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The hadron-quark crossover equation of state (EOS) of neutron star (NS) matter is investigated by
combining relativistic mean-field hadronic models with the Nambu-Jona-Lasinio model for quark matter.
The vector and diquark coupling constants of the Nambu-Jona-Lasinio model are constrained using
perturbative QCD (pQCD) calculations at high density through a scale-averaging likelihood approach,
together with constraints from NS observations and the causality condition on the speed of sound. It is
found that the diquark coupling is tightly constrained to H ~ 1.5G,, while the vector coupling is restricted
to G, < 1.1G, by the combined pQCD and astrophysical constraints. Crossover EOSs are constructed
based on three hadronic relativistic mean-field parameter sets, and their thermodynamic properties, sound
speed behavior, and trace anomaly are analyzed. The resulting EOSs are applied to calculate NS global
and dynamical properties, including mass-radius relations, tidal deformabilities, and fundamental radial
oscillation frequencies. Compared with pure hadronic EOSs, the hadron-quark crossover is shown to
significantly enhance the maximum NS mass, particularly for softer hadronic EOSs, while remaining
consistent with observational bounds. It is further shown that the fundamental radial oscillation frequencies
predicted by different EOSs exhibit pronounced differences, especially for intermediate-mass NSs,
indicating that radial modes may provide a sensitive probe of the internal composition of NSs. These results
indicate that quantitative NS observables may provide potential signatures of quark matter in NS interiors.
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I. INTRODUCTION

Neutron stars (NSs) are stellar remnants formed in the
supernova explosions of massive stars. The central density
of NSs can reach about 5-6 times the nuclear saturation
density (ny ~0.15 fm™3) [1]. Strong magnetic fields and
rapid rotation lead to periodic electromagnetic signals that
can be detected by radio telescopes on Earth. These
properties make NSs natural laboratories for studying the
equation of state (EOS) of dense matter and physics under
extreme conditions.

As the density increases, new degrees of freedom may
appear in the core of an NS, such as A resonances [2-7],
meson condensation [8—12], hyperons [13-21], and quarks
[22-25]. The appearance of strange matter, such as hyper-
ons, softens the EOS and reduces the maximum mass of
NSs, giving rise to the well-known hyperon puzzle [26].
Quantum chromodynamics (QCD) predicts that, once the
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density exceeds several times the nuclear saturation density,
hadronic matter may become deconfined and transform into
quark matter, eventually forming a quark-gluon plasma
[27-30]. The possible presence of quark matter inside NSs
has therefore attracted significant attention and motivated
extensive discussion [31-36].

Several approaches have been proposed to describe the
transition from hadronic matter to quark matter, including
the Maxwell construction [24], the Gibbs construction [37],
and the crossover model [38]. In the Maxwell construction,
charge neutrality is imposed locally, and this approach
applies when the surface tension between the two phases is
very large. In contrast, the Gibbs construction enforces
global charge neutrality and is applicable when the surface
tension vanishes [39]. For finite surface tension, the system
may form nonuniform mixed phases with pastalike geom-
etries, commonly referred to as quark pasta, which can
modify the properties of the transition region [40]. When
the hadronic and quark phases cannot simultaneously
satisfy the equalities of pressure and chemical potential,
the crossover model provides an alternative description by
introducing a smooth interpolation. Typical interpolation

© 2026 American Physical Society
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schemes include parametrizing the pressure or energy
density as a function of baryon number density [41,42],
expressing the pressure as a function of energy density [43],
or expanding the pressure as a polynomial in the chemical
potential [38]. More recently, Gaussian process regression
has also been applied to construct crossover EOSs [44-46].

At low densities, the EOS of NS matter can be con-
strained by the properties of finite nuclei and by chiral
effective field theory around the nuclear saturation density
[47,48]. However, the EOS of the outer core still carries
large uncertainties, since terrestrial experiments cannot
reach such high densities or reproduce the neutron-rich
and f-equilibrated conditions of NS matter. At very high
densities, above 40n,, perturbative QCD (pQCD) becomes
reliable [49,50]. Although this density range lies far beyond
that realized in NS interiors, pQCD can still provide
meaningful constraints on the EOS. Komoltsev and
Kurkela showed that, by imposing thermodynamic stability
and causality, pQCD constraints can be consistently propa-
gated to lower-density nuclear matter [51].

In recent years, several studies have examined how
pQCD can be used to constrain the EOS of NSs by
enforcing thermodynamic stability, causality, and consis-
tent matching between low- and high-density regimes
[52-60]. At the same time, it is well established that quark
matter forms Cooper pairs at sufficiently low temperatures
and enters a color-superconducting phase, with energy gaps
on all or part of the Fermi surfaces [61-63]. This phase
introduces nonperturbative contributions to the EOS.
The pQCD description can be consistently combined with
the effects of color superconductivity [64]. The color-
superconducting phase should, therefore, be included when
constraining the EOS in the high-density region.

