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A relativistic mean-field hadronic model with a dark matter (DM) particle coupled to
nucleons including short-range correlations (SRC) is applied to study neutron stars (NS). The lightest
neutralino is chosen as the dark particle candidate, which interacts with nucleons by the exchange of
Higgs bosons. A detailed thermodynamical analysis shows that the contribution of the DM fermions to
the energy density of the matter composed by these particles and nucleons is completely dominated by
the DM kinetic terms. The model reproduces satisfactorily the constraints on the mass-radius
diagram obtained from the analysis of the combined data from the NICER mission, LIGO collaboration,
and mass measurements from radio observations. We show that the SRC balance the reduction of the
neutron star mass due to the DM component, and because of that the model is able to present more
massive NS. We also present a study of the effect, in the NS mass-radius profiles, of the uncertainties in
some bulk parameters related to the hadronic sector. We find that it is possible to generate para-
metrizations, with DM content, compatible with the recent astrophysical constraints and with the
uncertainty in the symmetry energy slope obtained from the results reported by the updated lead radius
experiment (PREX-2).
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I. INTRODUCTION

A complete understanding of the fundamental physics
involving hadronic matter is still a challenge for both
theoretical and experimental research. For instance, in the
case of matter composed by strongly interacting particles at
zero temperature and high density regime, the results
provided by the available hadronic models can be tested
against constraints coming from astrophysical observatio-
nal data. In particular, compact objects, such as neutron
stars (NS), are considered natural laboratories to test matter
under extreme conditions (very dense systems). Therefore,
dense stellar matter becomes an important source of
information on the forces in nature.
In that direction, a large amount of data has also been

provided by the so-called multimessenger astronomy era
[1], initiated by the detection of gravitational waves signal
produced by the collision of two black holes [2–4], and
the latter on by two NS in a merger mechanism [5].
Another relevant source of information regarding features
of astrophysical systems is NASA’s Neutron star Interior
Composition Explorer (NICER), namely, an x-ray
telescope installed on the International Space Station
[6]. From the NICER data related to the massive milli-
second pulsars, such as the PSR J0030þ0451 one [7–12],
it is possible to estimate masses and radii of NS. Recently,
a new round of measurements of the NICER mission is
available, now regarding the PSR J0740þ6620 pulsar
[13–16].

Another important component that can directly affect
the description of astrophysical and cosmological systems
is dark matter (DM), whose fundamental nature is still
unknown (see Ref. [17] and references therein for an
overview). The existence of this kind of (dark) particle is
due to measurements made by Zwicky [18], who verified
a high dispersion of the velocities of galaxies in the
Coma cluster, a phenomenon that cannot be explained
exclusively through ordinary matter. A similar study was
also performed by Oort [19]. In his investigation, Oort
verified too high velocities of stars in the solar neighbor-
hood. Once again, the results of this observation are not
completely understood if only luminous matter is con-
sidered. Other studies on the rotation curves of different
galaxies were also performed, with the same result
inferred, namely, the existence of matter other than the
known visible matter. Furthermore, the use of gravita-
tional lensing methods [20,21] leads to a visible mass of
approximately 10% to 20% for the total mass of galaxy
clusters, the result that also supports the emergence
of extra matter in such structures. Other relevant
evidence for the presence of dark matter comes from
measurements of the anisotropy of cosmic microwave
background [22–26]. The current understanding predicts
that 27% of the Universe is made of dark matter, 68% of
dark energy (the main component that explains the
accelerated expansion of the Universe), and only 5% of
luminous matter.
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Since the aforementioned evidence points out the
necessity to investigate new physics, the next step is to
understand what kind of particles compose such (dark)
matter. Among the possible candidates, the most
promising ones are the so-called weakly interacting
massive particles (WIMPs), namely, weak-scale particles
produced in the early Universe as a thermal relic of the big
bang, and typically with mass in the range of 1 GeV to
100 TeV. The predicted results of relic abundances are
compatible with corresponding observational data if
WIMPs are taken as DM particles [27]. Other kinds of
candidates are also considered in order to explain obser-
vations related to DM. For instance, the model of
asymmetric dark matter (ADM) [28] is based on the
possibility of having a matter/antimatter asymmetry for
dark particles likewise one observes in ordinary baryons.
The masses of ADM particles, around 5 GeV, are lower in
comparison with the previous case. Other no-WIMP
candidates can be listed here, such as the superWIMP
particles, namely, massive particles whose interaction is
much weaker than those presented by WIMPs. Gravitinos
and axinos are examples of these superWIMP candidates.
Furthermore, one also has axions, sterile neutrinos,
WIMPzillas, supersymmetric Q-balls, mirror matter,
and even black holes as viable candidates. Interesting
discussions and details on these particles can be found in
Refs. [29,30], for instance.
Recently, some studies were performed in which DM

