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Abstract We investigate the properties of hybrid star and
the mixed phase core to explore the radius ratio of the mixed
phase in hybrid star. In the context of observed massive neu-
tron stars (NSs), we examine the internal structure, phase
transitions, and the impacts of the equation of state (EOS) in
maximum hybrid star. We investigate the stiffness changes
in the EOS during the hadron-quark phase transition within
the hybrid stars. The relativistic mean-field (RMF) model is
used to describe hadronic matter, while to the represent quark
matter, the Nambu–Jona–Lasinio (NJL) model is applied. We
explore the strength of vector coupling in quark matter, which
delays the onset density of the mixed phase and reduces the
size of the mixed-phase core in a hybrid star, but does not
exhibit a clear correlation with the central density. In a hybrid
star with a maximum mass of approximately 2 solar masses
(M�), a mixed-phase core of ∼ 5 km may exist, compris-
ing about 40% of the total radius. However, our results do
not support the existence of a sizable quark core containing
the mixed phase (RMP > 1/2 Rtotal) for the maximum-mass
hybrid star or for a 2 M� massive star.

1 Introduction

The equation of state (EOS) plays a crucial role in the fields
of nuclear physics and astrophysics [1], as it determines the
composition and properties of compact stars. It also sheds
light on the nature of strong interactions within these stars.
The quantum chromodynamics (QCD) phase transition at
finite temperature and low baryon density supports the hot
dense quark matter exist, while cold dense quark matter may
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only be found in neutron stars (NSs). The question of whether
quark matter can exist in NSs has been a topic of interest for
researchers in several decades [2–4], which remains an open
question. It is challenging to draw firm conclusions about the
presence of quark matter inside NSs based solely on mea-
surements of mass or radius. However, the sensitivity of core
g-mode oscillations to the presence of quark matter may help
mitigate this difficulty [5,6]. At high density, the Bodmer–
Witten assumption that strange quark matter composed of u,
d and s quarks and leptons in β equilibrium condition may
actually be the true ground state of matter [7], exhibiting a
lower energy per baryon compared to both ud quark matter
and nucleon matter. Whether strange quark matter is abso-
lutely stable is model dependent [8], if this absolutely sta-
ble condition (the Bodmer–Witten assumption) is satisfied, a
conversion from NS to strange quark star may occur. Other-
wise, the cold dense quark matter may found in NS, which is
usually called hybrid star. Overall, it is possible that a first-
order hadron-quark phase transition occurs within the core
of massive hybrid star [9–12], where the density could reach
5–10 times saturation density n0. Han et al. [12] explored var-
ious methods for implementing the hadron-quark phase tran-
sition, specifically, first-order transitions with Maxwell con-
struction and Gibbs construction, as well as smooth crossover
transitions and quarkyonic matter. The framework of hybrid
star with twin star under Maxwell construction is discussed
in [13,14]. Li et al. [15] proposed a model featuring sequen-
tial phase transitions from hadronic matter to low-density and
subsequently to high-density quark matter phases.

In the past decade, significant progress in astronomical
observations has provided abundant data on NS mass, radius,
and tidal deformability. These constraints have spurred
explorations into theories of dense matter, narrowing down
the range of plausible strong interaction theories. Recent
Shapiro delay measurements of massive neutron star PSR
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J0740+6620 [16,17], provide a lower limit of NS maximum
mass, 2.08 ± 0.07 M� (68.3% credibility interval), similar
restrictions are also imposed by PSR J1614-2230 (1.908 ±
0.016 M�) [18] and PSR J0348+0432 (2.01±0.04 M�) [19],
respectively. These results provide constraints on the EOSs,
that disallow configurations unable to support ∼ 2 M�
NSs. Additionally, the black-widow pulsar, PSR J0952-
0607 has a reported mass of 2.35 ± 0.17 M� [20] (68.3%
credibility interval), making it the heaviest NS observed.
The inferred mass M and equatorial radius R from x-ray
data collected by the Neutron Star Interior Composition
Explorer (NICER) for PSR J0030+0451 are estimated to
be M = 1.34+0.15

−0.16 M�, R = 12.71+1.14
−1.19 km [21] and

M = 1.44+0.15
−0.14 M�, R = 13.02+1.24

−1.06 km [22] (68% cred-
ible interval), respectively. Moreover, observations of PSR
J0740+6620 from NICER (68.3% credibility interval) sug-
gest a mass of M = 2.072+0.067

−0.066 M� and an equatorial radius

of R = 12.39+1.30
−0.98 km [23]. Additionally, another estimate

indicates M = 2.08 ± 0.07 M� and R = 13.7+2.6
−1.5 km [24].

These massive NS observations above ruled out as unable
to support NSs with masses ∼ 2 M�. In addition to
these compact objects, there are other significant estimates,
including the possibility that the secondary component of
GW190814 may be the most massive NS to date [25]. The
GW170817 event provided constraints on tidal deformabil-
ity, with �1.4 = 190+390

−120 [26,27]. A roughly 1.4 M� NS
radius, consistent with the tidal deformability up limit, refers
R1.4 ≤ 13.6 km [28]. The advancements from NICER and
gravitational wave detections have opened new avenues for
NS exploration. These multi-messenger astronomical obser-
vations can be used to constrain the parameters in different
models [29–31].