Over the past decade, advances in observational tech-
niques have led to significant progress in our understanding
of NS properties. Precise mass mesurements of PSR
J0348 + 0432 [65] and PSR J0740 + 6620 [66] have
confirmed that NS masses can exceed 2M. The binary
NS merger GW170817 has provided important constraints
on the tidal deformability of NSs [67,68]. In addition,
intermediate-mass NSs, such as the recently reported PSR
J0614-3329 with aradius of R = 10.297) 9! km and a mass

of M = 1.4470%M,, impose even tighter constraints on
the EOS [69]. The coexistence of small radii at intermediate
masses and large maximum masses requires the EOS to
stiffen rapidly at higher densities. This behavior leaves a
possibility of a transition from hadronic matter to quark
matter in NS interiors.

In this work, we further constrain the crossover EOS
by combining recent astronomical observations with
pQCD constraints. We describe the hadronic phase using
relativistic mean-field models and the quark phase using
the Nambu-Jona-Lasinio (NJL) model. The effects of
pQCD and color superconductivity are incorporated at
high densities. The theoretical framework, including the

hadronic EOS, the NJL model, and the pQCD constraints,
is introduced in Sec. II. The results and discussions are
presented in Sec. III. Our conclusions are summarized
in Sec. IV.

II. THEORETICAL FRAMEWORK
A. Hadronic matter EOS

Three relativistic mean-field (RMF) models are
employed to describe the hadronic EOS, all of which
can reproduce the properties of finite nuclei. These include
the nonlinear RMF model (NLRMF) [70-73], the density-
dependent RMF model (DDRMF) [74,75], and the density-
dependent point-coupling model (DDPC) [76,77]. In the
following, we briefly summarize the theoretical framework
of these models and present the expressions for the energy
density and pressure used in this work.

In the NLRMF model, nucleons interact through the
exchange of mesons, including the scalar-isoscalar o
meson, the vector-isoscalar @ meson, and the vector-
isovector p meson. The interaction between the @ and p
mesons is also included. The Lagrangian density of the
NLRMF model is given by

Lnirvr = Z 7% [W"aﬂ — (My - g,0)
N=n,p

9 - 1 1
—yH (ga,a),, +Eprp_ﬂ>)] YN +50”66”6—§m£0'2

S B TR
39207 = 1930 _ZWﬂ Wﬂp‘f'immw”wﬂ
1 1>, = 1 .
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+ Ay (950" ©,) (53P" ) (1)

where W, and ﬁﬂy are the antisymmetric field tensors of
the @ and p mesons, respectively. In the mean-field
approximation, all meson fields are treated as classical
fields. For uniform matter, the total energy density and
pressure of hadronic matter can be derived from the energy-
momentum tensor and are expressed as

ENLRME — %mﬁoz + 59203 + }19364 + %"ﬁ,aﬁ + 2030)4
4320+ 3 (RPN ) + Eli + Eli

PR = 202 — 1 0,07 — 2 gn0* S 4 s
3+ AR (G0) + Pl + Py (2)

In the NLRMF model, the energy density and pressure
of hadronic matter consist of contributions from the meson
mean fields and from the kinetic terms of nucleons.
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The effective mass of nucleons is generated by the scalar o field, while the vector fields @ and p provide repulsive interactions.
The kinetic energy density and pressure are obtained by integrating over the Fermi seas of protons and neutrons:

M’F
K24/ k* + M*zdk_— kpiE (2k%, + M?2) + M4 In———
/ 167 2 Fi Fz( ) nkFl+E

. 14 ki k*dk ) 2 4 kFi + EF‘
pP. =— kpi(2kp; —3M*)Ey; +3M; In——H |, 3
kin 671'2 0 \/W 48 p) Fl( Fi ) Fi + M;: ( )

where y = 2 denotes the spin degeneracy factor.
In the DDRMF model, the nonlinear meson self-interaction terms of the NLRMF model are replaced by density-
dependent meson-nucleon coupling constants. The Lagrangian density of the DDRMF model is given by

— . F) (Vl )—» - g
LpprMF = Z Un [}’” (laﬂ_ra)N(nB)wﬂ_%ppﬂ’-) _(MN_F(rN(nB)G_FﬁN(nB)‘S%’)} YN
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where the coupling constants depend on the vector density. In this framework, rearrangement terms Xy arise from the
density dependence of the couplings and are essential for maintaining thermodynamic consistency. The resulting
expressions for the energy density and pressure of hadronic matter are shown:

1 1 1 1 L)y (np)
EEPDRMF = im(zfdz + 5”’!%62 Emf,a)z Zm%pz + Fu)N(nB)wnB + £ 3 PNp3 -+ gllzin -+ gﬁin’
1 1 1 1
PRRRME = nyEg(ng) — Emzo_z 5’”552 + 2’"5;50 +5 3 mzp* + PPy + Pl (5)

In the DDPC model, the meson exchange interactions are replaced by zero-range point-coupling terms between nucleons.
Each interaction channel is represented by a local four-fermion interaction, with density-dependent coupling constants. The
Lagrangian density of the DDPC model is given by

. 1 _ B 1 _ _
Lpppc = Z 1/7N(W”a,4 - MN)V/N - EGS(nB)(V/NV/N)(WNWN) - EGV(nB)(WNYuWN)(V/NY”WN)

N=n.p

~ 3 Grs(ns) ) ) = 5 Grv (ns) @ron) i) = 3 Ds(n) Qo) @) (6)