models were coupled to hadronic ones and used to describe
astrophysical systems, such as neutron stars. In the had-
ronic sector, there are many models available for the
nuclear and stellar matter. As examples, we cite the
nonrelativistic Skyrme [31–35] and Gogny [36–39] para-
metrizations, and relativistic mean-field (RMF) models
[40–43]. The first class was used in Refs. [44,45], and
the latter one in Refs. [46–54]. Furthermore, another source
of valuable information regarding the nuclear interaction
comes from microscopic calculations based on the chiral
effective field theory [55–65]. Here we use the RMF
approach, but for the hadronic sector of the combined
description (DMþ nuclear matter) we generalize the
model in order to include effects from nucleon-nucleon
short-range correlations (SRC) [66–79]. This phenomenol-
ogy establishes that nonindependent nucleons correlate in
pairs with high relative momentum as a consequence of the
short-range part of the nuclear interaction. Besides, SRC
can also be probed by experiments such as those performed
at the Thomas Jefferson National Accelerator Facility
(JLab) [80], in which the collision of very energetic
incident electrons with the 12C nucleus, for instance,
induces the removal of two correlated nucleons with large
relative momentum, and in this case mostly neutron-proton
pairs. This is a feature also observed in other target nuclei,
namely, 27Al, 56Fe, and 208Pb [81]. A direct implication of
SRC is the change of the nucleon momentum distribution,

nðkÞ, in nuclei and nuclear matter. In this case, the usual
step function of a Fermi gas of independent nucleons is
replaced by a “High Momentum Tail” (HMT) distribution,
with the “tail” usually taken as proportional to 1=k4

[82,83]. Here, the same form is used for the SRC
contribution to the RMF description of the DM-hadronic
equations of state (EOS).
In this work, we investigate the influence of SRC in the

hadronic model coupled to DM and show that it is possible
to generate mass-radius diagrams in agreement with recent
data provided by the analysis of the NICER mission
observations [13–16]. This analysis also includes gravita-
tional wave data obtained from the LIGO collaboration
[1–5,84–89] and maximum mass measurements from
radio observations. We split the study into two parts. In
Sec. III A, we show that the SRC balance the decreasing of
the neutron star mass caused by the inclusion of dark
matter. Furthermore, we also verify that the DM itself can
be implemented in the system only by adding the kinetic
part of the dark fermion energy. In Sec. III B, we study the
consequences of varying the bulk parameters in the
hadronic sector within the accepted ranges to estimate
theoretical uncertainties. In particular, for the symmetry
energy slope, we take the range of L0 ¼ ð106� 37Þ MeV.
These numbers are in agreement with results reported by
the updated lead radius experiment (PREX-2) [90,91], and
also overlap with the range obtained from the analysis of
charged pions spectra [92].
Our paper is organized as follows. In Sec. II, we present

the Lagrangian density for the coupled DM-hadron model,
and the main thermodynamical quantities obtained within
the RMF approach with SRC included. For the DM sector,
we consider the lightest neutralino interacting with hadrons
by the exchange of the Higgs boson. In Sec. III, we present
our results for the NS mass-radius diagram with the DM
component and compare with the recent astrophysical data.
We also check our findings against the constraints provided
in Ref. [93] concerning the boundaries of the neutron star
mass. This section is separated into two parts, as already
mentioned. Finally, our summary and concluding remarks
are given in Sec. IV.

