-quarks. On the other hand, a too large χρ does not
allow a large quark branch and therefore, large central
densities. Large quark branches are possible including a
strong χωω coupling. The amount of strangeness in the
center of the star results from the interplay of these two
effects. As a consequence, the largest central fractions of

s-quarks happen for large χωω and intermediate χρ values,
while the smallest fractions occur for χωω ¼ 0: at finite χρ
the s-quark sets in earlier and with a finite χωω larger central
densities are attained and therefore, also larger s-quark
fractions. The χω term reduces the maximum central
density and therefore, also the central s-quark fraction.
As a consequence the effect of the χωω term is not so strong.
A large amount of s-quarks in the star reduces the quark
core mass, but it is still possible to have hybrid stars with a
quark core with mass of the order of 1=3 to 1=2 of the total
star mass. Moreover, these stars with larger amounts of
strangeness have a squared speed of sound below 1. Under
the conditions studied in the present work the largest
fraction of s-quark obtained was 25%, for χρ ≈ 0.4 and
χωω ¼ 25. A larger amount is prevented because a too large
χωω gives rise to supraluminous sound speeds. The pres-
ence of considerably large fractions of strangeness is
essential to allow for phases as the color flavor locked
(CFL) superconducting phase.
We include in the Appendix two tables with some

properties of the stars obtained with χω ¼ 0 and χω ¼
0.1 and several values of χωω and χρ, respectively, Tables III
and IV. These tables include the quark core (MQC), quark
radii (RQC), mass of the heaviest star (Mmax), radii of the
heaviest star (Rmax), onset density of quarks (nq), lightest
NS mass with quark content (Mq), central density of the
heaviest star (nmax), strange quark fraction at nmax (Ymax

s ),
squared speed of sound at nmax [v2sðnmaxÞ], radii (R1.4 M⊙

)
and tidal deformability (Λ1.4 M⊙

) of a 1.4 M⊙ NS. Next, we
summarize some of the main conclusions: (i) quark matter
sets in low mass stars only if χω ¼ 0 and χρ ≲ 0.2. Stars
with a mass ≈1 M⊙ may have core quarks; (ii) larger
central strangeness fractions are obtained with larger values
of χρ; (iii) the onset density of quarks increases from ≈2n0
for χρ ¼ 0 to ≈3n0 for χρ ¼ 0.4; (iv) central densities of
maximum mass configuration are not maximum for the
largest values of χωω, but for a given χρ the maximum mass

FIG. 5. The squared speed of sound [c2] (top) and the central
densities [n0] of Mmax (bottom) as a function of χωω and χρ for
χω ¼ 0 (left) 0.1 (center), and 0.2 (right). n0 ¼ 0.155 fm−3 is the
nuclear saturation density. The brown dashed lines and black
dotted lines represent, respectively, the value of Mmax [M⊙] and
specific fv2sðnmaxÞ; nmax=n0g contour lines.

FIG. 6. The fraction of s-quarks, Ymax
s , at the central density of

Mmax, nmax, as a function of χωω and χρ for χω ¼ 0 (left) and 0.1
(right). The brown dashed lines and black dotted lines represent,
respectively, the value of Mmax [M⊙] and specific MQC [M⊙]
contour lines.
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and maximum s-quark central fraction occurs for the largest
χωω values; (v) the central speed of sound is maximum for
the largest χωω values but decreases when χρ increases;
(vi) even with χρ ¼ 0.4 it is still possible to get a 1 M⊙
quark core with a central density above 6n0; (vii) to attain a
maximum mass configuration ≈1.97 M⊙ χωω ≳ 10.
A finite χρρ and/or χωρ coupling would not considerably

change the above results. A finite χρρ, within the range
considered for χωω, i.e., between 0 and 25, would increase
the Ymax

s up to 1%, while both Mmax and v2sðnmaxÞ are
almost insensitive. A finite value χρρ (in the same range)
would originate an increase of 1% in Mmax, an increase up
to 9% in Ymax