On one hand, the mass constraints for massive NSs require
a stiff EOS; on the other hand, the radius or tidal deforma-
bility limits suggest a relatively soft EOS in the low-density
range. To reconcile these conflicting constraints, numerous
studies have explored the inclusion of quark degrees of free-
dom in NSs [8,29,30,32–35]. Recently, it has been sug-
gested that observations of gravitational waves from binary
neutron star mergers indicate the possibility of a hadron-
quark phase transition [32]. This conclusion is based on
a model-independent speed-of-sound interpolation between
chiral effective field theory (CEFT) and perturbative quan-
tum chromodynamics (pQCD) EOSs. Their findings imply
the existence of a relatively large pure quark core in mas-
sive massive NSs [32]. This conclusion is further supported
by Refs. [29,30], which include additional quark interac-
tions. In these studies, the eight-quark vector interaction and
the four-quark isovector-vector interaction play significantly
different roles in determining the size of the quark core.

The purpose of this study is to explore the changes in the
stiffness of the EOS during the transition from hadronic mat-

ter to quark matter, and to investigate the properties of the
maximum-mass hybrid star that incorporates quark degrees
of freedom, particularly focusing on the size of the quark
matter core. A quantitative description of EOS stiffness pro-
vides insight into the density of hybrid star matter required
to satisfy observational constraints and strong interaction
strengths. Furthermore, the presence of quark matter in the
core of massive hybrid stars offers additional insights into the
deconfinement phase transition. Describing both hadronic
and quark matter within a unified framework presents sev-
eral challenges, as these phases typically involve different
types of particles. Distinct models are typically selected to
describe hadronic and quark matter. For hadronic matter, we
employ the relativistic mean-field (RMF) model. For quark
matter, we utilize the Nambu–Jona–Lasinio (NJL) model,
which can spontaneously describe the restoration of chiral
symmetry by calculating quark condensates. The Gibbs con-
struction [3,36,37] is adopted for modeling the hadron-quark
mixed phase. In the Gibbs construction both hadronic matter
and quark matter can coexist within a density region charac-
terized by dynamic equilibrium, baryon chemical potential
equilibrium and global charge neutrality. The transition from
the hadronic phase to the quark phase leads to a softening
of the EOS, resulting in a lower maximum mass for hybrid
stars compared to their pure hadronic counterparts, due to
the increase in degrees of freedom. The model independent
calculations [32] and phenomenological models with a first-
order phase transition [29,30] support the existence of a large
quark core in massive hybrid star. However, our results using
RMF-NJL framework suggest that a Gibbs phase transition
is insufficient to produce a sizable quark core that occupies
nearly half the radius of massive hybrid stars, as indicated
in Ref. [32]. Another commonly used Maxwell construction
leads to an unstable hybrid star when quark matter appears
inside a neutron star using the RMF-NJL framework. There-
fore, there is no quark core under the Maxwell construc-
tion in this work. In this study, hyperons in hadronic matter
are neglected mainly due to the “hyperon puzzle” problem.
Hyperons would soften the EOS and may prevent the forma-
tion of NSs with masses above 2 M�. This issue requires
introducing additional effects, such as three-body forces,
which complicate the discussion. Additionally, a softer EOS
caused by hyperons would delay the onset density of quarks
and lead to a smaller quark core. Furthermore, the onset den-
sities of quarks and the lightest hyperon are similar, making
it difficult to distinguish the effects of hyperons from those
of quark degree on the properties of the EOS of hybrid star
matter. The recent observational constraints mentioned above
have been taken into account. Within the framework of this
study, quarks typically emerge beyond the central density of
a 1.4 M� NS, rendering the constraints on tidal deformability
and the corresponding radius irrelevant to the quark degrees
of freedom.
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This article is constructed as follows. In Sect. 2, we pro-
vide a concise overview of the RMF model and the NJL
model. We also discuss the hadron-quark phase transition
under Gibbs equilibrium. In Sect. 3, we present the numer-
ical results of the hadron-quark phase transition, including
the changes in the stiffness of the EOS and the size of the
quark matter core. Finally, Sect. 4 offers a summary of our
findings.