II. DM-HADRON MODEL WITH SRC

The Lagrangian density used to describe the hadronic
matter addressed here, namely, nucleons and mesons, reads

LHAD¼ ψ̄ðiγμ∂μ−MnucÞψþgσσψ̄ψ −gωψ̄γμωμψ

−
gρ
2
ψ̄γμρ⃗μτ⃗ψþ1

2
ð∂μσ∂μσ−m2

σσ
2Þ−A

3
σ3−

B
4
σ4

−
1

4
FμνFμνþ

1

2
m2

ωωμω
μþC

4
ðg2ωωμω

μÞ2−1

4
B⃗μνB⃗μν

þ1

2
α03g

2
ωg2ρωμω

μρ⃗μρ⃗
μþ1

2
m2

ρρ⃗μρ⃗
μ; ð1Þ
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in which ψ is the nucleon field whereas σ, ωμ, and ρ⃗μ are
the scalar, vector, and isovector-vector fields representing,
respectively, mesons σ, ω, and ρ. Furthermore, one has
Fμν ¼ ∂νωμ − ∂μων and B⃗μν ¼ ∂νρ⃗μ − ∂μρ⃗ν. The nucleon
rest mass is Mnuc, and the mesons masses are mσ, mω, and
mρ. In the first version of this model, due to Walecka [94],
meson self-interactions were absent, like the ones whose
strengths are given by the constants A, B, C, and the ones
between the ω and ρ⃗, regulated by the constant α03. Here we
use a more sophisticated structure for the hadronic model in
which these couplings are not set to zero, i.e., A, B, C, and
α03 are nonvanishing.
Concerning the dark matter description, we assume a

dark fermion represented by the Dirac field χ that interacts
with nucleons through the exchange of the Higgs boson,
whose mass is mh. The field associated with this particular
boson is denoted by h. At this point, we consider the dark
particle candidate with mass given by Mχ. Therefore, the
Lagrangian density describing the total system (nucleons,
mesons, and dark matter) is written as

L ¼ χ̄ðiγμ∂μ −MχÞχ þ yhχ̄χ þ 1

2
ð∂μh∂μh −m2

hh
2Þ

þ f
Mnuc

v
hψ̄ψ þ LHAD; ð2Þ

in which fMnuc=v is the Higgs-nucleon coupling with v ¼
246 GeV being the Higgs vacuum expectation value. The
strength of the Higgs-dark particle coupling is regulated by
the constant y. The equations that determine nucleon,
mesons, Higgs boson, and dark particle fields are obtained
from the Euler-Lagrange equations. As a consequence of
the mean-field approximation, we consider all mediator
fields treated as classical ones, namely,

σ → hσi≡ σ; ωμ → hωμi≡ ω0; ð3Þ

ρ⃗μ → hρ⃗μi≡ ρ̄0ð3Þ; h → hhi≡ h; ð4Þ

one has

m2
σσ ¼ gσρs − Aσ2 − Bσ3; ð5Þ

m2
ωω0 ¼ gωρ − Cgωðgωω0Þ3 − α03g

2
ωg2ρρ̄20ð3Þω0; ð6Þ

m2
ρρ̄0ð3Þ ¼

gρ
2
ρ3 − α03g

2
ωg2ρρ̄0ð3Þω2

0; ð7Þ

½γμði∂μ − VÞ −M��ψ ¼ 0; ð8Þ

m2
hh ¼ yρDMs þ f

Mnuc

v
ρs ð9Þ

ðγμi∂μ −M�
χÞχ ¼ 0; ð10Þ

with effective nucleon and dark effective masses given,
respectively, by

M� ¼ Mnuc − gσσ − f
Mnuc

v
h; ð11Þ

M�
χ ¼ Mχ − yh: ð12Þ

Notice that, in principle, the Higgs boson also affects the
nucleon effective mass, since h is present in Eq. (11).
Furthermore, one also has V ¼ gωω0 þ gρ

