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In this work, we investigate how short-range correlations affect relativistic hadronic models at high
densities, with direct consequences for the structure of neutron stars, both with and without dark matter
content. Two versions of the model are examined; one with vector self-interactions up to second order (ω2

0)
and another including a fourth-order term (ω4

0). We show that short-range correlations tend to soften the
equation of state when only the quadratic term is present, but produce a noticeable stiffening once the ω4

0

term is included. The corresponding Tolman-Oppenheimer-Volkoff solutions for pure neutron stars indicate
that short-range correlations reduce the maximum mass in the first case but increase it in the second.
Extending the analysis to stars containing a fermionic dark matter component, within the two-fluid
formalism, we verify that the same features appear in the respective mass-radius diagrams. In particular, the
decrease of the maximum mass with increasing dark matter fraction is partly compensated by the short-
range correlation effects in the hadronic sector for the model with the fourth-order term. In all cases, the
resulting parametrizations are consistent with recent astrophysical constraints, including the joint NICER-
XMM-Newton analyses of the pulsars PSR J0030þ 0451 and PSR J0740þ 6620, as well as the
gravitational-wave event GW190425.

DOI: 10.1103/nt5b-8bf7

I. INTRODUCTION

The behavior of strongly interacting matter at supra-
nuclear densities is a central topic in nuclear astrophysics,
with neutron stars (NSs) serving as natural laboratories for
probing matter under extreme conditions. Recent advances
in multimessenger astronomy—as the gravitational wave
detections from binary mergers [1,2], the x-ray timing from
the NICER mission [3–7], and the precision mass mea-
surements from radio pulsars—have placed increasingly
stringent constraints on the equation of state (EOS) of
dense matter.
In conventional relativistic mean-field (RMF) models,

the nucleon momentum distribution is typically described
by a step function, corresponding to a free Fermi gas of
independent particles. This approximation neglects the
effects of nucleon-nucleon correlations at short distances,
which have been experimentally observed and theoretically
studied in recent years. Short-range correlations (SRC)
modify this picture by introducing a high-momentum tail
(HMT) in the distribution, reflecting the presence of
correlated nucleon pairs with large relative momentum
[8–21]. These correlations are supported by electron-
induced nucleon knockout experiments, and can be

implemented in RMF models through phenomenological
parametrizations that replace the step function with a
distribution proportional to 1=k4 above the Fermi surface.
This modification has been shown to impact the thermo-
dynamic properties of nuclear matter and the structure of
neutron stars. Nonlinear RMF extensions, such as the
inclusion of a quartic ω4 term, have been shown to regulate
the stiffness of the EOS at high densities [22]. As
demonstrated in Ref. [22], this term arises naturally in
effective field theory and significantly affects neutron star
mass predictions, even when models share identical satu-
ration properties.
In parallel, the possibility that NSs may contain dark

matter (DM) has gained increasing attention. Although this
matter may not interact with the visible—also referred to as
hadronic, ordinary, or normal matter—except through
gravity, gravitational capture can lead to its accumulation
in the stellar interior [23–26]. Fermionic DM candidates,
such as the neutralino, can be modeled as relativistic Fermi
gases with or without self-interactions [27,28]. Given the
absence of confirmed nongravitational couplings, a two-
fluid formalism is often adopted, treating the visible and
dark sectors as independent components coupled only
through gravity [29–34].
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In this work we investigate how SRC affect the high-
density behavior of relativistic hadronic models and the
resulting implications for NS structure, both with and
without DM content. We consider two versions of the
RMF model; one with vector self-interactions up to second
order, and another including a fourth-order term. By
analyzing the asymptotic behavior of the energy and
pressure, we show that SRC tend to soften the EOS when
only the quadratic term is present, but produce a noticeable
stiffening once the quartic term is included.
We extend our analysis to neutron stars containing a

fermionic dark matter component, modeled within a two-
fluid formalism in which the visible and dark sectors
interact solely through gravity. In particular, we examine
how SRC in the hadronic sector can partially compensate
for the softening effects introduced by dark matter, espe-
cially in models with stronger vector self-interactions.
All parametrizations are calibrated to reproduce key
nuclear empirical parameters and are tested against recent
observational constraints, including the NICER and XMM-
Newton measurements of PSR J0030þ 0451 and PSR
J0740þ 6620, as well as the gravitational-wave event
GW190425.
The paper is organized as follows. In Sec. II we present

the RMF model with SRC and derive the associated
thermodynamic quantities. Section III is devoted to the
analysis of the high-density limit and its consequences for
NS structure. In Sec. IV we introduce the DM component
using a two-fluid formalism and explore its impact on the
mass-radius relation, highlighting the interplay between
SRC and DM in satisfying current astrophysical con-
straints. Finally, our conclusions are summarized in Sec. V.

II. RELATIVISTIC SHORT-RANGE CORRELATED
MODEL

We consider a typical Lagrangian density that incorpo-
rates meson self-interaction terms up to the fourth order in
the meson fields. It takes the following form:

Lhad ¼ ψ̄ðiγμ∂μ −MnucÞψ þ gσσψ̄ψ − gωψ̄γμωμψ

−
gρ
2
ψ̄γμb⃗μτ⃗ψ þ 1

2
ð∂μσ∂μσ −m2

σσ
2Þ − 1

4
FμνFμν

þ 1

2
m2

ωωμω
μ −

1

4
B⃗μνB⃗μν þ

1

2
m2

ρb⃗μb⃗
μ

−
A
3
σ3 −

B
4
σ4 þ C

4
ðg2ωωμω

μÞ2; ð1Þ

where ψ denotes the nucleon field (mass Mnuc), while σ,
ωμ, and b⃗μ correspond to the scalar, vector, and isovector-
vector meson fields, respectively (massesmσ, mω, and mρ).
The second rank tensors are defined as Fμν ¼ ∂νωμ − ∂μων

for the vector meson and B⃗μν ¼ ∂μb⃗ν − ∂νb⃗μ − gρðb⃗μ × b⃗νÞ
for the isovector-vector meson. Generalizations of Eq. (1)

with more sophisticated meson-meson interactions can be
found in Refs. [35–37], for instance. The mean-field
approximation consists in replacing all mediator fields
by their respective “classical” values; σ → hσi≡ σ,
ωμ → hωμi≡ ω0, b⃗μ → hb⃗μi≡ b0ð3Þ. The use of the
Euler-Lagrangian equations, along with such an approxi-
mation, leads to the field equations given by

Φ
G2

σ
þ aΦ2 þ bΦ3 ¼ ρs; ð2Þ

W

�
1

G2
ω
þ CW2

�
¼ ρ; ð3Þ

2R
G2

ρ
¼ ð2y − 1Þρ; ð4Þ

½γμði∂μ − VÞ −M��ψ ¼ 0; ð5Þ

with the effective nucleon mass written as

M� ¼ Mnuc −Φ; ð6Þ

where Φ ¼ gσσ, W ¼ gωω0, R ¼ gρb0ð3Þ, G2
i ¼ ðgi=miÞ2

(i ¼ σ, ω, ρ), a ¼ A=g3σ, b ¼ B=g4σ, and V ¼ W þ τ3R=2
with τ3 ¼ 1 for protons and −1 for neutrons. The proton
fraction of the system is defined as y ¼ ρp=ρ, and the total
density is ρ ¼ ρp þ ρn, with ρp (ρn) being the proton
(neutron) density. The total scalar density is ρs ¼ hψ̄ψi ¼
ρsp þ ρsn.
Using the Lagrangian density in Eq. (1) together with the

associated energy-momentum tensor Tμν, one can derive
the energy density and pressure of the system. The
respective expressions are given by