In this approach, both scalar and vector interactions, as well as their isovector components, are included. The energy
density and pressure of hadronic matter are obtained in a straightforward manner and are derived as

1 1 1 1
EDDPC — gP & — > Ggn? — 5 Grsn’ + 5 Gyn} + EGTV”I%B,

1 1 1 1
PRDPC — pn 4 pP EGSng + EGTsn§3 + EGVnZB + EGTVn%S
10Gy 2 1 aGTS 2 109Gy, 3 1dGry ,
7
2omg "B 3o, T 20, "B T 2 o, B "

In these models, the scalar density n,, baryon density np, and their isospin components are defined through the
expectation values of the nucleon fields:

ng = (Py) = n,, + ng,,

ng = (Wr3y) = ng, — ng,

ng = (y'y) = npp + Npy,
np3 = <lI/TT3lI/> = np, — Ny, (8)
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For the hadronic EOS, we adopt three representative
parameter sets, IUFSU [78,79] for the NLRMF model,
DDVTD [80] for the DDRMF model, and DDPC1 [81] for
the DDPC model. These parameter sets are known to
reproduce the properties of finite nuclei and provide
reasonable descriptions of nuclear matter over a wide
density range. They are, therefore, suitable for exploring
the hadronic phase of NS matter in this work.

B. Quark matter EOS and crossover

To describe quark matter, we employ the three-flavor
NJL model, which captures key features of low-energy
QCD, such as dynamical chiral symmetry breaking
[33,82,83]. In this framework, the NJL model provides
an effective description of quark matter in the density range
relevant for the crossover from hadronic matter. The
Hatsuda-Kunihiro parameter set is adopted, where G,A? =
1.835 and KA’ =929, with A =631.4 MeV. The
Lagrangian of the three-flavor NJL model is

Ly = q(iy*9, —m)q
8
+G, > [(q79)* + (qirstia)?] - G, (ar'q)?
i=0

+H Z [(givsTada Cq")(q" Civstadnq)
AA=257

+ (qTada Cq")(q" Ctpdpq)]
— K{det[g(1 + 75)q] + det[g(1 —rs)q]}- )

It includes the scalar four-quark interaction with coupling
constant G, which drives chiral symmetry breaking, and
the Kobayashi-Maskawa—'t Hooft determinant interaction
with coupling K, which accounts for the U(1), anomaly.
A vector interaction term with coupling G, is introduced to
describe repulsive interactions among quarks. In addition,
diquark interaction terms with coupling H are included
to account for attractive correlations in the color-
superconducting channel. The coupling constants G, and
H are not well constrained and play an important role in
determining the stiffness of the quark-matter EOS.

The pressure of the quark phase from the NJL model is
generated from the thermodynamic potential

B A BPp e
P €
Py =2 2N}
; (2rm)3 2
- Z (2G07 +Hd?)+4Ko,040,+G,n;,  (10)

i=ud.s

where o, d, and n, represent the chiral condensates, quark
condensates, and quark number density, respectively. ¢; are

the energy eigenvalues obtained from the inverse propa-
gator in the Nambu-Gorkov bases:

75 Zi AR; (11)
vkt =M =% )

where M; are the constituent masses of u, d, and s quarks
and A, are the gap energies. p3 and ug are the color
chemical potentials, Q = diag(2/3,-1/3,-1/3) is the
charge matrix in flavor space,

k' =M +y°h
$100) = <m 7'h
—75 2 i AfR;

M; = m; —4G0; + Kle;ji|o 0y,
A, = —2Hd,
A =py—2G,n, + u3dz + pgdy + popQ.
(R1. Ry, R3) = (747, 7525, T2a). (12)

The mean fields are determined from the gap equations:

aPNJL _ aPNJL _
aﬁi ad,

0. (13)

To enforce the conditions of local electromagnetic charge
neutrality and color charge neutrality, three other equations
to be satisfied are

OPniL _ OPnyL _ IPniL _
Op3 s )

0. (14)

The pressure and quark chemical potential can be rewritten
by explicitly separating the contributions from the vector
interaction. In this form, the effects of the vector coupling
G, enter only through the quark number density:

PyiL = PG o+ G,n2.
Hqg = HG,=0 + 2G1znq- (15)

This treatment allows the thermodynamic quantities to be
obtained from the G, =0 case and then extended to
arbitrary values of G, in a straightforward manner.
When considering the constraints of pQCD, the param-
eter space of the NJL model is greatly reduced, and it is
difficult to match astronomical constraints. Therefore,
a chemical potential dependent NJL. model was proposed
[84]. To better address the thermodynamic consistency
of the NJL model with medium-induced contributions, the
density-dependent NJL. (DDNJL) model is derived, where
the parameter G, depends on the vector density. In the
mean-field approximation, the terms related to G, in the
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Lagrangian of the NJL model can be rewritten as

G,((¢"9))(@r*q)*
Z (Gy(<q*q>) + %
=G,(n,)(2(q"q)(¢"q) -
oG

+- = ((g"9)(q"a)* -

<@wrw¢w0@wwz
(q"9)?)
(d'0)). (16)

Therefore, the pressure and quark chemical potential are
modified by the derivative of G, with respect to density,
which reflect the influence of the medium effect on the
vector interaction:

18 a’p e
l
PppnyL = 22/ 22 (2Gsa% + Hd?)
i= i=u, d s
G
+4Ko,040, + G, +—"n}
on,
v.3
q’

2
vl
(3nq

. oG
AppnyL = Mg — 2Gyn, — aTU’l?; + u3ds + pgdy + pp 0,

q

G,
ﬂq:ﬂGl.:O+2Gn +7n _ﬂG 0+2Gvnq’

dnq
(17)
with
1 0G
G; 18

which combines the original density-dependent coupling
and the rearrangement contribution. This effective cou-
pling G;, governs the strength of the vector interaction
in the quark chemical potential. It plays a key role in
controlling the stiffness of the quark-matter EOS at
different densities.