2
ρ̄0ð3Þτ3 with τ3 ¼

1 for protons and τ3 ¼ −1 for neutrons, and

ρs ¼ hψ̄ψi ¼ ρsp þ ρsn; ð13Þ

ρ ¼ hψ̄γ0ψi ¼ ρp þ ρn; ð14Þ

ρ3 ¼ hψ̄γ0τ3ψi ¼ ρp − ρn ¼ ð2y − 1Þρ; ð15Þ

ρDMs ¼ hχ̄χi; ð16Þ

where

ρDMs ¼ γM�
χ

2π2

Z
kDMF

0

k2dk

ðk2 þM�2
χ Þ1=2 : ð17Þ

The indices p, n stand for protons and neutrons, respec-
tively. The degeneracy factor is γ ¼ 2 and the proton
fraction is defined as yp ¼ ρp=ρ, with proton/neutron
densities given by ρp;n ¼ γk3Fp;n=ð6π2Þ. The quantities
kFp;n and kDMF are the Fermi momentum associated with
the nucleon (protons and neutrons), and the dark matter
particle, respectively.
From the field equations of this generalized model

(nucleonsþ dark matter), it is possible to determine the
energy density and the pressure of the system. These
thermodynamic quantities, obtained from the energy-
momentum tensor Tμν as E ¼ hT00i and P ¼ hTiii=3, read

E ¼ m2
σσ

2

2
þ Aσ3

3
þ Bσ4

4
−
m2

ωω
2
0

2
−
Cg4ωω4

0

4
−
m2

ρρ̄
2
0ð3Þ
2

þ gωω0ρþ
gρ
2
ρ̄0ð3Þρ3 −

1

2
α03g

2
ωg2ρω2

0ρ̄
2
0ð3Þ þ Ep

kin þ En
kin

þm2
hh

2

2
þ EDM

kin ; ð18Þ

and

P ¼ −
m2

σσ
2

2
−
Aσ3

3
−
Bσ4

4
þm2

ωω
2
0

2
þ Cg4ωω4

0

4

þ
m2

ρρ̄
2
0ð3Þ
2

þ 1

2
α03g

2
ωg2ρω2

0ρ̄
2
0ð3Þ þ Pp

kin þ Pn
kin −

m2
hh

2

2

þ PDM
kin ; ð19Þ
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in which the kinetic contributions from the dark fermion are

EDM
kin ¼ γ

2π2

Z
kDMF

0

k2ðk2 þM�2
χ Þ1=2dk; ð20Þ

PDM
kin ¼ γ

6π2

Z
kDMF

0

k4dk

ðk2 þM�2
χ Þ1=2 : ð21Þ

About the nucleon kinetic energy contribution, we imple-
ment the modification in the momentum distribution
function nðkÞ by replacing the usual step function by the
HMT one [82,83], in which

nn;pðkÞ ¼
�Δn;p; 0 < k < kFn;p

Cn;pk4F n;p

k4 ; kF n;p < k < ϕn;pkF n;p:
ð22Þ

Furthermore, Δn;p ¼ 1–3Cn;pð1 − 1=ϕn;pÞ, where Cp ¼
C0½1 − C1ð1 − 2ypÞ�, Cn ¼ C0½1þ C1ð1 − 2ypÞ�, ϕp ¼
ϕ0½1 − ϕ1ð1 − 2ypÞ�, and ϕn ¼ ϕ0½1þ ϕ1ð1 − 2ypÞ�.
Here we use C0 ¼ 0.161, C1 ¼ −0.25, ϕ0 ¼ 2.38, and
ϕ1 ¼ −0.56 [82,83]. In Fig. 1, we plot this nðkÞ distribution
with HMT for some values of ρ, in units of saturation
density ρ0, for neutron matter (yp ¼ 0).
The modification in the momentum integrals leads to