Ehad ¼ Ekin;p þ Ekin;n þ Epot; ð7Þ

with the potential part written as

Epot ¼ −
W2

2G2
ω
−
C
4
W4 þWρ −

R2

2G2
ρ
þ R

2
ð2y − 1Þρ

þ 1

2G2
σ
Φ2 þ a

3
Φ3 þ b

4
Φ4; ð8Þ

or, equivalently as

Epot ¼
1

2G2
ω
W2 þ 3C

4
W4 þ 1

2G2
ρ
R2 þ 1

2G2
σ
Φ2

þ a
3
Φ3 þ b

4
Φ4; ð9Þ

and
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Phad ¼ Pkin;p þ Pkin;n þ
1

2G2
ω
W2 þ C

4
W4 þ 1

2G2
ρ
R2

−
1

2G2
σ
Φ2 −

a
3
Φ3 −

b
4
Φ4: ð10Þ

At the mean-field level, the inclusion of SRC in the
hadronic model impacts the kinetic contributions of the
respective thermodynamical quantities, due to the modifi-
cation of the nucleon momentum distribution function in
this case written as [14]

nn;pðkÞ ¼
(Δn;p; 0 < k < kFn;p

Cn;pk4Fn;p
k4 ; kFn;p < k < ϕn;pkFn;p:

ð11Þ

Note the replacement of the usual step function with one
that includes the HMT. The quantities Δn;p, Cn;p, and ϕn;p

could, in principle, be treated as independent parameters.
However, they are constrained by the following normali-
zation condition:

1

π2

Z
∞

0

dkk2nn;pðkÞ ¼
ðkFn;pÞ3
3π2

¼ ρp;n: ð12Þ

This relation allows one to eliminate one of the parameters in
terms of the other two. In this case,wewriteΔn;p as a function
of Cn;p and ϕn;p. Moreover, theoretical results based on self-
consistent Green’s function approaches [38] and Brueckner-
Hartree-Fockmodels [39] reveal that the depletion factorΔn;p

behaves nearly linearly with the isospin asymmetry,
δ ¼ 1–2y. This empirical trend, together with the normali-
zation condition, leads to the following expressions:

Δn;pðyÞ ¼ 1 − 3Cn;pðyÞ½1 − 1=ϕn;pðyÞ�; ð13Þ
Cn;pðyÞ ¼ C0½1� C1ð1 − 2yÞ�; ð14Þ
ϕn;pðyÞ ¼ ϕ0½1� ϕ1ð1 − 2yÞ�; ð15Þ

where the plus sign applies to neutrons and the minus sign to
protons in the last two equations. The constants adopted in
these parametrizations are C0 ¼ 0.161, C1 ¼ −0.25,
ϕ0 ¼ 2.38, and ϕ1 ¼ −0.56 [14]. These values reproduce
a HMT contribution of about 28% in symmetric nuclear
matter (SNM) and approximately 1.5% in the case of pure
neutron matter (PNM) [14].
The inclusion of SRC lead to the following generalized

equations for the protons and neutrons kinetic contributions
to the energy density,

Ekin;n;p¼
Δn;pðyÞ

π2

Z
kFn;p

0

k2dkðk2þM�2Þ1=2

þCn;pðyÞ
π2

Z
ϕn;pðyÞkFn;p

kFn;p

kF4n;p
k2

dkðk2þM�2Þ1=2; ð16Þ

and pressure,

Pkin;n;p ¼ Δn;pðyÞ
3π2

Z
kFn;p

0

k4dk

ðk2 þM�2Þ1=2

þ Cn;pðyÞ
3π2

Z
ϕn;pðyÞkFn;p

kFn;p

kF4n;pdk

ðk2 þM�2Þ1=2 : ð17Þ

The scalar densities are also modified to

ρsn;p¼
M�Δn;pðyÞ

π2

Z
kFn;p

0

k2dk

ðk2þM�2Þ1=2

þM�Cn;pðyÞ
π2

Z
ϕn;pðyÞkFn;p

kFn;p

kF4n;p
k2

dk

ðk2þM�2Þ1=2 : ð18Þ

Note that in the limit ϕ0 ¼ 1 and ϕ1 ¼ 0, one obtains
Δn;p ¼ ϕp ¼ ϕn ¼ 1, and the momentum distribution
reduces to the standard step function, recovering the
conventional RMF expressions without a high-momentum
tail.
A specific quantity that can be derived from the energy

density is the chemical potential. For the case of RMF
models, its general definition is given by [40]

μq ¼
∂Ehad

∂ρq

����
ρq̄;W;R;Φ

¼ ∂ðEkin;p þ Ekin;nÞ
∂ρq

����
ρq̄;W;R;Φ

þ ∂Epot

∂ρq

����
ρq̄;W;R;Φ

; ð19Þ

in which q represents a particle of a given isospin-index,
and q̄ describes the other one. The full expressions of μp
and μn are

μp;n ¼ μp;nkin þW � R
2
; ð20Þ

where

μp;nkin ¼ Δp;nðyÞE�
Fp;n

þ μp;nkinðSRCÞ; ð21Þ

with E�
Fp;n

¼ ðk2Fp;n
þM�2Þ1=2,

μpkinðSRCÞ ¼ 3CpðyÞ
"
E�
Fp

−
ðϕ2

pðyÞk2Fp
þM�2Þ1=2

ϕpðyÞ

#
þ 4CpðyÞkFp

ln

"
ϕpðyÞkFp

þ ðϕ2
pðyÞk2Fp

þM�2Þ1=2
kFp

þ E�
Fp

#
þ 2

π2
ρn
ρ2

ηp; ð22Þ

and
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μnkinðSRCÞ ¼ 3CnðyÞ
"
E�
Fn

−
ðϕ2

nðyÞk2Fn
þM�2Þ1=2

ϕnðyÞ

#
þ 4CnðyÞkFn

ln

"
ϕnðyÞkFn

þ ðϕ2
nðyÞk2Fn

þM�2Þ1=2
kFn

þ E�
Fn

#
þ 2

π2
ρp
ρ2

ηn: ð23Þ

In Refs. [41–45], an approximate version of Eqs. (22)–(23)
was used, in which Δp;n, Cp;n, and ϕp;n were considered
independent of ρp and ρn. In that case, the quantities ηp;n
vanish. Here, we take into account the full dependence on
ρp and ρn, thus obtaining the complete expressions pre-
sented earlier. The details of these derivations, as well as the
expressions for ηp;n, are given in the Appendix.

III. HIGH DENSITY LIMIT AND RELATED
IMPLICATIONS FOR NEUTRON STARS

As in Ref. [22], we begin our analysis in the high-density
regime by first noting that the effective mass in typical
RMF models is positive and lies within the range
0 ≤ M� ≤ M, with the limit M� ∼ 0 being attained at high
densities. This leads to a finite value for Φ ¼ Mnuc −M�
and, consequently, for the last three terms in Eqs. (7)–(10)
in this regime. Physically, this feature is interpreted
as the capability of the models to reproduce, at least
partially, the chiral-symmetry restoration. In this case,
the nucleon mass is reduced as a consequence of its
interaction with the medium. In particular, at ρ → ∞ the
kinetic terms of energy density and pressure are modified to

Ekin∼
X
i¼p;n

�
Δi

π2

Z
kFi

0

k3dkþCik4Fi

π2

Z
ϕikFi

kFi

k−1dk

�

¼
X
i¼p;n

�
Δi

4π2
k4Fi

þCi

π2
k4Fp

lnðϕiÞ
�

¼3ð3π2Þ1=3
4

ρ4=3½y4=3ASRC;pðyÞþð1−yÞ4=3ASRC;nðyÞ�;
ð24Þ

and

Pkin ∼
1

3

X
i¼p;n

�
Δi

π2

Z
kFi

0

k3dkþ Cik4Fi

π2

Z
ϕikFi

kFi

k−1dk

�

¼ ð3π2Þ1=3
4

ρ4=3½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�

¼ 1

3
lim
ρ→∞

Ekin; ð25Þ

with

ASRC;iðyÞ ¼ ΔiðyÞ þ 4CiðyÞ ln½ϕiðyÞ�; ð26Þ
for i ¼ p, n. For the case of the model without SRC
included, this expression is reduced to ASRC;n;p ¼ 1.