s , and a reduction up to 20% in v2sðnmaxÞ.
Therefore, by including the χωρ term we could have at most
≈28% s-quarks for χωω ¼ 25 and χρ ¼ 0.5. However, the
reduction of the speed of sound, originated from χρρ, is
interesting as it allows us to counterbalance the χωω impact
on the speed of sound. A CFL phase is favored when the
three flavors appear in similar amounts. It could be that
more favorable conditions for a CFL phase are still possible
with a correct choice of the couplings χωω, that increases
the quark branch and speed of sound, and χωρ that increases
the strangeness content and decreases the speed of sound.
This interplay effect will be explored in a future work.

C. Binary tidal deformability

The leading tidal parameter of the gravitational-wave
signal from a NS merger is the effective tidal deformability,

Λ̃ ¼ 16

13

ð12qþ 1ÞΛ1 þ ð12þ qÞq4Λ2

ð1þ qÞ5 ; ð5Þ

where q ¼ M2=M1 < 1 is the binary mass ratio [73]. The
Λ1ðM1Þ and Λ2ðM2Þ represent the tidal deformability
(mass) of the primary and the secondary NS in the binary,
respectively. The GW170817 event provides Λ̃ ¼ 300þ420

−230

(90% credible interval) and 0.73 ≤ q ≤ 1 for the binary
mass ratio [78]. The chirp mass of the binary system,
Mchirp ¼ ðM1M2Þ3=5=ðM1 þM2Þ1=5, is measured with a
good accuracy during the gravitational wave detection.
For the GW170817 event, it was measured to be
1.186þ0.001

−0.001 M⊙ [78].
In the following, we fix the chirp mass as Mchirp ¼

1.186 M⊙ and determine Λ1;2 for binary systems of mass
ratios 0.73 ≤ q ≤ 1. The Λ2 − Λ1 diagrams are shown in
Fig. 7 as a function of χωω (color scale) for three ðχω; χρÞ
sets: (0,0) (left), (0.1,0) (center), and (0,0.1) (right). We also
show the two distinct credible regions from LIGO/Virgo
analysis: assuming that each NS has a different EoS, and
Λ1;2 vary independently (brown lines), and using a para-
metrized EoS with the assumption of Mmax ≥ 1.97 M⊙
(dark green lines). All hybrid EoS for the ðχω ¼ 0; χρ ¼ 0Þ
case fall inside the 90% credible region for mass ratios
0.8 ≤ q ≤ 1. For highly asymmetric binaries, 0.73 ≤ q <
0.8, the primary massM1 can be as large as 1.60 M⊙ while
M2 (secondary mass) can be as low as 1.17 M⊙. The
considerable large radius of M1 for parametrizations with
large χρ, very close to the purely hadronic EoS result (see
solid black line in Fig. 2), results in large Λ̃ compared with
the LIGO/Virgo analysis (note that we are only considering
EoS that reach 1.97 M⊙). We see that for ðχω ¼ 0; χρ ¼ 0Þ
all EoS are compatible with LIGO/Virgo 90% credible
region. A small and finite χω and/or χρ reduces the
quark core and thus gives larger values in the Λ1 − Λ2

diagram. The configurations ðχω; χρÞ ¼ ð0.1; 0Þ (center)
and (0,0.1) (right) still predict a large number of hybrid NS
compatible with the 90% credible region of LIGO/Virgo,
for q ≳ 0.85.
We compare our set of hybrid EoS and the probability

density function (pdf) Pðq; Λ̃Þ from the LIGO/
Virgo analysis in Fig. 8 (the same sets as in Fig. 7).
Marginalizing the pdf over q, i.e., PðΛ̃Þ ¼ R

Pðq; Λ̃Þdq,

FIG. 7. Λ2 − Λ1 diagrams for binary systems with Mchirp ¼
1.186 M⊙ and 0.7 < q < 1 as a function of χωω (color scale).
Three ðχω; χρÞ sets are presented: (0,0) (left), (0.1,0) (center), and
(0,0.1) (right). The 50% (dashed lines) and 90% (solid lines)
credible regions for the marginalized posteriors ðΛ1;Λ2Þ from the
LIGO/Virgo analysis of the GW170817 event, assuming inde-
pendent EoS for the NS components (brown) [78] and a para-
metrized EoS assuming Mmax ≥ 1.97 M⊙ (green) [74].