En;p
kin ¼ γΔn;p

2π2

Z
kF n;p

0

k2dkðk2 þM�2Þ1=2

þ γCn;p

2π2

Z
ϕn;pkF n;p

kF n;p

kF4n;p
k2

dkðk2 þM�2Þ1=2;

Pn;p
kin ¼ γΔn;p

6π2

Z
kF n;p

0

k4dk

ðk2 þM�2Þ1=2

þ γCn;p

6π2

Z
ϕn;pkF n;p

kF n;p

kF4n;pdk

ðk2 þM�2Þ1=2 ; ð23Þ

and

ρsn;p ¼ γM�Δn;p

2π2

Z
kF n;p

0

k2dk

ðk2 þM�2Þ1=2

þ γM�Cn;p

2π2

Z
ϕn;pkF n;p

kF n;p

kF4n;p
k2

dk

ðk2 þM�2Þ1=2 : ð24Þ

This last quantity is the scalar density for protons and
neutrons used in Eq. (13).

III. RESULTS

In this section, we present our results concerning the
inclusion of dark matter in the thermodynamics of the
relativistic mean-field hadronic model with short-range
correlations. We assume the DMþ hadron system descri-
bed by the Lagrangian density from Eq. (2) with the main
EOS derived from it, taking into account the HMT model
for the nucleon momentum distribution, as detailed in the
previous section.

A. Hadronic parametrization with DM content

At this point, it is needed to select a particular para-
metrization for the hadronic sector. We are interested in the
influence of dark matter on models with SRC and its effects
in the stellar matter. For this purpose, we choose the
FSU2R parametrization proposed in Ref. [95] and updated
in Ref. [96]. This new version, used in this section, was
calibrated to reproduce properties of finite nuclei, as well as
some nuclear matter constraints. In particular, among all
neutron stars generated by this model, the heaviest one
presents a mass of 2.05 M⊙ (M⊙ is the solar mass) with a
corresponding radius of 11.6 km.
In Table I, we provide the coupling constants

of the parametrization with SRC (FSU2R-SRC) and with-
out (FSU2R). Moreover, we also take C ¼ 0.004, Mnuc ¼
939 MeV, mσ ¼ 497.479 MeV, mω ¼ 782.5 MeV, and
mρ ¼ 763 MeV for both versions. We emphasize that
the values of the coupling constants presented in Table I
were found by imposing the same bulk parameters for
both approaches (model with and without SRC), namely,
ρ0 ¼ 0.15 fm−3, B0 ¼ −16.27 MeV (binding energy),
m� ¼ M�

0=Mnuc ¼ 0.593 (M�
0: effective nucleon mass at

0 1 2 3 4 5

k (fm
-1

)

0

0.2

0.4

0.6

0.8

1
n n(k

)
ρ/ρ0 = 1
ρ/ρ0 = 2
ρ/ρ0 = 3
ρ/ρ0 = 4

neutron matter (y
p
 = 0)

FIG. 1. Momentum distribution with HMT, Eq. (22), for
neutron matter. Curves for ρ=ρ0 ¼ 1, 2, 3, and 4.

TABLE I. Coupling constants of the FSU2R parametrization
with and without SRC included.

Coupling FSU2R FSU2R-SRC

gσ 10.3718 10.5174
gω 13.5054 12.3648
gρ 14.3675 15.5988
A=Mnuc 1.8365 2.9133
B −3.2403 −32.4432
α03 0.0900 0.0093

O. LOURENÇO, T. FREDERICO, and M. DUTRA PHYS. REV. D 105, 023008 (2022)

023008-4



ρ ¼ ρ0), K0 ¼ 237.7 MeV (incompressibility at ρ ¼ ρ0),
J ¼ 30.7 MeV (symmetry energy at ρ ¼ ρ0), and L0 ¼
46.9 MeV (symmetry energy slope at ρ ¼ ρ0). These are
exactly the bulk parameters of the “reference model”
FSU2R [96].
We start by treating the whole system composed of