A. Model up to second order in the vector field

We start with the simplest case, in which the Lagrangian
density contains terms only up to second order in the vector
field, i.e., C ¼ 0. In this situation, we obtainW ¼ G2

ωρ and
R ¼ ð2y − 1ÞG2

ρρ=2. Hence, we have

lim
ρ→∞

Ehad ∼
1

8
½4G2

ω þ ð2y − 1Þ2G2
ρ�ρ2 þ

3ð3π2Þ1=3
4

ρ4=3

× ½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�:
ð27Þ

Note that, since the leading term in the energy density
scales as ρ2, the following relationship holds:

ρ4=3 ≃
82=3

½4G2
ω þ ð2y − 1Þ2G2

ρ�2=3
E2=3
had : ð28Þ

For the pressure, one obtains

lim
ρ→∞

Phad ∼
1

8
½4G2

ω þ ð2y − 1Þ2G2
ρ�ρ2 þ

ð3π2Þ1=3
4

ρ4=3½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�

¼ 3ð3π2Þ1=3
4

ρ4=3½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ� −
ð3π2Þ1=3

2
ρ4=3½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�

þ 1

8
½4G2

ω þ ð2y − 1Þ2G2
ρ�ρ2; ð29Þ

which, using Eqs. (27) and (28), can be rewritten as

Phad ∼ Ehad − α0ðy;ASRC;pðyÞ;ASRC;nðyÞÞE2=3
had þ… ð30Þ

with
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α0ðy;ASRC;pðyÞ;ASRC;nðyÞÞ≡ αSRCðyÞ ¼
ð72π4Þ2=3

6π2
½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�

½4G2
ω þ ð2y − 1Þ2G2

ρ�2=3
: ð31Þ

It is important to highlight the modification induced by
SRC in the coefficient of the nonleading term in the high-
density expansion of the pressure. If the RMF-SRC model
adopts the same values of G2

ω and G2
ρ as the original

RMF model, then the impact of SRC can be assessed solely
by analyzing the possible values ofASRC;i, as shown in Fig. 1.
From the figure, we note that ASRC;i is greater than 1.

Consequently, the coefficientαSRCðyÞ is always larger than its
counterpart without SRC, namely, αðyÞ≡ α0ðy;ASRC;p ¼ 1;
ASRC;n ¼ 1Þ. As a consequence, the inclusion of SRC softens
the model at the high-density regime. However, this may no
longer be true if one considers a refitting of the model’s free
coupling constants when SRC are taken into account. In this
scenario, both models, RMF and RMF-SRC, are constrained
to reproduce the same set of nuclear empirical parameters
(NEPs); saturation density (ρsat), binding energy (Esat),
effective mass ratio (m�

sat ¼ M�
sat=Mnuc), incompressibility

(Ksat), and symmetry energy (Esym;2), all quantities at
ρ ¼ ρsat. As a result, the inclusion of SRC necessarily
generates different values forG2

σ,G2
ω,G2

ρ, a, and b, compared
to themodel without this phenomenology implemented in the
system. In order to carry out our investigation within a
realistic andwell-established theoretical framework,wemake
use in Secs. III A and III B, of the NEPs related to the NL3*
parametrization [46], systematically tested against experi-
mental data for a large set of spherical nuclei, including 16O,
34Si, 40Ca, 48Ca, 52Ca, 54Ca, 48Ni, 56Ni, 78Ni, 90Zr, 100Sn, 132Sn,
and 208Pb. Furthermore, it extends its applicability beyond
finite nuclei, providing a good description of some macro-
scopic properties of NSs, such as their mass-radius relation-
ship (a detailed analysis involving more than 400 RMF
parametrizations is available in Ref. [47]).

In Fig. 2, the coefficient α with and without SRC
included is displayed for the NL3* model. As we can
see from the figure, the SRC affect the coefficient in
Eq. (30) in the following way; αSRC < α from y ¼ 0 (pure
neutron matter) up to y ∼ 0.04. From this point on, an
inversion in the behavior is observed. Hence, we identify a
critical proton fraction above which the hardening of the
EOS changes to a softening. In the case of stellar matter, the
first region (0 ≤ y≲ 0.04) corresponds, in general, to
densities below the saturation density.
For the sake of completeness, we also investigate the

effect of the NEPs on this analysis. The results are depicted
in Fig. 3. In particular, we choose thevariation of ρsat andEsat
to be consistent with the maximum and minimum values
associated with the models in the D4sym group described in
Ref. [47], to which the NL3*model belongs. This group is a
more selective subset of energy density functionals that
satisfy stringent constraints from low-energy nuclear data as
well as boundaries for the symmetry energy. For the other
NEPs, we extend the ranges to 25 MeV ≤ Esym;2 ≤
35 MeV and 0.6 ≤ m�

sat ≤ 0.8, in order to encompass a
wider range of possiblevalues for these quantities. As shown
in Fig. 2, the qualitative behavior remains unchanged even
for these broader NEP ranges, indicating that the predomi-
nant effect of the SRC in the RMF model with C ¼ 0 is to
soften the corresponding EOS at the high-density regime.

B. Fourth order in the vector field

At this point we proceed by analyzing the situation in
which C ≠ 0. In this case R remains the same, but the
field equation for W becomes Wð1þ CG2

ωW2Þ∼
CG2

ωW3 ¼ G2
ωρ, leading to W ∼ C−1=3ρ1=3 and

FIG. 1. SRC-induced enhancement factors ASRC;i for neutrons
and protons as functions of the proton fraction y, illustrating the
impact of short-range correlations on high-momentum tails.

FIG. 2. Coefficient of the high-density pressure expansion as a
function of proton fraction y, comparing RMF models with and
without SRC for the NL3* parametrization.
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lim
ρ→∞

Ehad ∼
3ð3π2Þ1=3

4
½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�ρ4=3 þ

ρ2=3

2G2
ωC2=3 þ

3ρ4=3

4C1=3 þ
1

8
ð2y − 1Þ2G2

ρρ
2

¼ 3ð3π2Þ1=3
4

�
y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ þ

1

ð3π2CÞ1=3
�
ρ4=3 þ ρ2=3

2G2
ωC2=3 þ

1

8
ð2y − 1Þ2G2

ρρ
2: ð32Þ

For the pressure, the high-density limit yields

lim
ρ→∞

Phad ∼
ð3π2Þ1=3

4
½y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ�ρ4=3 þ

ρ2=3

2G2
ωC2=3 þ

ρ4=3

4C1=3 þ
1

8
ð2y − 1Þ2G2

ρρ
2

¼ ð3π2Þ1=3
4

�
y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ þ

1

ð3π2CÞ1=3
�
ρ4=3 þ ρ2=3

2G2
ωC2=3 þ

1

8
ð2y − 1Þ2G2

ρρ
2

¼ Ehad −
ð3π2Þ1=3

2

�
y4=3ASRC;pðyÞ þ ð1 − yÞ4=3ASRC;nðyÞ þ

1

ð3π2CÞ1=3
�
ρ4=3: ð33Þ

From Eq. (32), we find ρ4=3 ¼ f8Ehad=½ð2y − 1Þ2G2
ρ�g2=3. This expression is used in Eq. (33) to finally obtain