2 The theoretical model

2.1 Hadronic matter phase

The RMF model is employed to describe the hadronic matter,
where nucleons interact through the exchange of isoscalar-
scalar meson σ , isoscalar-vector meson ω, and isovector-
vector meson ρ. The Lagrangian density for the hadronic
matter, comprising nucleons (p and n) and leptons (e and μ)
is written as

LRMF =
∑

i=p,n

ψ̄i
{
iγμ∂μ − (M + gσ σ )

−γμ

[
gωωμ + gρ

2
τaρ

aμ
]}

ψi
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2
∂μσ∂μσ − 1

2
m2

σ σ 2 − 1

3
g2σ

3 − 1

4
g3σ

4

−1

4
WμνW
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2
m2

ωωμωμ + 1

4
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(
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4
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2
m2

ρρa
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+�v

(
g2
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) (
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ρρa

μρaμ
)

+
∑

l=e,μ

ψ̄l
(
iγμ∂μ − ml

)
ψl , (1)

where Wμν and Raμν denote the antisymmetric field ten-
sors associated with ωμ and ρaμ, respectively. Within the
RMF framework, meson fields are treated as classical fields,
and the field operators are replaced with their corresponding
expectation values. For a static system, the non-vanishing
expectation values are σ = 〈σ 〉, ω = 〈

ω0
〉
, and ρ = 〈

ρ30
〉
. In

uniform hadronic matter, the equations of motion for meson
fields can be expressed as

m2
σ σ + g2σ

2 + g3σ
3 = −gσ

(
nsp + nsn

)
, (2)

m2
ωω + c3ω

3 + 2�vg
2
ωg

2
ρρ2ω = gω

(
n p + nn

)
, (3)

m2
ρρ + 2�vg

2
ωg

2
ρω2ρ = gρ

2

(
n p − nn

)
, (4)

where nsi and ni denote the scalar densities and number den-
sities of species i , respectively. In the context of hadronic
matter under β equilibrium, the chemical potentials satisfy
the relations μp = μn − μe and μμ = μe. The chemical
potentials are given by

μi =
√
kiF

2 + M∗2 + gωω + gρτ i3ρ, i = p, n, (5)

μl =
√
klF

2 + m2
l , l = e, μ, (6)

where M∗ = M + gσ σ denotes the effective nucleon mass.
The energy density of hadronic phase (HP) is expressed as

εHP =
∑

i=p,n

1
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0
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l k
2dk, (7)

and the pressure is

PHP =
∑

i=p,n

1

3π2

∫ kiF
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∫ klF

0

k4dk√
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l

. (8)

In order to investigate the impact of EOS on hybrid
star structures and the hadron-quark phase transition, we
adopt several successful RMF models, including NL3L-
50 [38], BigApple [39], TM1e [40,41] and NL3 [42] to
characterize nuclear interactions, which can support at least
2 M� NSs. In particular, the NL3L-50 model incorporates
a density-dependent coupling for the ρ meson, gρ(nb) =
gρ(n0) exp

[
−aρ

(
nb
n0

− 1
)]

, which is varied to adjust the

density dependence of the symmetry energy. This leads to
a rearrangement item �r = 1

2

∑
i=p,n

∂gρ(nb)
∂nb

τ3niρ for the
chemical potential and pressure [38]. The nucleon couplings
in this set of EOS models are determined to reproduce
the binding energies, charge radii, neutron radii of selected
nuclei, and the properties of saturation nuclear matter. These
models exhibit varying stiffness in order to make our results
more general, in which NL3L-50, BigApple and NL3 pro-
duce stiffer EOSs, while TM1e generates a relatively softer
EOS. Our choice of these parametrizations is primarily moti-
vated by their ability to satisfy the constraint of 2 M� and
the radius constraints for NSs. Notably, when considering
the quark degrees of freedom, a decrease in the maximum
mass of the hybrid stars is expected. Among these param-
eter sets, NL3L-50, BigApple and TM1e yield mass-radius
relations that satisfy the constraints outlined in the introduc-
tion, therefore we consider them as representative models.
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Table 1 Masses of nucleons and mesons and meson coupling constants.
The masses are provided in units of MeV

Parameters NL3L-50 BigApple TM1e NL3

M 939.0 939.0 938.0 939.0

mσ 508.194 492.730 511.198 508.194

mω 782.501 782.500 783.000 782.501

mρ 763.0 763.0 770.0 763.0

gσ 10.217 9.6699 10.0289 10.217

gω 12.868 12.316 12.6139 12.868

gρ 8.948 14.1618 12.2413 8.948

g2/fm−1 10.431 11.9214 7.2325 10.431

g3 − 28.885 − 31.6796 0.6183 − 28.885

c3 0 2.6843 71.3075 0

�v 0 0.0475 0.0327 0

aρ 0.583455 0 0 0

The NL3 parameter set predicts a radius on the mass-radius
curve that exceeds the established constraints, which is con-
cluded to investigate the impact of this larger radius on the
mixed phase core. For completeness, we present the param-
eter sets of these models in Table 1.