hadrons and heavy dark particles, namely, the lightest
neutralino, with mass Mχ ¼ 200 GeV. The mediator
between the dark sector and the hadronic one is the
Higgs boson, having a mass of mh ¼ 125 GeV. This
approach was used in Refs. [47–49,53,54], for instance,
with hadronic models without SRC included. Regarding
the couplings of the dark matter sector, we base our study in
values of y and f inside the ranges of 0.001 ≤ y ≤ 0.1 [47],
and f ¼ 0.3� 0.015 [97]. In order to investigate the effect
of these parameters in the hadronic-DM matter model, we
present in Fig. 2 the magnitude of the quantities fh=v and
yh=Mχ , plotted as a function of the density, for different
values of the proton fraction and kDMF using a combination
of the boundary values of y and f. From the results
presented in this figure, one can conclude that M� and
M�

χ are practically not affected by the Higgs field, since

fh=v and yh=Mχ are around 10−13 and 10−14, respectively.
Therefore, the effective nucleon mass keeps the usual form
obtained in the RMF models, i.e., depending only on the
scalar field σ,M� ≃Mnuc − gσσ, see Eq. (11). Furthermore,
it is also clear that M�

χ can be safely given by its vacuum
value, namely, M�

χ ≃Mχ , according to Eq. (12).
We also investigate the thermodynamical equations of

state given in Eqs. (18) and (19), specifically regarding the
contribution of the terms involving the Higgs field. By
defining the quantity Eh ¼ m2

hh
2=2, we verify in Fig. 3 the

magnitude of this term, as a function of ρ=ρ0, in compari-
son with Eσ ¼ m2

σσ
2=2, for instance. It is clear that

Eh ≪ Eσ, since Eh ≃ 10−13 fm−4. Therefore, it is justified
to discard Eh in Eqs. (18) and (19) in comparison with the
other terms. This is an important feature to the calculation
of the chemical potentials of protons and neutrons. Since
μp;n ¼ ∂E=∂ρp;n, in principle the term Eh would contribute
to the final expressions. Furthermore, the derivatives of
protons and neutrons would also act on EDM

kin and PDM
kin due

to M�
χ . However, since it is verified that we can use

M�
χ ≃Mχ , M� ≃Mnuc − gσσ, and also neglect Eh in

Eq. (18), we recognize that the nucleon derivatives only
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FIG. 2. fh=v and yh=Mχ as a function of ρ=ρ0 for neutron
matter (yp ¼ 0: top panels) and symmetric matter (yp ¼ 0.5:
bottom panels) with different Fermi momentum of the dark
particle.
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affect the hadronic part of the energy density. The conse-
quence is that μp;n can be given by the same expressions
related exclusively to the hadronic sector. In the case of the
model with SRC included, they are

μp;n ¼ 3Cp;n

�
μp;nkin −

ðϕ2
p;nk2Fp;n þM�2Þ1=2

ϕp;n

�

þ 4Cp;nkFp;n ln

�
ϕp;nkFp;n þ ðϕ2

p;nk2Fp;n þM�2Þ1=2
kFp;n þ ðk2Fp;n þM�2Þ1=2

�

þ Δp;nμ
p;n
kin þ gωω0 �

gρ
2
ρ̄0ð3Þ ; ð25Þ

with μp;nkin ¼ ðk2Fp;n þM�2Þ1=2.
From the discussion of the results presented in Figs. 2

and 3, we verify that y and f do not play a significant role in
the thermodynamics of the DM-hadron system. It means
that the DM contribution can be described only by the dark
fermion kinetic terms. In other words, the particular choice
of the pair y and f does not affect the results we will present
in what follows. Therefore, we take y ¼ 0.01 since this
value, combined to Mχ ¼ 200 GeV, produces a spin-
independent scattering cross section around 10−47 cm2