Phad ∼ Ehad − β0ðy;ASRC;pðyÞ;ASRC;nðyÞÞE2=3
had þ… ð34Þ

with

β0ðy;ASRC;pðyÞ;ASRC;nðyÞÞ≡βSRCðyÞ¼
1

6π2

�
72π4

ð2y−1Þ2G2
ρ

�
2=3

�
y4=3ASRC;pðyÞþð1−yÞ4=3ASRC;nðyÞþ

1

ð3π2CÞ1=3
�
: ð35Þ

As in the previous case (C ¼ 0), the corresponding co-
efficient for a system without SRC is obtained by setting
βðyÞ≡ β0ðy;ASRC;p ¼ 1;ASRC;n ¼ 1Þ.
A direct inspection of Eq. (35) reveals that the inclusion

of SRC leads to βSRC > β, provided the strength of the ρ-
meson field is kept fixed when comparing the RMF and
RMF-SRC models. This result arises from the fact that β0

does not depend on G2
ω, as in the C ¼ 0 case, and we

assume, in principle, that the constant C is the same for
models with and without SRC. The increase in the
coefficient reflects a stronger suppression of the pressure
at high densities, resulting in a softer EOS. Thus, SRC
introduces a direct softening effect on the high-density

behavior of the hadronic EOS. However, this conclusion
does not hold when the refitting procedure is taken into
account. Notice that the expression for the symmetry
energy at ρ ¼ ρsat for the RMF-SRCmodel reads (quadratic
contribution)

Esym;2 ≡ S2ðρsat; 1=2Þ ¼
1

8

∂
2ðEhad=ρÞ
∂y2

����
ρ¼ρsat;y¼1=2

¼ ESRC
kin;2ðρsat;M�

satÞ þ
G2

ρ

8
ρsat; ð36Þ

with the kinetic term given by [14]

ESRC
kin;2ðρsat;M�

satÞ ¼
ksatF

2

6E�
F

�
1 − 3C0

�
1 −

1

ϕ0

��
− 3E�

FC0

�
C1

�
1 −

1

ϕ0

�
þ ϕ1

ϕ0

�

−
9M�4

sat

8ksatF
3

C0ϕ1ðC1 − ϕ1Þ
ϕ0

�
2ksatF

M�
sat

��
ksatF

M�
sat

�
2

þ 1

�
3=2

−
ksatF

M�
sat

��
ksatF

M�
sat

�
2

þ 1

�
1=2

− arcsinh

�
ksatF

M�
sat

��

þ 2ksatF C0ð6C1 þ 1Þ
3

�
arcsinh

�
ϕ0ksatF

M�
sat

�
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
M�

sat

ϕ0ksatF

�
2

s
− arcsinh

�
ksatF

M�
sat

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
M�

sat

ksatF

�
2

s �

þ 3ksatF C0

2

�ð1þ 3ϕ1Þ2
9

�
ϕ0ksatF

F�
F

−
2F�

Fð3ϕ1 − 1Þ
9ϕ0ksatF

�
−
1

9

ksatF

E�
F
þ 4E�

F

9ksatF

�

þ C0ð4þ 3C1Þ
3

�
F�
Fð1þ 3ϕ1Þ

ϕ0

− E�
F

�
; ð37Þ
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where E�
F ¼ ðM�2

sat þ ksat2F Þ1=2, F�
F ¼ ½M�2

sat þ ðϕ0ksatF Þ2�1=2,
and ksatF ¼ ð3π2ρsat=2Þ1=3. Then, it is clear that the constant
G2

ρ is determined solely byM�
sat,Esym;2, and ρsat, according to

Eq. (36), namely, G2
ρ ¼ 8½Esym;2 − ESRC

kin;2ðρsat;M�
satÞ�=ρsat.

This formulation highlights the key role of the kinetic
contribution to the symmetry energy in determining how
SRC affect the hadronic EOS. In particular, if the relation
ESRC
kin;2 < Ekin;2 holds, then the value of G2

ρ increases in the
RMF-SRC model. This outcome arises because, during the
refitting process, both Esym;2 and ρsat are kept fixed,
regardless of whether SRC effects are included. In Ref. [14],
the authors show that this condition is satisfied across a
broad range ofM�

sat. The same behavior is observed for the
range of ρsat and m�

sat used in Fig. 3, as shown in Table I.
As shown in Ref. [14], we also find negative values for the

kinetic term of the symmetry energy in theRMF-SRCmodel.
As a result, G2

ρ is consistently larger than its corresponding
value in the RMFmodel. This increasemay outweigh the rise
in the numerator of βSRC, leading to an effective reduction in
the coefficient of Eq. (34). This behavior is indeed observed,
as the reader can verify in Fig. 4.
Therefore, it is clear that the hadronic EOS becomes

stiffer when SRC effects are incorporated into the model

with C ≠ 0. Moreover, this behavior is observed across all
proton fractions analyzed; that is, no inversion occurs as
seen in α0, see Fig. 2.

C. Impact for neutron stars

We now analyze how the results obtained in the previous
sections affect the description of NSs. For this purpose, we
consider stellar matter in beta equilibrium by imposing
charge neutrality, ρp − ρe ¼ ρμ, and chemical equilibrium,
μn − μp ¼ μe with μμ ¼ μe, in a system composed of
protons, neutrons, electrons, and muons. The total energy
density and pressure are given by E ¼ Ehad þ Ee þ Eμ and
P¼PhadþPeþPμ, respectively, where Ei and Pi (i ¼ e, μ)
denote the kinetic contributions from electrons (assumed
massless) and muons with mass mμ ¼ 105.7 MeV. For
simplicity, our analysis focuses exclusively on the NS core.
In particular, Fig. 5(a) shows the EOS corresponding to the
NL3*/NL3*-SRC models with C ¼ 0.
Note that the SRC-induced behavior observed in the

asymptotic regime also emerges within the energy density
range relevant to NS modeling. Consequently, the softening
of the EOS caused by SRC is evident in the mass-radius
diagrams of high-mass stars, which correspond to higher
central densities—or, equivalently, higher central energy
densities—resulting in less massive NSs. This trend is
confirmed in Fig. 6(a). In this figure, the NS mass,
calculated from the solution of the Tolman-
Oppenheimer-Volkoff (TOV) equations [48,49], is plotted
as a function of the central energy density for different
parametrizations of the model with and without SRC
included, all of which incorporate self-interactions of the
vector field up to second order (C ¼ 0). For all models that
include SRC, less massive stars are observed, at least in the
range Ec ≳ 2 fm−4.

TABLE I. Kinetic contribution to the symmetry energy Ekin;2
with and without SRC, for different values of saturation density
ρsat and effective mass m�

sat.

ρsat (fm−3) m�
sat Ekin;2 (MeV) ESRC

kin;2 (MeV)

0.146 0.6 17.54 −16.03
0.146 0.8 13.68 −13.45
0.161 0.6 18.62 −16.85
0.161 0.8 14.55 −14.20

(a) (b) (c) (d)

FIG. 3. Variation of the high-density pressure expansion coefficient with proton fraction y, shown for different nuclear empirical
parameters: ρsat, Esat, Esym;2, and m�

sat.
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In contrast, Fig. 5(b) displays the EOS for models with
C ≠ 0, where the self-interaction of the vector meson field
includes a fourth-order term.Once again, the influence of SRC

at ρ → ∞ extends across the density range relevant to NS
modeling, despite a slower approach to the asymptotic regime
compared to theC ¼ 0 case, due to the relation β0 > α0. These
findings indicate that incorporating SRC into the RMFmodel
enhances its ability to support more massive NSs.
This behavior is particularly relevant in light of recent

astrophysical observations reporting compact stars with
masses around or above two solar masses, which impose
stringent constraints on viable nuclear models. To illustrate
this case, Fig. 6(b) shows parametrizations where the
fourth-order term in W is present in the vector channel
(C ≠ 0). A clear increase in the stellar mass is observed
across the entire range of central energy densities analyzed.
Notably, this increase is more pronounced than the decrease
seen in the C ¼ 0 scenario. In summary, the influence of
SRC on NS properties is highly sensitive to the structure of
the vector self-interaction in the model. While SRC tend to
soften the EOS when C ¼ 0, they can induce significant
stiffening for C ≠ 0, thereby enabling consistency with
observations of massive NSs. For the sake of completeness,
in Table II we show the maximum mass values obtained for
each parametrization shown in Fig. 6, in order to quantify
the effects induced by SRC in each type of model.
It should be noted that Fig. 6 includes dynamically

unstable stars (∂M=∂Ec < 0) to emphasize that the asymp-
totic high-density behavior persists across the density range
relevant for NSs. Omitting these segments would obscure
this continuity and potentially mislead interpretation, so we
retain them to clearly illustrate the impact of SRC through-
out the entire domain.