FIG. 8. q − Λ̃ diagrams for binary systems with Mchirp ¼
1.186 M⊙ as a function of χωω (color scale). Three ðχω; χρÞ sets
are presented: (0,0) (left), (0.1,0) (center), and (0,0.1) (right). The
LIGO/Virgo Collaboration results [78] for the probability dis-
tribution function of the joint posterior is shown by the gray
gradient, and the black dashed and solid lines indicate the 50%
and 90% credible regions, respectively.
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results in a pdf for Λ̃ characterized by Λ̃ ¼ 300þ500
−190 [78].

We see that Λ̃ depends very weakly on the binary mass ratio
q. Another important observation is that all hybrid EoS
shown are within the 90% credible interval for q≳ 0.8 for
χω ¼ χρ ¼ 0 and q≳ 0.85 if (χω; χρÞ ¼ ð0.1; 0Þ or (0,0.1).
The EoS are concentrated around Λ̃ ¼ 650–750 for
ðχω ¼ 0; χρ ¼ 0Þ, and Λ̃ ∼ 800 for the other two cases.
These results show that all hybrid stars studied, both with
small or large quark cores which is controlled by the χωω
coupling, are compatible with the GW170817 event.

IV. CONCLUSIONS

We have analyzed the effect of several channel inter-
actions in hadron-quark hybrid EoS within the three-flavor
NJL model. Each hybrid EoS consists of charge-neutral
matter in β-equilibrium that has a phase transition from
hadronic to quark matter. We have studied how the stability
of hybrid star sequences and their properties depend on the
coupling values. The interaction coupling considered in this
work were: χω, χωω, χρ, χρρ, and χωρ. Our analysis showed,
however, a weak impact of both χρρ and χωρ interactions on
the quark EoS, in particular of the first one. Therefore, we
focused our discussion on the χω, χωω and χρ channels, and
presented a brief estimate of the effect of the couplings χρρ
and χωρ. As already seen in [50], χωω considerably changes
the vsðnÞ dependence, which turns out to be crucial in
supporting massive hybrid NS. On the other hand, χρ
controls the onset density of the strange quark, larger values
giving lower onset densities and, consequently, at moderate
baryonic densities give rise to a decrease of the speed
of sound.
These effects on the quark EoS are reflected on the

properties of hybrid stars in the following manner:
(a) the χωω is responsible for longer quark branches
in the MðRÞ diagram, larger central baryonic densities,
the onset of quarks in light mass NS and the possibility
of sustaining these quark cores in massive stars with
masses up to ∼2.1 M⊙; (b) the χρ coupling mainly
controls the onset of strangeness in the star, a earlier
onset occurring with a larger coupling, and its strange-
ness content, larger s-quark fractions occur for larger
couplings. The central speed of sound decreases as χρ
increases. χρ also influences the onset of quarks, a larger
coupling pushes the onset to larger densities, decreases
the size of the quark branch and gives rise to larger
radii. Besides, this interaction is responsible for a small
crossing region in the ðM;RÞ diagram taking all the EoS
with different χρ couplings and the other couplings
fixed; (c) the χω is mainly responsible to increasing the
maximum mass in the ðM;RÞ diagram while pushing the
quark onset to larger densities. This gives rise to shorter
quark branches, smaller central baryonic densities and
smaller strangeness fractions.