2.2 Quark matter phase

To describe the quark matter, we chose the SU(3) NJL model,
which incorporates three flavors of quarks u, d and s. The
Lagrangian density of the NJL model is given by

LNJL = q̄
(
iγμ∂μ − m0

)
q

+GS

8∑

a=0

[
(q̄λaq)2 + (q̄iγ5λaq)2

]

−K
{
det

[
q̄ (1 + γ5) q

] + det
[
q̄ (1 − γ5) q

]}

−GV

8∑

a=0

[(
q̄γ μλaq

)2 + (
q̄γ μγ5λaq

)2
]
, (9)

where q refers to the quark field, which contains three flavors
(N f = 3) and three colors (Nc = 3). The current quark mass
matrix is given by m0 = diag

(
m0

u,m
0
d ,m

0
s

)
. In this study,

we take into account chirally symmetric four-quark interac-
tion characterized by the coupling constant GS , Kobayashi–
Maskawa–’t Hooft (KMT) six-quark interaction represented
by the coupling constant K , and repulsive vector interaction
governed by the coupling constant GV . The inclusion of the
vector coupling is essential in describing massive stars, as
shown in Refs. [8,43–49]. In this study, we adopt the param-
eters provided in Refs. [50,51], m0

u = m0
d = 5.5 MeV,

m0
s = 140.7 MeV, � = 602.3 MeV, GS�

2 = 1.835,
and K�5 = 12.36. These parameters are fitted to the pseu-
doscalar meson octet in vacuum. In a recent study, Gholami

et al. [52] generalized an idea based on the requirement of
renormalization-group (RG) consistency to expand the scope
of the cutoff �. Through this approach, we can examine
the effect of the scalar coupling. In this study, we introduce
λ = �′

�
, where �′ is larger cutoff with RG consistency. The

new scalar coupling then becomes G ′
S = 1

λ2 GS . The vec-
tor coupling GV is treated as a free parameter in our analy-
sis, following the approach adopted in Refs. [37,41,43,47],
because there is no well-constrained value for only GV at
finite density currently. By treating GV as a free parameter,
we aim to explore its influence on the properties and behav-
ior of quark matter within our study. Since the vector cou-
pling GV only serves to stiffen the EOS of quark matter, its
effects on the hadron-quark phase transition are expected to
be qualitatively similar across different models [37,48,49].
By including GV , the EOS would become more resistant
to compression, resulting in increased pressure for a given
density.

At the mean-field level, the constituent quark masses arise
from spontaneous chiral symmetry breaking. In vacuum,
the constituent quark mass m∗

i is much larger than the cur-
rent quark mass m0

i . The determination of constituent quark
masses m∗

i in quark matter involves solving the relevant gap
equations,

m∗
i = m0

i − 4GS〈q̄i qi 〉 + 2K 〈q̄ j q j 〉〈q̄kqk〉, (10)

with (i, j, k) being any permutation of (u, d, s). The energy
density of quark matter is given by

εNJL =
∑

i=u,d,s

[
− 3

π2

∫ �

kiF

√
k2 + m∗2

i k2dk

]

+2GS

(
C2
u + C2

d + C2
s

)
− 4KCuCdCs

+2GV

(
n2
u + n2

d + n2
s

)
− ε0, (11)

where Ci = 〈q̄i qi 〉 denotes the quark condensate of flavor i .
The constant ε0 is introduced to ensure that the energy density
in the physical vacuum is zero. In our current study, the choice
of ε0 leads the pressure also vanishes in the vacuum. In quark
matter, the chemical potentials of quarks and leptons satisfy
the β equilibrium condition, which is expressed as μs =
μd = μu + μe and μμ = μe. The chemical potential of
quark flavor i = u, d, s is given by

μi =
√
kiF

2 + m∗
i

2 + 4GV ni . (12)

The total energy density and pressure in quark phase (QP)
are written as

εQP = εNJL +
∑

l=e,μ

1

π2

∫ klF

0

√
k2 + m2

l k
2dk,
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Fig. 1 The phase transition density nb(1), nb(2) and the center density nc of the maximum-mass NS as a function of baryon number density nb
with different values of GV

PQP =
∑

i=u,d,s,e,μ

niμi − εQP. (13)

2.3 Hadron-quark mixed phase

In our study, we employ the Gibbs construction to describe
the hadron-quark mixed phase. Within this construction, the
system satisfies the β equilibrium. Both hadronic matter and
quark matter are allowed to be charged separately, but the
total charge remains zero. The energy density of the mixed
phase (MP) is

εMP = uεQP + (1 − u)εHP, (14)

where u is the volume fraction of quark matter. The pressure
equilibrium and the chemical potential equilibrium between
two phases are shown below,

PHP = PQP, (15)

μu + μe = μd = μs = 1

3
μn + 1

3
μe. (16)

At a given baryon density nb, there are two independent
chemical potentials, μn and μe, which can be determined by
the constraints of global charge neutrality and baryon number
conservation given in

0 = ne + nμ − u

3
(2nu − nd − ns) − (1 − u)n p, (17)

nb = u

3
(nu + nd + ns) + (1 − u)

(
n p + nn

)
. (18)

All the properties of the mixed phase can be calculated under
the equilibrium state with given nb.

3 Results and discussion

The presence of deconfined quarks in the core of massive
hybrid stars is an intriguing possibility. In this section, we

investigate the EOS and its impact on the internal structure
of the maximum-mass hybrid stars. To describe the hadronic
matter, we employ the RMF models, while the NJL model
with repulsive vector coupling is utilized for quark matter.
The hadron-quark mixed phase is treated under the Gibbs
equilibrium condition. For the representation of larger mass
NSs, we employ the stiff parameter sets NL3L-50 and BigAp-
ple, while the TM1e parameter set illustrates results for NSs
with a mass around 2 M�. The results obtained from the NL3
parameter set are included in select figures for comparison,
as this set tends to predict excessively large radii and tidal
deformability compared to observational data.