[49], in agreement with experimental boundaries obtained
by PandaX-II [98], LUX [99], and DarkSide [100] collab-
orations regarding direct detection experiments. We also
use f ¼ 0.3, namely, the central value obtained in Ref. [97].
For the sake of completeness, we show in Fig. 4 the

density dependence of Eqs. (18) and (19) for neutron matter
(yp ¼ 0). In the left panel of the figure, we observe that the
energy density is quite sensitive to the DM content of
the system even at low densities. For the pressure, shown in
the right panel of the figure, there is no significant
contribution. This follows from the small values of the
DM Fermi momentum and the large neutralino mass, as
already discussed. Therefore, since kDMF is fixed, one has

EDM
kin constant and PDM

kin ≃ 0 [see Eqs. (20) and (21)]. The
result of this combination is the shift in the energy density
curves with no variation in the respective pressure curves.
This result is compatible with the findings presented in
Ref. [51], for instance.
In order to analyze the effect of dark matter coupled to

the RMF-SRC model in the astrophysical context, more
specifically, the description of neutron stars, we consider
stellar matter under charge neutrality and β-equilibrium,
i.e., a system in which the weak process and its inverse
reaction, namely, n → pþ e− þ ν̄e and pþ e− → nþ νe,
occur simultaneously. Besides massless electrons, we also
consider muons, which appear when the electron chemical
potential μe exceeds the muon mass (mμ ¼ 105.7 MeV). In
this case, the following conditions hold: ρp − ρe ¼ ρμ and
μn − μp ¼ μe, with μμ ¼ μe. ρe is the electron density with
μe and ρe related to each other through ρe ¼ μ3e=ð3π2Þ. The
muon density is ρμ ¼ ½ðμ2μ −m2

μÞ3=2�=ð3π2Þ. By consider-
ing these two leptons in system, the total energy density and
pressure read

ϵ ¼ E þ μ4e
4π2

þ 1

π2

Z ffiffiffiffiffiffiffiffiffiffi
μ2μ−m2

μ

p

0

dk k2ðk2 þm2
μÞ1=2; ð26Þ

and

p ¼ Pþ μ4e
12π2

þ 1

3π2

Z ffiffiffiffiffiffiffiffiffiffi
μ2μ−m2

μ

p

0

dk k4

ðk2 þm2
μÞ1=2

; ð27Þ

with E and P obtained in Eqs. (18) and (19). These
equations of state are used as input to solve the Tolman-
Oppenheimer-Volkoff equations [101–103] given by
(G ¼ c ¼ 1)

dpðrÞ
dr

¼ −
½ϵðrÞ þ pðrÞ�½mðrÞ þ 4πr3pðrÞ�

r2½1 − 2mðrÞ=r� ; ð28Þ

dmðrÞ
dr

¼ 4πr2ϵðrÞ; ð29Þ

whose solution is constrained to pð0Þ ¼ pc (central pres-
sure) and mð0Þ ¼ 0. At the star surface, one has pðRÞ ¼ 0
and mðRÞ≡M, with R defining its radius. In regard to the
neutron star crust, we model this specific region by splitting
it in two parts. The first one, the outer crust, is described by
the Baym-Pethick-Sutherland equation of state [104] in the
density region of 6.3 × 10−12 fm−3 ≤ ρ ≤ 2.5 × 10−4 fm−3

[105,106]. The second part is the inner crust. For this
specific region we use the polytropic form given by pðϵÞ ¼
Aþ Bϵ4=3 [105,107,108] in a range of 2.5 × 10−4 fm−3 ≤
ρ ≤ ρt, where ρt (transition density) is the density asso-
ciated to the core-crust transition, found here through the
thermodynamical method [36,109–111].
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In Fig. 5 we display the mass-radius profiles of the DM
model coupled to the RMF one with and without SRC
included. In this figure, we compare our results with the
bands determined from the result of multimessenger
analyses performed in Refs. [14,15] regarding the PSR
J0740þ6620 pulsar. Blue (25th to 75th percentile range)
and red (5th to 95th) bands take into account symmetry
energy measurements, tidal deformability upper limits, and
mass-radius posteriors on the PSR J0030þ0451 and PSR
J0740þ6620 pulsars, based on the NICER and x-ray
multimirror (XMM-Newton) x-ray observations [14].
The green bands are the 68% (internal) and 95% credible
regions for mass and radius inferred from NICER and
XMM-Newton European photon imaging camera data [15].
In summary, besides the NICER data, these analyses also
include gravitational wave data obtained from LIGO
collaboration and maximum mass measurements from
radio observations. Our findings are also compared
with the range given by Ref. [93] at the 68.3% credible
level and also related to the J0740þ6620, namely, M ¼
2.14þ0.10