In present unified EOS, the region with a baryon number
density below 2n, is the hadronic phase, and the region
above 5ny is the quark phase. The crossover region between
the hadron phase to the quark phase is described by a
smooth interpolation in the pressure-chemical potential
space. The pressure is expanded as a fifth-order polynomial
of the chemical potential:

5
5) = Citly. (19)
i=0

and the parameters C; are determined by the boundary
conditions:

d'Py| Py
dﬂ% HL d'uB HL
el d'P
1 Q' (n=0,1,2). (20)
d'uB Hu d'uB Hu

where y; and py are the chemical potential corresponding
to ng = 2.0ny and ng = 5.0ny. The pressure and its first
and second derivatives with respect to the baryon chemical
potential are required to match those of the hadronic EOS at
u; and the quark EOS at uy. These conditions ensure the
continuity of the pressure, baryon density, and compress-
ibility across the crossover region.

C. Constraints from pQCD

As a nonrenormalizable theory, the NJL model cannot
absorb the cutoff parameters required to regularize diver-
gent momentum integrals into renormalized quantities [85].
The cutoff scale, therefore, limits the range of applicability
of the model. This limitation appears as cutoff artifacts
in NJL calculations. Because of cutoff artifacts, as the
chemical potential approaches the cutoff scale, the pairing
gap begins to decrease and eventually vanishes [86—88].
When addressing this problem, a reliable approach is the
renormalization group improved NIJL model [89].
However, in this work, we determine the valid regime of
the NJL model by identifying the region where the ultra-
violet cutoff has negligible effect.

To determine the upper limit of the effective range of
the NJL model, we first perform calculations with
G, =0. We identify the chemical potential at which
the pairing gap A starts to decrease. The termination
point of the effective chemical potential range is then
defined as a value 60 MeV below this chemical potential.
The termination points, denoted by pz, for arbitrary
values of G, are obtained using the method described
in the previous subsection.

The approach in Ref. [51] is followed to impose the
constraints of pQCD, and thermodynamic stability and
causality are used to determine whether the two end points
(np,pr,Pr) and (ng,py, Py) can be connected, where
wp = pr, ug = 2.6 GeV:

APminSPH_PLSAPmaxv (21)
where
APy =52 (i = )
2pur
1n
APmax = El(ﬂ%-l _M%) (22)
HH
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At high chemical potential, the matter in the NS is
assumed to be in the color-flavor-locked (CFL) phase. This
phase preserves the symmetry under combined color-flavor
rotations. The pressure and the baryon number density are
given, respectively, by

Pyu(n) = Pooep (Hu) + Per (M)

1
= Pyocp(n) + ?MM%{»

ny(p) = npoeo (Mu) + ner (i)

2
= nyqcp (Un) + 32 Ay, (23)

where the second term on the right-hand side represents the
contribution of CFL color superconducting [90,91].

The pQCD results are obtained from the weak-coupling
expansion of QCD up to next-to-next-to-leading order
(N?LO). The strong coupling constant a; is evaluated at
the two-loop level [92-94]. The pressure of unpaired quark
matter with N, = 3 massless flavors is given by

(us/3)* 2 Ny %
PpQCD:Nf 47[2 1—;as—?(xflnas—;
Ny 2
X C|+Nf ln——C2 + ll—ng InX ,
T
(24)
_ 4 2 InL
ag(A) = - [1 - izln—} ) (25)
PoL by L
with
L= 1n(]\2/A1%), A =2Xug/3, (26)
19

ﬁozll—ng, p =51 —?Nf, (27)
where ¢ = 18 — 111In2 and ¢, = 0.535832 are constants.
The quantity A denotes the renormalization scale, and
X is the corresponding dimensionless scale parameter.
The QCD scale Ayg is fixed by the condition
a,(2 GeV) = 0.299%4.