We examined the effect of vector coupling on the phase
transition density and the central density nc of maximum-
mass hybrid star, as shown in Fig. 1. With GV increase, the
mixed phase is delayed to higher densities, affecting both
nb(1) (the transition density between hadronic phase and the
mixed phase) and nb(2) (the transition density between the
mixed phase and quark phase), while the central density nc
remains relatively stable. If nc < nb(1), it indicates that the
stable central density of the maximum-mass star occurs in
pure hadronic matter without deconfined quarks. The max-
imum mass of hybrid star is primarily determined by the
stiffness EOS of the hadronic phase, while the range of the
hadronic phase is influenced by the vector coupling GV . Fur-
thermore, a strong enough GV can prevent the hadron-quark
phase transition, with the threshold value of GV being deter-
mined by the EOS of hadronic phase. NL3L-50, BigApple,
and TM1e support maximum GV values of approximately
GV < 1.3 GS , GV < 1.1 GS , and GV < 0.5 GS , respec-
tively. The relatively large upper limit derived here bene-
fits the stiffness of the total EOS. The decrease in the range
betweennb(1) andnc asGV increases indicates a reduction in
the mixed phase range. Beyond the threshold value of GV ,
although the hadron-quark phase transition may occur, the
mixed phase is not supported in a hybrid star. For a given GV ,
the value of nb(1) derived from BigApple shifts slightly to
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Fig. 2 Pressures P as a function of the number density nb obtained
using different parameter sets as NL3L-50, BigApple, and TM1e. The
results for the hadronic phase, mixed phase (MP), and quark phase (QP)
are represented by dash-dot lines, solid lines and dashed lines, respec-

tively. Additionally, the strength of the vector coupling is varied with
values GV = 0, 0.1 GS, 0.2 GS , which are depicted by red, blue, and
green lines, respectively

Fig. 3 The squared sound velocity c2
s (upper panel) and the polytropic

index γ (lower panel) as functions of the baryon number density nb
with varying vector couplings GV = 0, 0.1 GS, 0.2 GS . The labels
are consistent with those in Fig. 2. Additionally, in the upper panel,

a short dashed line is utilized to represent the conformal limit with
c2
s = 1/3. In the lower panel, γ = 1.75 (short dashed line) serves

as reference value to distinguish the nucleon degree of freedom from
non-nuclear degrees of freedom

a higher density compared to the results from NL3L-50, and
nb(2) shifts more significantly. This suggests that nucleons
with NL3L-50 dissociate faster to quarks than with BigAp-
ple (and TM1e) interaction. In this work we aim to explore
the possibility of a sizable mixed-phase core, so we utilize
values of GV = 0, 0.1 GS, 0.2 GS in the following.

In Fig. 2, we illustrate the EOSs for the hadronic phase,
mixed phase, and quark phase using the NL3L-50, BigAp-
ple, and TM1e parameter sets, considering various strengths
of vector couplings, GV = 0, 0.1 GS, 0.2 GS . Before a
density of ∼0.7 fm−3, the EOS lines for the hadronic phase
using the NL3L-50 and BigApple parameter sets exhibit sim-
ilarities, with BigApple being slightly softer. This results in
a slight delay in the onset of the mixed phase, combined
with an enlarged range of the mixed phase for all values
of GV . The relatively softer parameter set, TM1e, further
enhances this trend. However, it is noteworthy that the mixed

phase EOS derived from TM1e is stiffer compared to that
of NL3L-50 and BigApple. This observation is counterintu-
itive since, despite the hadron-quark phase transition being
delayed for a softer EOS (TM1e), the stiffness of relatively
soft EOS (TM1e) at the onset density of the mixed phase is
still lower than that of the stiff EOS (NL3L-50 and BigAp-
ple). This is illustrated in Fig. 3. One plausible hypothesis
is that a stiffer hadronic EOS results in higher energy within
the mixed phase, causing nucleons to dissociate into quarks
more rapidly than in a softer hadronic EOS. Consequently,
the rate of soft EOS stiffness change becomes smoother,
as evident in Fig. 3. With increasing GV , the onset of the
mixed phase shifts to higher densities, accompanied by an
increase in the pressure of the mixed phase. The degrees of
freedom of the mixed phase encompass those of both the
hadronic and quark phases, contributing to the gentlest pres-
sure change among the phases. We utilize the squared sound
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Fig. 4 The mass-radius
relations (left panel) and
mass-central density nc relations
(right panel) of hybrid stars with
different model parameters. The
results from pure hadronic EOS
(dash-dot lines) are compared
with those including
hadron-quark phase transition
for different vector couplings.
The shaded areas correspond to
simultaneous measurements of
the mass and radius range from
NICER for PSR
J0030+0451 [21,22] and PSR
J0740+6620 [23,24],
respectively. The radius
constraint R1.4 ≤ 13.6 km is
presented with light grey [28].
The hypothesis that the second
component of GW190814 is a
NS is also depicted [25]