Both χωω and χρ have a competitive effect on the size
of quark cores. While χωω is able to generate quark core
masses up to 1.53 M⊙, a finite χρ decreases this effect.
However, moderate values χρ are seen to describe
heavier hybrid NS, with smaller quark cores but with
larger strangeness fractions and lower speed of sound at
the NS central densities. In particular, it is possible to
have quark cores with masses of the order of 0.8–1 M⊙
and radii of the order of 6 km, i.e., one third of the star
radius. In other words, χρ is capable of producing
massive hybrid NS, and although with smaller quark
cores than taking χρ ¼ 0 and a larger χωω, with con-
siderable lower values for v2s at the star center. For any
coupling χρ > 0.25, regardless of the χωω value, any
quark core in the hybrid stars sequences contains
strange quarks since the onset density of the strange
quarks happens at lower values than the transition from
hadronic to quark matter. Under the conditions inves-
tigated in the present work, a maximum s-quark fraction
of 25% was obtained for a star with a quark core mass
having a third of the total star mass. Including a χωρ
term this fraction could rise up to 28%.
We have shown that the presently existing mass and tidal

deformability constraints from NS observations allow for
the existence of hybrid stars with a large strangeness
content and large quark cores. In order to get large s-quark
content, the isovector-vector interaction was included. The
hybrid stars were built starting from an hadronic EoS that
satisfy presently accepted nuclear matter properties,
DDME2 and considering a quark model that is constrained
to the vacuum properties of several mesons. Under the
conditions considered no twin stars [34] have been found.
In [34], twin stars where obtained within a two-flavor NJL
model with four-quark and eight-quark terms, and, besides
the scalar channels also isoscalar-vector channels were
included.
We have compared our set of hybrid stars with the

analysis from the GW170817 event. A considerable subset
of EoS satisfy the 90% credible region for Λ̃. The χωω is
able to generate massive quark cores, already present in
1.4 M⊙ stars, with Λ̃ < 800, even for finite but small
values of both χρ and χω. The recently reported GW190814
event of a compact binary coalescence showed that while
the primary component is conclusively a black hole, the
secondary component with mass of 2.50–2.67 M⊙
remains yet inconclusive [14]. In the present work, we
cannot describe such a massive NS as an hybrid star
described by the present quark model. However, our
results are dependent on the hadronic EoS considered
and changing the hadronic part of the hybrid EoS might
make the EoS hard enough to reach such high mass hybrid
stars [49]. In this case, the quark content of such stars will
be very small and the tidal deformability of stars with low
masses, within such models will be given by the hadronic
sector of the EoS.
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APPENDIX: HYBRID STARS PROPERTIES

We summarize some properties of the hybrid NS
obtained with χω ¼ 0 and χω ¼ 0.1 in Tables III and IV,
respectively, for several values of χωω and χρ.

TABLE III. Several NS properties for each different hybrid EoS ðχρ; χωω; χω ¼ 0Þ: quark core (MQC), quark radii (RQC), mass of the
heaviest star (Mmax), radii of the heaviest star (Rmax), onset density of quarks (nq), lightest NS mass with quark content (Mq), central
density of the heaviest star (nmax), strange quark fraction at nmax (Ymax

s ), squared speed of sound at nmax [v2sðnmaxÞ], radii (R1.4 M⊙
) and

tidal deformability (Λ1.4 M⊙
) of a 1.4 M⊙ NS.

MQC RQC Mmax Rmax nq Mq nmax Ymax
s v2sðnmaxÞ R1.4 M⊙

Λ1.4 M⊙

χρ χωω [M⊙] [km] [M⊙] [km] [fm−3] [M⊙] [fm−3] [c2] [km]