We assume that the pairing gap follows a power-law

dependence on the chemical potential as shown in
Ref. [95]:

« (HB\®
ACFL = ACFL <f) s (28)
Hp

where pj is the reference chemical potential and Ay, is
the corresponding gap. « is a constant exponent, where
a = —0.23 in the weak-coupling case and o ~ 0.45 in the

functional renormalization group approach [95,96]. These
values well approximate the gap derived from both theo-
ries. Taking 2.0 GeV as the reference chemical potential
[97,98], the gap at point H in the weak-coupling case is
approximately Ay =~ 0.94A,  gev- In fact, for large G, p;
already exceeds 2.0 GeV. If a more conservative gap range
of [0.9, 1.1]A; is chosen, it will lead to a deviation of about
0.05G, from the case with Ay = A;. Therefore, we select
the same gap value for two points. In the NJL. model, the
gaps A; and A; are generally not equal. We, therefore,
define an effective pairing gap using the root-mean-square
V3220 A7 1991,

We adopt the scale-averaging interpretation to quantify
the pQCD uncertainties [100]. The dimensionless renorm-
alization scale X is assumed to follow a logarithmically
uniform distribution in the interval [1/2,2]. This choice
allows us to construct a likelihood function that quantifies

whether a given EOS is consistent with the pQCD con-
straints. The resulting pQCD likelihood function is

form A =

In(2)
PR = [(1/2) d(In X)x ¥ (IpQCD(X, EOS)), (29)

where ¥ 1) (Ipoep (X, EOS)) is an indicator function that
determines whether the EOS satisfies the pQCD constraints
for a given value of X.

III. RESULTS AND DISCUSSIONS

The pQCD constraints on the vector and diquark
coupling constants, G, and H with the pQCD likelihood
functions from Eq. (29), are illustrated in Fig. 1. In
principle, when the value of PR is located in [0, 1], the
EOS from NJL at high density should satisfy the pQCD
constraints. Therefore, the magnitude of G, should be less

1.0 prremerrpres T T T
: «~ H=1.0 ]
L H=1.1 }
osh H=12 ]
L H=1.3 |
H=14 ]
L « H=15 |
o-er . H=1.6 ]
o« ]
Q
0.4} ikt E
02} ]
0.0 -l U T T N T T T TN NN TN TN T T [N TR T SO T N T 1 ST PP TN ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Gv[Gsl
FIG. 1. The pQCD likelihood function as a function of the

vector and diquark coupling constants, G, and H in the NJL
model.
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than 1.2G, at H = 1.6G,. If G, was too small, the EOS will
be softer. It cannot be matched to the pQCD results at small
values of X within the thermodynamically allowed range.
Therefore, the PR < 1 for small G,. As G, increases, the
NIJL EOS becomes stiffer, allowing the matching condition
to be satisfied for all X in the interval [0.5, 2]. For
sufficiently large G,, however, the EOS becomes overly
stiff, and the pQCD results at large X can no longer be
connected to the effective end point of the NJL model.
Meanwhile, as the diquark coupling H decreases, the
pQCD constraints become more restrictive, leading to a
further reduction in the allowed range of G,. It is less than
1.0G, at H = 1.0G;.

Because of the ultraviolet cutoff, the NJL model is
applicable only up to a finite chemical potential or baryon
density, which defines an effective end point for matching
to pQCD. In this work, the end point is chosen at the
chemical potential 60 MeV below the point where the
quark pairing gap starts to decrease for G, = 0. To avoid
numerical instabilities, the chemical potential is fixed
at 1340 MeV, which corresponds to a baryon density of
n; = 1.32 fm™3 and can be extrapolated to an arbitrary G,.

In Fig. 2(a), the EOSs obtained from the NJL model with
different values of G, at H = 1.5G, are compared with the
pQCD likelihood regions at n; = 1.32 fm™ and X = 0.5
and 2.0 in the p — ¢ plane. It is found that the end point of
the EOS with G, = 1.4G lies outside the allowed shaded
region and should, therefore, be excluded. In Fig. 2(b), the
same EOSs are compared with the P — AP, constraint
in the p —p plane. From Eq. (21), the condition P; >

# — AP, must be satisfied, with Py = Ppocp + Pcpr-
Therefore, if an EOS is consistent with the pQCD con-
straints, the pressure from the NJL model should remain
above the lower bound Py — AP, For G, = 1.4G,, the
NJL pressure around pu = 2.2 GeV already exceeds this

lower bound. This result shows that the constraints
illustrated in Figs. 2(a) and 2(b) are fully consistent with
each other.

The vector and diquark coupling constants, G, and H,
are constrained not only by pQCD but also by NS
observables and by the behavior of the speed of sound,
2, in the hadron-quark crossover region. In the present
work, the crossover density range is taken to be 2 — Sny.
For the crust region, we adopt results calculated with the
IUFSU parameter set, which has a symmetry energy slope
L close to those of the models considered for uniform
matter. Three hadronic outer-core EOSs based on RMF
parametrizations, DDPC1, DDVTD, and IUFSU, are
included in the analysis. The saturation properties of
symmetric nuclear matter—including the saturation density
ny, energy per nucleon E/A, incompressibility K, skewness
parameter Q, symmetry energy Eg,, symmetry-energy
slope L, and symmetry incompressibility K,,,—obtained
from these parameter sets are summarized in Table I. It is
found that the density dependence of the symmetry energy
differs significantly among the three models, with the
DDPC1 parameter set exhibiting a stiffer behavior.

The diquark coupling constant H is tightly constrained to
be H ~1.5G, by NS mass-radius measurements and by
the behavior of ¢2. For the DDPC1 and DDVTD para-
meter sets, the allowed range of G, is mainly determined
by the causality condition ¢? < 1. This leads to G, =~
0.680-0.935G, for DDPCI and G, ~0.689-1.017G, for
DDVTD. In contrast, for the ITUFSU parameter set, the
upper limit of G, is primarily constrained by pQCD. As a
result, the allowed range is G, ~0.812-1.1G.