IV. CONSEQUENCES IN NEUTRON STARS WITH
DM CONTENT

Within the mean-field framework, strongly interacting
matter containing a DM component can be modeled

(a) (b) (c)

FIG. 4. High-density pressure expansion coefficient BSRCðyÞ from Eq. (34), plotted against proton fraction y for C ¼ 0.01 and varying
nuclear empirical parameters.

(a)

(b)

FIG. 5. Pressure-energy density relations for RMF models with
and without SRC in the stellar matter regime. Panel (a): Models
with C ¼ 0; panel (b): Models with C ≠ 0.
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through distinct approaches. A common strategy involves
Higgs-portal scenarios [55,56], in which the dark sector
interacts with standard matter via Higgs boson exchange
[57–67]. In this case, both sectors are described by a unified
Lagrangian density. However, due to the smallness of the
Higgs field values as a function of density in the mean-field
approximation, the system behaves effectively as two
independent subsystems with no practical interaction
between them.

Experimental findings from direct detection searches
[68–72] support this picture, as they provide only upper
bounds on the elastic scattering cross section. In view of the
apparent absence of nongravitational couplings—or, at
most, the presence of a very weak interaction—it is
physically well-motivated to describe the two sectors inside
compact stars as two independent fluids interacting exclu-
sively through gravity. Such a two-fluid formalism has been
extensively studied; see, e.g., Refs. [34,73–87]. In this
work, we adopt a specific implementation in which the total
pressure is given by PðrÞ ¼ PvisðrÞ þ PdmðrÞ, where r
denotes the radial coordinate from the center of the star. The
subscript “vis” refers to the visible sector of the system,
specifically the hadronic component.
The generalized and dimensionless TOV equations for

this formalism, expressed in natural units (ℏ¼G¼c¼1),
are given by [88,89]

dP0
visðr0Þ
dr0

¼ ½E0
visðr0ÞþP0

visðr0Þ�½m0ðr0Þþ4πr03P0ðr0Þ�
r0½2m0ðr0Þ−r0� ; ð38Þ

dP0
dmðr0Þ
dr0

¼ ½E0
dmðr0ÞþP0

dmðr0Þ�½m0ðr0Þþ4πr03P0ðr0Þ�
r0½2m0ðr0Þ−r0� ; ð39Þ

dm0
visðr0Þ
dr0

¼4πr02E0
visðr0Þ;

dm0
dmðr0Þ
dr0

¼4πr02E0
dmðr0Þ; ð40Þ

wherem0ðr0Þ ¼ m0
visðr0Þ þm0

dmðr0Þ is the total dimensionless
mass enclosed within the dimensionless radius r0. The
quantities m0

vis and m0
dm represent the visible and DM

contributions, respectively. Further details on the derivation
of these coupled equations can be found in Ref. [73].
All primed variables are dimensionless, which facilitates
numerical integration of the TOV equations. Physical units
are recovered using the following scaling relations;
Pvis;dm ¼ M4

rescP0
vis;dm, Evis;dm ¼ M4

rescE0
vis;dm, mvis;dm ¼

ðM3
p=M2

rescÞm0
vis;dm, and r ¼ ðMp=M2

rescÞr0, where Mresc is
a common rescalingmass andMp ¼ 1.22 × 1019 GeV is the
Planck mass [90]. Note that mvis;dm and r must still be
converted to solar masses (M⊙) and kilometers (km),
respectively.
For the dark sector, we adopt a system composed of

fermionic particles. It is modeled as a relativistic Fermi gas
of noninteracting particles with mass mχ , since dark
fermions obey the Pauli exclusion principle and, as a
result, a degeneracy pressure naturally arises, enabling
the system to counterbalance gravitational collapse.
However, as in the visible sector, we also include self-
repulsion mediated by a vector field, which allows for the
formation of more massive compact stars. The proposed
Lagrangian density is given by [28,73,84,91]

(a)

(b)

FIG. 6. Neutron star mass versus central energy density for
RMF models with and without SRC. Panel (a): Models with
C ¼ 0 (NL3* [46], NLM [50], GM3 [51]); panel (b): Models
with C ≠ 0 (PK1 [52], TMA [53], MB [54]).

TABLE II. Maximum stellar mass, in units ofM⊙, for the mass-
radius diagrams presented in Fig. 6.

Models Mmax MSRC
max

C ¼ 0
NL3*/NL3*-SRC 2.76 2.73
NLM/NLM-SRC 2.27 2.21
GM3/GM3-SRC 2.02 1.95

C ≠ 0
PK1/PK1-SRC 2.32 2.41
TMA/TMA-SRC 1.99 2.14
MB/MB-SRC 1.55 1.76
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Ldm ¼ χ̄½γμði∂μ − gVVμÞ −mχ �χ þ
1

2
m2

VVμVμ

−
1

4
ð∂μVν − ∂νVμÞð∂μVν − ∂

νVμÞ; ð41Þ

where the dark vector field and its associated mass are
denoted by Vμ and mV , respectively. The spinor represent-
ing the dark fermion is denoted by χ.
Analogously to calculations performed in relativistic

hadronic models—where the Lagrangian density shares
the same mathematical structure—we apply the mean-field
approximation to evaluate the pressure and energy density
associated with the dark sector. The resulting expressions
are

Pdm ¼ 1

3π2

Z
kFχ

0

dk
k4

ðk2 þm2
χÞ1=2

þ 1

2
C2
Vρ

2
χ ; ð42Þ

and

Edm ¼ 1

π2

Z
kFχ

0

dkk2ðk2 þm2
χÞ1=2 þ

1

2
C2
Vρ

2
χ ; ð43Þ

where CV ¼ gV=mV , and ρχ ¼ k3Fχ=ð3π2Þ. Here, kFχ cor-
responds to the Fermi momentum of the dark particle. From
this point onward, we adopt the values CV ¼ 3.26 fm and
mχ ¼ 1.9 GeV for the free parameters of the model [84].
These values are consistent with the ranges 0.5 GeV ⩽
mχ ⩽ 4.5 GeV [84,92] and 0.1 fm ⩽ CV ⩽ 5 fm [73,84].
In Fig. 7, we present the relation between Pdm and Edm,
along with the corresponding squared sound speed, defined
as v2s ¼ ∂Pdm=∂Edm. The figure shows that the DM model
remains fully causal within the range of energy densities
considered.
In the hadronic sector, we employ a reference para-

metrization in which the NEPs are identical to those of

the NL3* model, as discussed in Secs. III A and III B. For
the NL3* extension that includes a fourth-order term in the
vector field, we adopt the choice C ¼ 0.01. Accordingly, the
EOSs for the “visible” sector, under charge neutrality and
chemical equilibrium, are given by Evis ¼ Ehad þ Ecrust þ
Ee þ Eμ and Pvis ¼ Phad þ Pcrust þ Pe þ Pμ. The contribu-
tion of the stellar crust, represented by Ecrust and Pcrust, is
divided into outer and inner regions. The outer crust is
described by the Baym-Pethick-Sutherland EOS in the den-
sity range 0.6295 × 10−11 fm−3 ≤ ρ ≤ 0.199 × 10−3 fm−3