velocity c2
s and the polytropic index γ to quantify the stiff-

ness of EOSs as illustrated in Fig. 2. The sound velocity cs
is defined as c2

s = dP/dε, which asymptotically approaches
1/3 in the conformal limit corresponding to free mass-less
quarks. On the other hand, the polytropic index is defined as
γ = d(lnP)/d(lnε), and has a value γ = 1 in conformal
limit matter. The squared sound velocity (upper panel) and
the polytropic index (lower panel) as functions of the baryon
number density nb are depicted in Fig. 3. We show the results
that nb stretched up to 2.0 fm−3 only for comparison purpose
where the hadronic matter models used in this study should
not applicable at such high densities. Both sound velocity and
the polytropic index could characterize the stiffness change
of the EOS, but sound velocity is the better choice in low
densities because of it without a fluctuation. The decrease of
sound velocity of BigApple and TM1e may be related to the
effect of parameter �v in RMF models. The sudden decrease
in the squared sound velocity c2

s or the polytropic index γ

at the onset of the mixed phase corresponds to an increase
in degrees of freedom. The values of c2

s and γ for the mixed
phase are the lowest among the three phases. Towards the end
of the mixed phase, the trend of c2

s approaches zero (espe-
cially for NL3L-50 and BigApple), resembling the results
of the Maxwell construction. c2

s ∼ 0 corresponds to nearly
constant pressure, as shown in Fig. 2, the mixed phase pres-
sure at high densities remains nearly constant for NL3L-50
and BigApple. This behavior arises because, at the end of
the mixed phase in the Gibbs construction, the number den-
sity of leptons approaches zero, leading the hadronic and
quark components to approach local charge neutrality, simi-
lar to the conditions of the Maxwell construction. The value
γ = 1.75, from Ref. [32] distinguishes between the pure
nucleon and non-nucleon parts: all the hadronic matter EOS
have γ > 1.75 except the case TM1e-GV = 0.2 GS , and all
the mixed phase and quark phase EOSs have γ < 1.75.
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Fig. 5 The dimensionless tidal deformability as a function of NS mass.
The purple vertical line indicates the tidal deformability constraint at
1.4 M� from GW170817 event with �1.4 = 190+390

−120 [27]. The shaded

areas correspond to the mass constraints from PSR J0740+6620 and
GW190814 event [16,25], respectively

In Fig. 4, we display the mass-radius relations (left panel)
and mass-central density relations (right panel) for NL3L-50,
BigApple, and TM1e EOSs with different strength of vector
coupling GV = 0, 0.1 GS, 0.2 GS, 0.4 GS . Several con-
straints from astrophysical observations are also displayed
in different color regions. Several constraints from astro-
physical observations are also displayed in different color
regions. The predicted maximum mass of hybrid star depends
on GV . Due to the stiff enough EOS of hadronic matter,
even with GV = 0, NL3L-50 and BigApple could support a
maximum mass of Mmax ∼ 2.0 M�, while TM1e requires
GV ≥ 0.1 GS . The maximum mass could reach 2.5 M� with
GV ≥ 0.4 GS using the NL3L-50 parameter set. The appear-
ance of quark degrees of freedom in the mixed phase leads
to an obvious reduction of the maximum mass of hybrid star,
but larger values of GV make the reduction of maximum
mass smaller. Compared with stiffer EOSs (NL3L-50 and
BigApple), the effect of different values of GV on TM1e is
smaller. The normal 1.4 M� NS properties are determined
by the EOS around 2 n0, where quarks do not yet appear.
Therefore, the mixed phase does not affect mass-radius line
through PSR J0030+0451 constraints [21,22]. Even when
considering the hadron-quark phase transition, the radius and
mass of hybrid stars are still mainly affected by the hadronic
part of the EOS. In Fig. 5, we show the dimensionless tidal
deformability-mass relations for the NL3L-50, BigApple,
and TM1e EOSs. In the strong gravitational field generated
by a neutron star’s companion, the tidal deformability rep-
resents the deformation of a compact star and is related to
its mass, radius, and Love number. From the binary neu-
tron star merger event GW170817, the tidal deformability
was extracted as �1.4 = 190+390

−120 [27]. It can be found that,
just like R1.4, �1.4 is also not affected by the hadron-quark
phase transition. Among these EOSs, the BigApple series fall
within the constraints from GW170817, while the NL3L-50
and TM1e series slightly exceed this constraint. To constrain
the EOSs at high density over the phase transition point in

this work, it is expected to measure the tidal deformability
for massive neutron star mergers in the future.

To discuss the changes of the scalar coupling GS in NJL
model, we display the same relations in Fig. 6 as shown in
Fig. 4. The changing scalar coupling is introduced as G ′

S =
1
λ2 GS , whereGS is the initial parameter withGS�

2 = 1.835.
WithG ′

S < GS , the maximum mass of hybrid stars increases.
However, the maximum mass exhibit irregular variations
rather than a monotonic change with the scalar coupling G ′

S .
Specifically, among the cases G ′

S = 0.85, 0.9, 0.95 GS and
G ′

S = GS , the maximum mass is highest for G ′
S = 0.9 GS .