Furthermore, the NJL model is now also extended
to the density-dependent vector coupling case in this
work to better satisfy the pQCD constraints. Its functional
form is

10! proy — T — T T T T T T T T T T
3 ef—¢.-=05 ]
(emPw) > T — G,=08 _e222]
22”2~
_____ S = — G,=11 Le2222-7 ]
- T - L2227 -
< }— G,=14 P A
47" » 4
0 PPQCD_APmax é,’// /’ /,
— 10°F=——. ~. ¥ 3
m o ~. r ]
| N, o ]
E i I ]
3 | I i -
(] 3 ‘ | + g ] E
8 Iy i :
I
= 1071 l | E 'l" I' l' E
i | I hr o ] 3]
3 I o 1 ]
C ; | ' I o 1 ]
- | Allowed region | T o f E
F | at n. | l I T I'I: Il I 1
X=0.5 i | T I':: i i i
- i + 1o 1 E
x=20] 0! (@) T (b) i :
10-2 Lot RTINS B AP PR S TR 1 T T T S R S
107! 10° 10! 1.4 16 18 20 22 24
£[GeV - fm~3] uslGeV]

FIG. 2. Left panel: EOSs from NJL models with different G, at H = 1.5G, compared to the pQCD likelihoods in p — ¢ plane with
n;, = 1.32 fm™ and X = 0.5, 2.0. The end points are marked as stars. Right panel: these EOSs also compared to the lower limits of the

pressure P — AP, in the p — u plane.
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TABLE 1. Saturation properties of nuclear matter.

ng (fm™)  E/A (MeV) K (MeV) Q (MeV) Eg, (MeV) L (MeV) Kypn (MeV) Qg (MeV)

DDPC1 0.1519 —16.06 229.99 —1118.23 33.00 70.12 —108.00 201.11

DDVTD 0.1535 —-16.91 239.34 —762.46 31.80 42.58 —117.39 873.05

IUFSU 0.1547 —16.40 231.55 —289.77 31.31 47.24 28.642 369.13
G — a G 30 The pure hadronic EOS based on the DDPC1 parameter

v(ng) s (30) . : : O e :

1+ 6Xp(bnq) set is extremely stiff. At high densities, it is even stiffer than
the pure quark-matter EOS obtained from the NJL. model.
In contrast, the EOSs derived from the DDVTD and IUFSU
where n, is the quark number density, @ and b are  parameter sets are significantly softer. Furthermore, quark-

determined by the NS observables, ¢Z, and pQCD. In
Ref. [84], G, was proposed as the chemical potential
dependence. In this work, it is assumed as the quark
number density dependence, which was hinted by the
density-dependent RMF model in hadron level. The
present form will be convenient to calculate the arrange-
ment term in Eq. (18) with an analytical form. The two
free parameters a and b are chosen such that the speed
of sound in the crossover region reaches its limit
and satisfies the constraints from the pQCD likelihood
function. They are a =2.20,b=1/7 for DDPC1, a =2.48,
b=1/5 for the DDVTD set, and a =2.91,b =1/5 for
the IUFSU set, respectively. For convenient description,
these three density-dependent quark vector coupling
parameters are named as G}, G2, and G.

The relationships between pressure and energy density
for the crossover EOSs, constructed from three types of
RMF hadronic models and the NJL quark model, are
presented in Fig. 3. In this figure, constraints from neutron-
star observables, the sound-speed condition, and pQCD are
taken into account. The dashed (dash-dotted) lines indicate
the crossover region spanning densities from 2 to 5n,. The
allowed shaded regions are bounded by different choices of
the density-independent vector coupling constant G,.

matter EOSs generated with a density-dependent vector
coupling G,(ng) are softer than those obtained with a
constant G,. Consequently, in order to support massive
neutron stars, the crossover EOS must become sufficiently
stiff in the intermediate energy-density region.

The speed of sound of NS matter, 2, as a function of
baryon density is shown in Fig. 4 for the crossover EOSs
displayed in Fig. 3. A pronounced peak in the speed of
sound appears in the crossover region. When the density-
independent vector coupling is weak, this peak occurs at
higher densities. In contrast, for stronger vector coupling,
the peak shifts to lower densities. For the DDNJL models,
¢? rapidly reaches its maximum value and then decreases
sharply. All of the present parameter sets for G, obey the
causality limit ¢ < 1.

The mass-radius relations of NSs obtained with our
constructed crossover EOSs and pure hadronic EOSs are
shown in Fig. 5. Observational constraints from four NSs,
PSR J0740 + 6620, PSR JO030 + 0451, PSR J0437-4715,
and PSR J0614-3329, are also indicated. The results for
pure hadronic matter are shown as solid curves. For the
DDVTD and IUFSU parameter sets, the pure hadronic
EOSs are too soft to reach the mass requirement of
PSR J0740 + 6620.