(Table 5 of [93]). The inner crust is modeled using the
Skyrme nuclear interaction SLy4 [94] within a compressible
liquid-drop approach, covering the density range 0.20905 ×
10−3 fm−3 ≤ ρ ≤ 0.73174 × 10−1 fm−3 (Table 3 of [95]).
The EOS of the core, described by the hadronic model, is
considered starting from ρ ≃ 0.5ρsat.
The numerical solution of Eqs. (38)–(40) is carried out by

prescribing the central conditions m0
visð0Þ ¼ m0

dmð0Þ ¼ 0,
P0
visð0Þ ¼ P0c

vis, and P0
dmð0Þ ¼ P0c

dm. The dimensionless cen-
tral pressures P0c

vis and P
0c
dm are determined by the respective

equations of state (EOSs) of the visible and dark sectors. The
system is then integrated outward using a fourth-order
Runge-Kutta algorithm, yielding the radial profiles of
dimensionless pressure and enclosed mass. The dimension-
less stellar radii of the two components, R0

vis and R0
dm,

are defined by the vanishing of their respective pressures,
i.e., P0

visðR0
visÞ ¼ 0 and P0

dmðR0
dmÞ ¼ 0, within a prescribed

numerical tolerance. The corresponding dimensionless
masses are given by M0

vis ¼ m0
visðR0

visÞ and M0
dm ¼

m0
dmðR0

dmÞ, such that the total dimensionless mass of the
configuration is M0 ¼ M0

vis þM0
dm. The overall dimension-

less radius of the star is taken as the larger of the two,
i.e., R0 ¼ maxðR0

vis; R
0
dmÞ. Configurations for which R0 ¼

R0
dm > R0

vis are interpreted as possessing a dark-matter
halo. By repeating the integration for all central pressure
values consistent with the input EOSs, the mass-radius
relation is obtained. Final results are expressed in physical
units, with stellar mass M in units of M⊙ and radius R in
kilometers.
In this approach, each stellar configuration is assumed to

contain a prescribed fraction of DM, expressed by the fixed
ratio Fdm ¼ Mdm=M. To implement this constraint, the
required input for the TOV system must be specified—
namely, the central pressures and energy densities of both
components: Pc

vis, E
c
vis, P

c
dm, and Ec

dm. For the dark sector,
we establish its connection with the hadronic part by
assuming a proportionality between the two energy
densities, Edm ¼ fEvis, with f taken as a constant parameter
[73]. The two-fluid TOV equations are then solved over a
broad range of values of f. For each integration associated
with a specific f, the corresponding DM fraction Fdm is
calculated, and only the ðM;RÞ pairs fulfilling the imposed
value of Fdm are retained. In this way, the resulting set of
solutions defines the mass-radius relation of NSs admixed
with a fixed dark-matter content.

(a) (b)

FIG. 7. (a) Pressure of fermionic DM and (b) squared sound
speed, shown as functions of the dark energy density.
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Within the two-fluid framework, stability requires that, at
the onset of instability, the particle numbers of the visible
(Nvis) and dark (Ndm) sectors remain stationary under
variations in the central energy densities, Ec

vis and Ec
dm.

The quantitiesNvis andNdm are obtained from the relations,

dN0
vis

dr0
¼ 4πr02ρ0visffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−2m0ðr0Þ=r0p ;
dN0

dm

dr0
¼ 4πr02ρ0dmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−2m0ðr0Þ=r0p ;

ð44Þ

where N0
vis;dm ¼ ðM3

resc=M3
pÞNvis;dm and ρ0vis;dm ¼

ρvis;dm=M3
resc. Both equations must be solved consistently

with the respective two-fluid TOV system. As discussed in
[34,88,96,97], the stability criterion is formulated in terms
of the following matrix equation:

�
δNvis

δNdm

�
¼

" ð∂Nvis=∂Ec
visÞEcdm ð∂Nvis=∂Ec

dmÞEcvis
ð∂Ndm=∂Ec

visÞEcdm ð∂Ndm=∂Ec
dmÞEcvis

#�
δEc

vis

δEc
dm

�

¼ 0: ð45Þ

It should be noted that, when evaluating the derivatives of
Nvis;dm with respect to Ec, the central energy density of the
other sector is held fixed. The eigenvalues of this system,
denoted here by κ1 and κ2, define the stability condition,
which requires κ1 > 0 and κ2 > 0 for equilibrium configu-
rations to be considered stable.
In Fig. 8, we present the mass-radius diagrams obtained

using the hadronic model with a fourth-order vector field
term (C ≠ 0), both with and without SRC, for different DM

contents, defined here by the value of Fdm. As in Secs. III A
and III B, we impose that the NEPs of both the RMF and
RMF-SRC parametrizations are identical to those of the
NL3* model, except for the symmetry energy slope at
saturation density, given by Lsym;2 ¼ 3ρsatð∂S2=∂ρÞrho¼ρsat

.
As evident from the results, the general effect previously

observed in ordinary NSs without DM also appears in
admixed DM stars—namely, an increase in stellar mass due
to the inclusion of SRC. This increase is observed across all
values of Fdm analyzed, as shown in Table III, which
reports the maximum stable stellar masses (Mmax) and
corresponding radii (Rmax).
Another feature observed in Fig. 8 is that the radii

predicted by the pure hadronic RMF-SRC model
(Fdm ¼ 0) are larger than those obtained with the corre-
sponding RMF model (black curves). In other words, the
softer the EOS—RMF in this case—the smaller the stellar
radius, implying a higher compactness for a given massM.
Consequently, a higher central pressure—or, equivalently, a
greater central energy density—is required to support the
star against gravitational collapse. This effect, namely the
increase of Ec for a softer EOS at fixedM, is also confirmed
in Fig. 6. Furthermore, the same pattern is observed when a
finite amount of DM is included in the star, i.e., when
Fdm ≠ 0. This behavior arises from the dominance of the
hadronic component over the DM EOS, which ultimately
governs the global stellar structure. In particular, the radius
of the final admixed NS is always determined by the visible
sector, Rvis. For all M–R curves analyzed, we consistently
find Rvis > Rdm, indicating that the DM distribution never
extends beyond the hadronic surface. As a result, no stellar
configuration with a DM halo is obtained within the present
set of parameters.
At this point, it is instructive to highlight the impact of

incorporating DM through different formalisms. A direct
comparison between Fig. 8 of the present work and Fig. 5
of Ref. [43] underscores the distinct modeling strategies
adopted in the two studies. In Ref. [43], DM is treated
within a single-fluid formalism and coupled to hadrons via
Higgs boson exchange, whereas in the present work, we
employ a two-fluid approach in which the dark and
hadronic sectors interact exclusively through gravity.
Although both studies include SRC and a quartic vector
self-interaction term, the numerical difference in the
constant C is small and does not lead to significant

TABLE III. Maximum stable stellar mass, in units of M⊙, and
respective radius, in units of km, for the different mass-radius
diagrams presented in Fig. 8.