The mixed phase density range can be roughly identified
in the right panel. The onset density is located at the split
density with the pure nucleon star line and ends at the max-
imum mass position. Indeed, for G ′

S = 0.85, 0.9, 0.95 GS

and G ′
S = GS , the central densities of the maximum mass

hybrid stars are around nc ∼ 0.7 fm−3, similar to the results
shown in Fig. 1b. An overall tendency shows a smaller mixed
phase range compared to G ′

S = GS . The scalar coupling
effect on quark matter in this work is different from that on
color superconductivity (CSC) quark matter, as discussed in
Ref. [52].

To better examine the properties of the maximum-mass
hybrid star, we present the relations of internal mass Mr and
internal radius r of the maximum-mass hybrid star in Fig. 7.
For clarity, we use M and R to denote the total mass and
radius of the hybrid star (like in Fig. 4), while r and Mr sig-
nify the internal radius within the hybrid star and the mass
enclosed within that radius, respectively. The results with
mixed phased core (with GV = 0, 0.1 GS, 0.2 GS) and
pure hadronic matter are shown. The solid square marks the
point at which deconfined quarks appear. To the left of this
solid square, the mixed phase core can reach sizes of approx-
imately 6 km and an enclosed mass of about 0.3 M� for
GV = 0. AsGV increases, the EOS for quark matter becomes
stiffer, resulting in a decrease in both the size and mass of
the mixed phase core in the maximum-mass hybrid star. A
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Fig. 6 Same as Fig. 4 but for
different values of G ′

S with
BigApple and GV = 0. The
sub-figures show local
enlargements

Fig. 7 Mass internal to the radius Mr changes with hybrid star internal
radius r . The comparison of pure hadronic matter in maximum-mass
hybrid star results (black solid lines) are also shown. The solid square

marks the onset of the mixed phase, with the left side indicating the
mixed phase, while the right side representing the hadronic phase

relative softer hadronic phase EOS (TM1e) could allow for a
relatively large size and mass of the mixed phase core com-
pared to stiffer hadronic phase EOS (NL3L-50 and BigAp-
ple), although it offers a relatively small total maximum mass.
No pure quark core is observed within the framework of this
study, as the onset density for the pure quark phase exceeds
the maximum central density, as shown in Fig. 1. In con-
trast to results featuring a mixed-phase core, a neutron star
composed solely of hadronic matter exhibits a rapid increase
in internal mass Mr as the internal radius r expands. This
increase in mass is evident throughout the entire interior of
the star, rather than solely within the radius corresponding to
the mixed-phase core.

Figure 8 shows the internal density-radius (nb − r ) rela-
tions of the maximum-mass hybrid star, including the NL3L-
50, BigApple, TM1e, and NL3 parameter sets. Among these,
the NL3 parameter set yields a larger mixed phase radius
compared to the others With GV = 0, NL3L-50, BigAp-
ple and TM1e could support a mixed phase core as large as
∼ 40% of total radius for the maximum-mass hybrid star.
In contrast, the NL3 model supports a mixed phase core
where Rmax

MP /Rmax > 1/2 of the maximum-mass hybrid star,
however, it does not satisfy the radius constraints. The bulk

Fig. 8 Internal density nb and internal radius r relations of the
maximum-mass hybrid star with GV = 0. The line r = 6.5 km repre-
sents approximately half the radius of the entire hybrid star

properties of maximum-mass hybrid stars and 2 M� hybrid
stars with GV = 0 are summarized in Table 2. Notably, the
radius of the mixed phase in 2 M� hybrid stars is consis-
tently smaller than that in maximum-mass hybrid stars. This
discrepancy arises because 2 M� stars have a lower central
density, leading to a reduced range between nb(1) (the onset
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Table 2 Maximum-mass hybrid stars bulk properties with GV = 0,
including the maximum mass Mmax, the corresponding radius Rmax,
the onset density of the mixed phase nb(1), the mixed phase radius
Rmax

MP , its fraction and the central number density nc. The properties of

2 M� hybrid stars using GV = 0 is also shown, including the radius
R2.0, the mixed phase radius R2.0

MP and the central density nc(2.0). The
last column is the radius of 1.4 M� NS R1.4

Model Mmax Rmax nb(1) Rmax
MP Rmax

MP /Rmax nc(max) R2.0 R2.0
MP R2.0

MP/R2.0 nc(2.0) R1.4

(M�) (km) (fm−3) (MeV) (%) (fm−3) (km) (km) (%) (fm−3) (km)