500 L S L R e e e p— — T T T
—— DDPC1 — G,=09 r —— DDVTD

T T T T T T T T T T T T

T T L T T
— Gy=0.9 T — IUFSU — Gy=11

r— G,=0.680 —— G,=0.935 T — G,=0689 — G,=1.017 [— G,=0812 — G3(n,)
aof €708 — Gy(ng) | — Gv=08 — G2(ng) [— G,=10
o
I
£ 300
y—
3
S 200
a
100
0 200 400 600 800 1000 O 200 400 600 800 1000 O 200 400 600 800 1000
e[MeV - fm—3]
FIG. 3. The pressure as a function of energy density of the crossover EOSs constructed by three RMF hadronic and NJL quark models.
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FIG. 4. The square sound speed as a function of baryon density of the crossover EOSs shown in Fig. 3.
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FIG. 5. The mass-radius relations of NSs obtained with our constructed crossover EOSs and pure hadronic EOSs, together with

observational constraints.

Compared with the pure hadronic case, most crossover
EOSs can support massive NSs with maximum masses
exceeding 2M . The increase in the maximum mass is
more pronounced for softer hadronic EOSs. For the
DDVTD set, the maximum mass increases by nearly
20%. Recent observations of PSR J0614-3329 suggest
that NSs should have relatively small radii at the canoni-
cal mass of 1.4M,. When the crossover occurs with a
weak density-independent vector coupling in the NJL
model, the radii of intermediate-mass NSs are reduced
and become more consistent with the constraints from
PSR J0614-3329. In contrast, in the DDNJL model, the
radii around 1.4Mg are noticeably larger than those
obtained with density-independent vector coupling.
This difference arises because the corresponding cross-
over EOSs are stiffer, which also allows the formation of
more massive NSs.

The dimensionless tidal deformability A is a new
property of NS that quantifies how a compact object is
deformed under the action of an external gravitational field
[101,102] in the multimessenger astronomy era. In Fig. 6, it
is presented as a function of NS mass, and the constraint
from the GW170817 event is also included. The tidal
deformabilities at 1.4M from the pure hadronic EOSs
generated by the three RMF sets can all satisfy the
constraints of GW170817. When the quark phase is
included, the magnitude of A is obviously influenced by
the vector coupling constants. Weak coupling can reduce A,
and strong coupling will make it increase. They are in the
ranges of A as 193-300, 223-339, and 448-496, with
DDPC1, DDVTD, and IUFSU, respectively, with the
density-independent vector coupling constant G,. Once
the density dependence of G, is considered, the A at 1.4M
will be larger.

103002-9



GENG, HUANG, SHEN, LI, and HU

PHYS. REV. D 113, 103002 (2026)

T T T T T — T T T T T T T T T
[ — DDPC1 ] — boviD L — IUFSU ]
— G,=0.680 ] — G,=0.689 | — G, =0.812 |
G,=0.8 G,=0.8 Gy=1.0
103 — G,=09 — G,=09 — G,=11 4
E — G,=0935 F — G,=1.017 F — Ging) 3
C —Ging ¥ —Gcing I GW170817 ]
10° F =+ E
< E E E
E ¥ S ]
L + S ]
C T DS ]
L 1 SN\ i
N
N
10 E3 ) 3
L (@) + () 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 2410 12 14 16 18 12 14 16 18 20 22 24
M[Mo]
FIG. 6. The tidal deformability as a function of NS mass with different crossover and pure hadronic EOSs.
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TABLE II. Properties of NSs obtained by the hadronic and crossover EOSs.

Gv (GY) P1.4 (MeV/fmg) RI.4 (km) AIA V14 (kHZ) Mcmss (MO) Mmax (MG) Rmax (km)
DDPCl1 92.86 11.65 268.96 2.94 e 2.06 10.08
0.680 122.97 11.22 193.47 2.68 0.69-1.72 1.93 9.81
0.8 94.02 11.62 263.16 3.00 0.69-1.91 2.03 10.33
0.9 84.99 11.76 293.12 3.23 0.69-2.06 2.12 10.77
0.935 83.13 11.79 300.28 3.28 0.69-2.11 2.15 10.93
Gl (ng) 78.27 11.88 320.76 3.40 0.69-2.05 2.07 11.18
DDVTD 92.40 11.57 271.71 2.77 e 1.85 9.94
0.689 110.00 11.32 223.51 2.60 0.66-1.75 1.94 9.86
0.8 85.91 11.66 292.10 3.05 0.66-1.92 2.03 10.34
0.9 77.81 11.79 321.78 3.38 0.66-2.07 2.12 10.79
1.017 73.64 11.86 338.58 3.62 0.66-2.22 2.24 11.32
G2(ng) 68.54 11.95 365.82 3.88 0.66-2.10 2.11 11.63
IUFSU 58.35 12.58 483.44 2.78 e 1.94 11.23
0.812 63.91 12.48 448.16 2.38 0.94-1.88 2.01 10.35
1.0 57.42 12.60 486.70 2.91 0.94-2.14 2.17 11.18
1.1 56.15 12.62  496.50 3.04 0.94-2.26 2.26 11.63
G3(ng) 54.06 12.66 510.59 3.28 0.94-2.27 2.27 12.42

The trace anomaly A =1—£ is commonly used as a

measure of conformality [103,104]. Under the requirements
of thermodynamic stability and causality, it must satisfy the
condition —% < %—g < % As shown in Fig. 7, when the
crossover is taken into account, the trace anomalies of
the hybrid EOSs corresponding to different quark vector
coupling strengths exhibit significant differences. A stiffer
quark EOS leads to a rapid decrease of the trace anomaly,
whereas a softer quark EOS shows the opposite trend. At
high densities, the differences among EOSs with different
values of G, become much smaller. For the EOSs generated
by the DDNJL models, A decreases rapidly at low densities
and tends to zero in the high-density region.