Fdm (%) MRMF
max RRMF

max MRMF-SRC
max RRMF-SRC

max

0 2.03 12.12 2.19 12.51
2 1.97 11.99 2.12 12.35
4 1.92 11.82 2.06 12.21
6 1.87 11.68 2.01 12.06

FIG. 8. Mass-radius diagrams for different fractions of DM in
each star (Fdm). Results for the hadronic model in which
C ¼ 0.005, with (RMF-SRC: full curves) and without (RMF:
dashed curves) short-range correlations. It is also plotted jointly
NICER–XMM-Newton data concerning the pulsars PSR
J0030þ 0451 (orange contours) [7], and PSR J0740þ 6620
(solid [98] and dashed [99] red contours). We also compared our
results with data from the GW190425 event (turquoise
contours) [2].
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modifications in the neutron star structure. Consequently,
the main differences observed in the mass-radius relations
arise from the distinct DM EOSs, the corresponding TOV
formulations (single-fluid versus two-fluid), and the choice
of RMF parametrization. In summary, these comparisons
indicate that the effects of SRC remain robust across both
frameworks, i.e., the increasing of the NS mass, while the
detailed impact of DM is strongly dependent on the
adopted EOS and fluid formalism.
The mass-radius diagrams for the model with vector field

only up to second order (C ¼ 0) are shown in Fig. 9.
As demonstrated in the previous sections, in the specific

case of pure NSs (Fdm ¼ 0), the absence of higher-order
self-interaction terms in the vector meson field leads to a
systematic stiffening of the hadronic EOS. Consequently,
both the maximum mass and the corresponding stellar
radius increase, as illustrated by the solid black curves in
Figs. 9 and 8. This trend is consistent with earlier findings
reported in Ref. [22], which highlighted the role of non-
linear vector meson contributions in softening the EOS at
high densities. Upon incorporating SRC, the EOS becomes
effectively softer, resulting in less massive and more
compact NSs within this class of models. The same
qualitative behavior is observed for NSs admixed with
DM (Fdm ≠ 0), indicating that the hadronic sector contin-
ues to govern the global structure of the star even in the
presence of a dark component. Once again, no evidence of
DM halo configurations is found for the cases shown in
Fig. 9, suggesting that DM remains gravitationally bound
within the stellar core. Finally, for the sake of complete-
ness, we provide data regarding the last stable star in
Table IV.

Figure 10 illustrates how the mass of the last stable star,
as determined from Figs. 8 and 9, varies as a function of the
DM mass fraction Fdm. A clear linear dependence is
observed for both models analyzed, at least within the
range of Fdm values considered here. Notably, the inclusion
of SRC leads to nearly parallel fitting curves, a feature
confirmed by the respective slope values; −0.0326 (NL3*),
−0.0324 (NL3*-SRC) for the model with C ¼ 0, and
−0.0251 (RMF), −0.0274 (RMF-SRC) for the model with
C ≠ 0, all in units ofM⊙. The decrease in stellar mass with
increasing DM fraction is a behavior also observed in other
scenarios; see, for instance, Refs. [67,79,81,100,101].
Qualitatively, this reduction—when compared with pure
compact stars—is attributed to the formation of a DM core,
a structure typically found for heavy DM particles, either
bosonic or fermionic. In the fermionic model adopted here,
we set mχ ¼ 1.9 GeV, which leads to the formation of DM
cores in all models investigated. Conversely, diffuse halo
structures enveloping the final admixed star are observed
for models with lighter DM particles and, in general, lead to
an increase in the maximum stable mass [34,88].
Furthermore, interactions among dark particles can also
produce such an increase [34]. Possible microscopic
mechanisms responsible for the formation of DM cores
or halos in NSs—such as neutron conversion into dark
particles and DM production via bremsstrahlung in

FIG. 9. Mass-radius diagrams for different fractions of DM in
each star (Fdm). Results for the NL3* model (C ¼ 0), with (full
curves) and without (dashed curves) short-range correlations. It is
also plotted jointly NICER–XMM-Newton data concerning the
pulsars PSR J0030þ 0451 (orange contours) [7], and PSR
J0740þ 6620 (solid [98] and dashed [99] red contours). We
also compared our results with data from the GW190425 event
(turquoise contours) [2].

TABLE IV. Maximum stable stellar mass, in units of M⊙, and
respective radius, in units of km, for the different mass-radius
diagrams presented in Fig. 9.

Fdm (%) MNL3�
max RNL3�

max MNL3�-SRC
max RNL3�-SRC

max

0 2.76 13.24 2.72 13.17
2 2.69 13.09 2.65 13.00
4 2.62 12.92 2.58 12.83
6 2.56 12.78 2.52 12.69

FIG. 10. Maximum mass as a function of the mass fraction.
Results extracted from the diagrams displayed in Figs. 8 and 9 for
the models with (squares and fitted full curves) and without
(circles and dashed fitted curves) SRC included.
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neutron-neutron scatterings—are discussed in the
Appendix of Ref. [101].
From Fig. 10, we compute ΔM, defined as the difference

between the maximum stellar mass obtained from the model
with and without SRC. For the case C ≠ 0, where ΔM > 0,
we find 0.13 < ΔM=M⊙ < 0.15 across the range of Fdm
considered. This interval is larger than that reported in
Ref. [43]. In that study, a one-fluid formalism was employed
to describe DM-admixed NSs, with the DM content con-
trolled by the Fermi momentum of the dark particle (kdmF ).
The hadronic sector was modeled by a relativistic framework
including a quartic vector self-interaction term, and an
increase in the maximum stellar mass was also observed
when SRC effects were taken into account. From Fig. 8 of
Ref. [43], we obtain the corresponding range in ΔM given
by 0.059 < ΔM=M⊙ < 0.066 for 0 < kdmF < 0.06 GeV.
Finally, we emphasize that all parametrizations presented

in Figs. 8 and 9 are consistent with the most recent
astrophysical observations, including the joint NICER–
XMM-Newton analyses of the pulsars PSR J0030þ 0451
[7] and PSR J0740þ 6620 [98,99], as well as the gravi-
tational-wave event GW190425 [2]. In the case of the
model with C ≠ 0, it is worth noting that the inclusion of
SRC enables the final admixed NSs to support a larger
amount of DM, since the reduction in the maximum stable
mass with increasing Fdm is partially compensated by the
corresponding increase induced by SRC.

V. SUMMARY AND CONCLUDING REMARKS

In this work, we have analyzed the high-density regime
of relativistic hadronic mean-field models, expanded up to
second (ω2

0) and fourth order (ω4
0) in the repulsive vector

field. In the latter case, the self-interaction strength is
governed by the constant C. We have also investigated
the impact of incorporating SRC effects on the structure
of these models. This phenomenology alters the kinetic
contributions to the energy density, with direct conse-
quences for the thermodynamical EOSs derived from it—
such as the pressure and the chemical potentials of protons
and neutrons—for which exact analytical expressions are
provided.
We have shown that SRC affect the coefficient of the

nonleading term in the pressure-energy density expansion in
distinct ways, depending on the form of the vector self-
interaction. In the model with C ¼ 0, the inclusion of SRC
leads to an increase in this coefficient across a wide range of
proton fractions, resulting in a softened EOS. This trend is
consistently reproduced not only for a single RMF para-
metrization but also across various sets of nuclear empirical
parameters, including the saturation density, binding energy,
symmetry energy, and effective mass. In contrast, for models
with C ≠ 0, SRC play an opposite role; the modified EOS
becomes stiffer across different parametrizations, character-
ized by distinct values of ρsat, Esym;2, and m�

sat, due to the
decrease of the respective coefficient.