NL3L-50 2.156 13.65 0.361 5.46 40.00 0.625 13.74 2.26 16.45 0.373 13.32

BiaApple 2.155 13.10 0.409 5.20 39.69 0.690 13.24 0.90 6.80 0.413 12.88

TM1e 1.957 12.45 0.496 5.11 41.04 0.790 – – – – 13.02

NL3 2.075 14.24 0.307 7.25 50.91 0.600 14.52 6.22 42.84 0.410 15.10

Fig. 9 The relations between the radius of the mixed phase RMP and
the maximum squared sound velocity max (c2

s ) of the maximum-mass
hybrid star

density of the mixed phase) and nc. Furthermore, although
the NL3L-50 and BigApple models yield similar maximum
masses with GV = 0, they predict significantly different
sizes for the mixed phase core of a 2 M� hybrid stars (R2.0

MP).
By taking a series of values of GV like in Fig. 1, we obtain

a series of phase transition positions and hybrid star maxi-
mum mass. The relationship between the maximum value
of squared speed of sound, max (c2

s ), and the radius of the
mixed phase of the maximum-mass hybrid star, (RMP), is
exhibited in Fig. 9. The max(c2

s ) is actually corresponds to
the c2

s at density nb(1) for hadronic matter, max (c2
s ) =

c2
s (nb = nb(1)), as shown in Fig. 3. In the extreme case

where RMP = 0, indicating no mixed phase in neutron stars,
we have max(c2

s ) = c2
s (nb = nc), under which condition

the central density of the maximum-mass hybrid star is less
than the onset density of the mixed phase. Since nb(1) is
influenced by GV , within the same model, both max(c2

s ) and
nb(1) increase with increasingGV , while RMP decrease. This
results in a smaller proportion of the mixed phase radius in
the maximum-mass hybrid star. This trend is consistent with
the findings in Ref. [32].

4 Summary

Different from less massive NSs, massive NSs may contain
a quark core. In this work, we focus on exploring the prop-
erties of maximum-mass hybrid stars with quark degrees of
freedom, particularly the size of the quark matter core. We
investigate the EOS with the hadron-quark phase transition
under Gibbs equilibrium. To achieve this, we employ the
RMF model to characterize hadronic matter, while the NJL
model with repulsive vector coupling is utilized to repre-
sent quark matter. Our findings indicate that the properties
of maximum-mass hybrid stars are significantly influenced
by the model parameters, including the strength of the scalar
coupling and vector coupling. The scalar coupling does not
show a monotonic effect on the hybrid star maximum mass
or the mixed phase range inside a hybrid star. The mainly
reason is that applying the RG consistency method leads to
changes in the couplings and cutoffs as well. Specifically, a
stiffer hadronic matter EOS and a larger vector coupling are
shown to potentially support more massive hybrid stars. The
presence of vector coupling can increase the maximum mass
of hybrid stars, partially mitigating the reduction in maxi-
mum mass caused by the emergence of quarks. However, no
clear correlation has been observed between the central den-
sity of maximum-mass hybrid stars and the vector coupling
strength. With the same vector coupling strength GV , a rela-
tively softer hadronic matter EOS can support a larger mixed
phase core, approximately 5 km in size. This mixed phase
core could occupy ∼ 40% of the entire neutron star when
GV = 0, but the corresponding mass of the mixed phase
core is comparatively small (less than 1/6) in relation to the
total mass. Our results suggest a significantly smaller mixed
phase core in a ∼ 2 M� hybrid star compared to [29,30,32].

In summary, our study reveals that the global properties
of maximum-mass hybrid stars are sensitive to the strength
of the maximum sound velocity of the EOS. Furthermore, it
is possible for a sizable radius (Rmax

MP /Rmax ∼ 40%) of the
mixed phase to exist in the core of maximum-mass hybrid
stars with a small vector coupling. However, for hybrid stars
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with M = 2 M�, only tiny mixed phase core is possible in
this study.
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T. Tatsumi, Phys. Rev. C 89, 065803 (2014)
44. K. Masuda, T. Hatsuda, T. Takatsuka, Astrophys. J. 764, 12 (2013)
45. K. Masuda, T. Hatsuda, T. Takatsuka, Prog. Theor. Exp. Phys. 7,

073D01 (2013)
46. P.C. Chu, X. Wang, L.W. Chen, M. Huang, Phys. Rev. D 91, 023003

(2015)
47. R.C. Pereira, P. Costa, C. Providência, Phys. Rev. D 94, 094001

(2016)
48. T. Klähn, T. Fischer, Astrophys. J. 810, 2 (2015)
49. G.B. Alaverdyan, Astrophysics 65, 278–295 (2022)
50. P. Rehberg, S.P. Klevansky, J. Hüfner, Phys. Rev. C 53, 410 (1996)
51. S.B. Ruester, V. Werth, M. Buballa, I.A. Shovkovy, D.H. Rischke,

Phys. Rev. D 72, 034004 (2005)
52. H. Gholami, M. Hofmann, M. Buballa, arXiv:2408.06704 [hep-ph]

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2411.04064
http://arxiv.org/abs/2408.06704

	The mixed phase quark core in massive hybrid stars
	Abstract 
	1 Introduction
	2 The theoretical model
	2.1 Hadronic matter phase
	2.2 Quark matter phase
	2.3 Hadron-quark mixed phase

	3 Results and discussion
	4 Summary
	Acknowledgements
	References