With the advancement of gravitational-wave detection
techniques, gravitational waves generated by oscillations
of NSs can serve as probes of their internal structure
[105—110]. The radial oscillation frequencies v of crossover
and pure hadronic EOSs for the fundamental mode,
obtained with different parameter sets, are shown in Fig. 8.
For pure hadronic EOSs, except for the DDPCI set, the
radial oscillation frequency first increases with the NS
mass, reaches a maximum around 0.5M , and then
decreases. In contrast, for the crossover EOSs, the oscil-
lation frequency tends to reach its maximum at a larger
mass, around 1.8M . For crossover EOSs with stronger
quark vector coupling, the radial oscillation frequency
becomes larger, with an increase of about 20%—40%.
Moreover, the DDNJL model can generate a higher
maximum frequency. As a result, a two-peak structure
appears in the v — M plane. This behavior may provide a
potential observational signature to distinguish pure neu-
tron stars from hybrid stars through measurements of their
radial oscillation frequencies.

Finally, the global properties of NSs—including the
central pressure at 1.4My (P;,4), the radius at 1.4Mg
(R 4), the dimensionless tidal deformability (A;4), the
fundamental radial oscillation frequency at 1.4My (v4),
the mass range of the crossover region M .., the maximum
mass (M..), and the corresponding radius (R .x)—
obtained with the three hadronic and crossover EOSs are
summarized in Table II.

For the DDPC1 parameter set, the maximum NS mass is
2.06M, for the pure hadronic EOS. When a weak quark
vector coupling is included in the crossover scenario, M,
decreases to 1.93M . As the vector coupling is increased
to G, = 0.935G,, the maximum mass rises to 2.15M,.
Similar trends are observed for R 4, Ay 4, vy 4, and R, AS
G, increases, the NS mass range of the crossover region
expands from 0.69 — 1.72M, to 0.69 —2.11M, and the
onset of pure quark matter is delayed. The NS properties
obtained with the DDVTD and IUFSU parameter sets
exhibit behavior consistent with that of DDPC1, except for
the maximum mass. For the pure hadronic EOSs, M, in
the DDVTD and IUFSU sets takes the smallest values
among the three models. As G, increases, the maximum
mass grows significantly, reflecting the fact that these EOSs
are relatively soft in the absence of quark matter.

IV. SUMMARY AND PERSPECTIVES

In this work, the hadron-quark crossover in neutron
star matter was studied by consistently combining RMF
hadronic models with the NJL description of quark matter.
The vector and diquark coupling constants in the NJL
model were constrained using pQCD calculations at
high density through a likelihood-based scale-averaging
procedure, together with constraints from latest NS
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mass-radius observations and the causality requirement on
the speed of sound.

It was found that the diquark coupling was strongly
constrained to H ~ 1.5G by the combined requirements
from the sound speed behavior and NS mass-radius
measurements. In contrast, the allowed range of the
vector coupling G, was shown to depend on both the
hadronic EOS and the quark sector, with pQCD providing
a robust upper bound of G, < 1.1G;. For softer hadronic
EOSs, the hadron-quark crossover was demonstrated to
substantially enhance the maximum NS mass, with
increases of up to about ~20%, while remaining con-
sistent with current observational constraints. When the
crossover was considered, the fundamental radial oscil-
lation frequency may rise rapidly in the intermediate-
mass NSs, or a double-peaked structure may emerge,
which could provide a new probe for exploring the
internal structure of neutron stars.

To better satisfy the pQCD constraints, the vector quark
coupling strength in the NJL model was extended to be
density dependent, leading to a peak in the speed of sound
at relatively low densities. A systematic comparison
between constant and density-dependent vector couplings
in the NJL model was also performed. It is demonstrated
that the density-dependent vector coupling is capable of
generating a shorter-ranged and faster stiffening in the
crossover region; accordingly, the resulting neutron-star
radii, tidal deformabilities, and radial oscillation frequen-
cies fall outside the envelope established by the weak and
strong constant vector coupling scenarios. This behavior
highlighted the nontrivial role of the density dependence of

quark interactions in determining neutron-star observables.
In addition, characteristic features in the sound speed and
trace anomaly were identified, including a pronounced
peak in ¢2 in the crossover region and a rapid approach
toward the conformal limit at high density.

In future studies, the present framework could be
extended to include finite-temperature effects, rotation,
and nonradial oscillation modes, which would be relevant
for applications to binary mergers and postmerger rem-
nants. A more systematic treatment of uncertainties in both
the hadronic and quark matter sectors, together with
improved pQCD inputs, may further strengthen the robust-
ness of the conclusions. We expect that future multimes-
senger observations will be able to detect the distinctive
signatures of quark matter in NS identified in this work,
such as the rapid increase in oscillation frequencies for
intermediate-mass neutron stars and the potential double-
peak structure in radial oscillations.
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