The impact of these features was investigated in
astrophysical compact systems, focusing on two scenar-
ios; NSs in beta equilibrium—subject to charge neutrality
and chemical equilibrium—both with and without DM
content. In the first case, we found that the inclusion of
SRC leads to less massive stars for models with C ¼ 0. In
contrast, when SRC are incorporated into models featur-
ing a fourth-order vector self-interaction (C ≠ 0), the
resulting stars become more massive compared to those
without SRC. This trend is consistently observed across
the different parametrizations analyzed. Moreover, the
effect identified in the asymptotic high-density regime
also manifests within the energy density range relevant for
the structure of pure NSs.
To model NSs admixed with DM, we employed the two-

fluid formalism [34,73–86], in which the DM component
was described by a fermionic model featuring a repulsive
interaction mediated by a dark vector field. The resulting
nonsuperluminal EOS, derived within the mean-field
approximation, depended on two free parameters; the dark
fermion mass, mχ , and the ratio between the coupling
strength of the vector interaction and the vector field mass,
CV . We solved the generalized TOV equations, coupled to
differential equations for the particle numbers—used to
establish stellar stability conditions as detailed in
Refs. [34,88,96,97]—to obtain mass-radius diagrams for
various values of the DM mass fraction, Fdm.
We showed that the general effect observed in pure NSs

(Fdm ¼ 0) regarding the inclusion of SRC is reproduced for
configurations with Fdm > 0 in both classes of models, i.e.,
those constructed with C ¼ 0 and C ≠ 0. This outcome
reflects the dominance of the hadronic sector, which
controls the overall stellar structure, with no dark halo
formation in this case. Typically, such a structure is found
for light DM particles (here we use mχ ¼ 1.9 GeV).
Furthermore, our results indicated a systematic linear
decrease in the maximum stable stellar mass, Mmax, as a
function of Fdm for models containing the ω2

0 and ω
4
0 terms.

The inclusion of SRC did not alter this linear trend; instead,
it produced nearly parallel fitting curves for this relation-
ship. In particular, for the model including the ω4

0 term, we
found that the reduction inMmax due to the presence of DM
is partially compensated by the increase resulting from
SRC effects in the hadronic sector.
In addition to the analysis presented in this work, we

highlighted the compatibility of our results with recent
astrophysical data from the joint NICER–XMM analysis of
the pulsars PSR J0030þ 0451 [7] and PSR J0740þ 6620
[98,99], where modeling of the respective pulse profiles
was used to infer macroscopic properties such as mass and
radius. We also compared our findings with the gravita-
tional-wave event GW190425 [2], which reported the
coalescence of a binary system with a total mass of
approximately 3.4M⊙, with component masses consistent
with NSs in the range of 1.1M⊙ to 2.5M⊙.
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Beyond these current astrophysical analyses, upcoming
observational programs such as STROBE-X [102], eXTP
[103], Athena [104], and NewAthena [105] are expected to
play a crucial role in deepening our understanding of
compact stars and their potential DM content. With its high
effective area and microsecond timing precision [106],
eXTP will enable detailed measurements of pulsations and
quasiperiodic oscillations, providing essential constraints
on the stellar mass-radius relation. In addition, its remark-
able sensitivity to surface thermal emission will allow
stringent observational tests of theoretical scenarios pre-
dicting DM capture and accumulation in compact stars. The
synergy between these forthcoming x-ray missions and
gravitational-wave observations, such as those expected
from the proposed Einstein Telescope [107], will help
establish tighter limits on the dense-matter EOS and shed
light on the microscopic properties of DM inside NSs.
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APPENDIX

Here we present the derivation of the kinetic contribution
of the chemical potentials, with some important conse-
quences. It follows:

μp;nkin ≡ ∂ðEkin;p þ Ekin;nÞ
∂ρp;n

����
ρn;M�

¼ 1

π2
∂ΔpðyÞ
∂ρp;n

Z
kFp

0

dkk2ðk2 þM�2Þ1=2 þ ΔpðyÞ
π2

∂

∂ρp;n

Z
kFp

0

dkk2ðk2 þM�2Þ1=2

þ k4Fp
π2

∂Cp

∂ρp;n
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ϕpðyÞkFp

kFp

dk
ðk2 þM�2Þ1=2

k2
þ 4CpðyÞk3Fp

π2
∂kFp
∂ρp;n

Z
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dk
ðk2 þM�2Þ1=2

k2
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π2

∂
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dk
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þ 1
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Z
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dkk2ðk2 þM�2Þ1=2

þ ΔnðyÞ
π2

∂

∂ρp;n

Z
kFn

0

dkk2ðk2 þM�2Þ1=2 þ k4Fn
π2

∂Cn

∂ρp;n

Z
ϕnðyÞkFn

kFn

dk
ðk2 þM�2Þ1=2

k2

þ 4CnðyÞk3Fn
π2

∂kFn
∂ρp;n

Z
ϕnðyÞkFn

kFn

dk
ðk2 þM�2Þ1=2

k2
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π2
∂

∂ρp;n

Z
ϕnðyÞkFn
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dk
ðk2 þM�2Þ1=2

k2
: ðA1Þ

1. Derivation of μpkin

We start with the proton chemical potential, μpkin. Due to ∂kFn=∂ρp ¼ 0 and, since there is no dependence on ρp in
integrals whose limits depend only on kFn, the seventh and ninth terms in Eq. (A1) vanish (we are taking the derivative with
respect to ρp). Furthermore, we also have that

ΔpðyÞ
π2

∂

∂ρp

Z
kFp

0

dkk2ðk2 þM�2Þ1=2 ¼ ΔpðyÞðk2Fp
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CpðyÞk4Fp
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If we consider as a first approximation that Δp;n, Cp;n, and ϕp;n are constants, as in Refs. [41–45], then μpkin reads

μpkin ¼ ΔpðyÞðk2Fp
þM�2Þ1=2 þ μ̃pkinðSRCÞ; ðA6Þ

with
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On the other hand, we use the following results:
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in order to obtain the full expression, given by

μpkin ¼ ΔpðyÞðk2Fp
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2. Derivation of μnkin
Notice that ∂kFp=∂ρn ¼ 0 and there is no dependence on ρn in integrals whose limits depend only on kFp. Therefore, the

second and fourth terms in Eq. (A1) disappear (derivative with respect to ρn in the calculation of μnkin). In this case one has
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Again, the use of the approximation taken in last section generates

μnkin ¼ ΔnðyÞðk2Fn
þM�2Þ1=2 þ μ̃nkinðSRCÞ; ðA17Þ
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Finally, the results presented below, namely,
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are used to find the complete expression given by

μnkin ¼ ΔnðyÞðk2Fn
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3. General consequences

By considering the kinetic part of the model, we have

ρpμ
p
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n
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n
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2ρpρn
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ðA23Þ

Note that due to ηn ¼ −ηp, the last term in the expression
above vanishes, and since the remaining expression is
equal to Ekin;p þ Ekin;n þ Pkin;p þ Pkin;n, the Euler relation
is satisfied for both the exact expression of μp;nkin and its
approximate version, in which Δp;n, Cp;n, and ϕp;n are
taken as constants.
Another interesting result concerns the symmetric

nuclear matter regime. In this particular case, where y ¼
1=2 and kFp ¼ kFn, we have Cp ¼ Cn ¼ C0, ϕp ¼
ϕn ¼ ϕ0, and Δp ¼ Δn ¼ 1–3C0ð1 − 1=ϕ0Þ. Conse-
quently, ηp ¼ ηn ¼ 0, and the expression for μp;nkin coincides
with that obtained using the approximate form. This is a
significant feature, as it shows that the approximate version
of μp;nkin can be reliably used to determine the coupling
constants of the model with SRC included, calculated at
saturation density, and for y ¼ 1=2.
At this point, we also emphasize the impact on the NS

structure arising from the additional terms in the full
expression of the chemical potentials when SRC are
included. Since in the beta-equilibrated matter the con-
dition μn − μp ¼ μe ¼ μμ must be satisfied, together with
charge neutrality, ρp ¼ ρe þ ρμ, the terms 2ρnηp=ðπ2ρ2Þ
and 2ρpηn=ðπ2ρ2Þ modify the quantities determined from
these equations, namely the proton fraction and the electron
density. As a consequence, the total EOS used as input for

solving the TOV equations (in either the one- or two-fluid
formalism) differs from that obtained when the approxi-
mation is employed, as it depends on y and ρe. In Fig. 11,
we present the mass-radius relations for some parametriza-
tions considered in this work, explicitly comparing the
two cases.
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