0.0 0 1.21 8.69 1.71 11.69 0.33 0.92 0.95 0.17 0.32 12.54 452
0.0 5 1.41 8.77 1.84 11.31 0.33 0.98 1.03 0.20 0.43 12.68 493
0.0 10 1.57 8.82 1.96 11.03 0.34 1.04 1.07 0.20 0.66 12.81 538
0.0 15 1.68 8.89 2.05 10.96 0.34 1.10 1.06 0.20 0.83 12.91 578
0.0 20 1.74 8.96 2.13 11.01 0.35 1.18 1.03 0.2 0.93 13.02 621
0.2 0 0.76 7.24 1.72 12.26 0.39 1.38 0.84 0.18 0.31 13.19 690
0.2 5 0.97 7.55 1.84 11.87 0.40 1.46 0.93 0.21 0.37 13.20 705
0.2 10 1.20 7.78 1.95 11.43 0.41 1.53 1.00 0.22 0.61 13.20 705
0.2 15 1.32 7.89 2.04 11.25 0.42 1.63 1.02 0.23 0.78 13.20 705
0.2 20 1.37 7.92 2.12 11.26 0.43 1.71 1.00 0.22 0.89 13.20 705
0.4 0 0.30 5.09 1.77 12.82 0.48 1.71 0.72 0.17 0.29 13.20 705
0.4 5 0.47 5.78 1.86 12.52 0.49 1.77 0.79 0.20 0.31 13.20 705
0.4 10 0.75 6.52 1.95 12.02 0.50 1.84 0.89 0.22 0.50 13.20 705
0.4 15 0.95 6.88 2.05 11.68 0.51 1.91 0.94 0.23 0.69 13.20 705
0.4 20 1.03 7.01 2.13 11.59 0.52 1.98 0.94 0.23 0.82 13.20 705

TABLE IV. Several NS properties for each different hybrid EoS ðχρ; χωω; χω ¼ 0.1Þ: quark core (MQC), quark radii (RQC), mass of the
heaviest star (Mmax), radii of the heaviest star (Rmax), onset density of quarks (nq), lightest NS mass with quark content (Mq), central
density of the heaviest star (nmax), strange quark fraction at nmax (Ymax

s ), squared speed of sound at nmax [v2sðnmaxÞ], radii (R1.4 M⊙
) and

tidal deformability (Λ1.4 M⊙
) of a 1.4 M⊙ NS.

MQC RQC Mmax Rmax nq Mq nmax Ymax
s v2sðnmaxÞ R1.4 M⊙

Λ1.4 M⊙

χρ χωω [M⊙] [km] [M⊙] [km] [fm−3] [M⊙] [fm−3] [c2] [km]

0.0 0 1.03 7.99 1.80 11.99 0.37 1.27 0.90 0.16 0.33 13.07 642
0.0 5 1.21 8.20 1.91 11.71 0.38 1.34 0.95 0.17 0.40 13.16 684
0.0 10 1.35 8.29 2.01 11.48 0.39 1.42 0.98 0.18 0.58 13.20 707
0.0 15 1.44 8.35 2.10 11.39 0.40 1.50 0.98 0.18 0.73 13.20 710
0.0 20 1.49 8.37 2.17 11.39 0.41 1.59 0.97 0.18 0.84 13.20 705
0.2 0 0.51 6.15 1.84 12.59 0.45 1.69 0.78 0.16 0.32 13.20 705
0.2 5 0.66 6.53 1.94 12.35 0.46 1.76 0.83 0.18 0.34 13.20 705
0.2 10 0.82 6.82 2.02 12.08 0.47 1.84 0.87 0.19 0.49 13.20 705
0.2 15 0.93 6.98 2.11 11.9 0.49 1.92 0.9 0.2 0.64 13.20 705
0.2 20 0.98 7.00 2.18 11.83 0.51 2.0 0.9 0.2 0.75 13.20 705
0.4 0 0.14 3.84 1.91 13.07 0.54 1.88 0.67 0.16 0.3 13.20 705
0.4 5 0.22 4.47 1.98 12.92 0.55 1.95 0.71 0.17 0.31 13.20 705
0.4 10 0.35 5.11 2.06 12.7 0.56 2.01 0.75 0.19 0.39 13.20 705
0.4 15 0.48 5.57 2.13 12.48 0.57 2.08 0.79 0.2 0.52 13.20 705
0.4 20 0.57 5.81 2.2 12.32 0.58 2.14 0.81 0.2 0.64 13.20 705
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