−0.09 M⊙ (horizontal dashed lines).
In Fig. 6 we compare the same curves shown in

Fig. 5 with other data extracted from Fig. 5 of Ref. [16].
More specifically, it is shown the 68% (internal band)
and 95% credible regions from the jointly analysis of
mass-radius estimates from PSR J0740þ6620 and PSR
J0030þ0451 pulsars, mass-tidal deformability estimates
from GW170817 and GW190425 events, and AT2017gfo
kilonova data [16]. These regions were obtained from two
different approaches employed in the analysis presented by
Ref. [16], namely, a model based on the speed of sound in a
neutron star [CS, Fig. 6(a)] and the piecewise-polytropic
model [PP, Fig. 6(b)].

Some interesting features can be observed from Figs. 5
and 6. The first one is concerning the possibility of a
description of neutron stars with some content of dark
matter. Our findings indicate that there is a certain range for
kDMF that produces mass-radius diagrams compatible with
the recent observations, and simultaneously, with the range
of M ¼ 2.14þ0.10

−0.09 M⊙ from Ref. [93]. Another important
result is the effect of SRC in the DM matter model coupled
to the hadronic one. It is known that increasing the dark
matter content in the system, i.e., by growing kDMF , softens
the equation of state [47,48,51,53,54]. As a direct conse-
quence, there is, in principle, a conflict between the
existence of DM in neutron stars and the possibility that
these compact astrophysical objects attain higher mass
values. Notice that the current observational data points out
values greater than 2 M⊙ for this quantity. However, it is
also known that the inclusion of SRC in hadronic models
produces exactly the opposite effect [82,83], i.e., models
with SRC become stiffer and because of that, they can
describe more massive stars in comparison with those
without this effect (for models with the same bulk proper-
ties). Therefore, SRC can balance the decreasing of the
neutron star mass due to the inclusion of DM in the system.
This is exactly what we observe in the last two figures. The
comparison of the DM-RMF model (dashed curves) with
the DM-RMF-SRC one (full lines) shows a shift of the
maximum neutron star masses in the direction of higher
values. The same kind of increase is also observed in the
neutron star radius. Such an effect can be better visualized
in Fig. 7.
From Fig. 7, one can clearly notice the effect of the SRC

in the DM-RMF model concerning the values of the
neutron star maximum mass (Mmax), its corresponding
radius (Rmax), and the radius of the M ¼ 1.4 M⊙ neutron
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star (R1.4). In particular, in panel (c) we also display the
band region predicted by the combination of the recent data
given in Refs. [14,16]. In regard to the findings shown in
panels (a) and (b), we also present them from another
perspective in Fig. 8. From this figure, besides a clear
correlation between Mmax and Rmax, we also verify that the
whole curve produced by the model with SRC included is
moved up and right in comparison to the one in which this
phenomenology is absent. In summary, the decrease of
Mmax and Rmax as kDMF grows is balanced, to some extent,
by SRC.

B. Bulk parameter uncertainties

Another study performed here is the analysis of the effect
on stellar matter quantities caused by the uncertainties of
some bulk parameters of the model composed by nucleons,

leptons, and dark matter. In order to do that, we take the
bulk parameter values of our reference model (FSU2R) as
the starting point, see Table II. Specifically, we use ρ0 ¼
0.15 fm−3 and B0 ¼ −16.27 MeV as fixed in all calcu-
lations, since these numbers are well established in the
literature close to these values. This does not apply to the
other quantities such as the incompressibility, nucleon
effective mass, symmetry energy, and its slope. For the
first, we take the range of 220 MeV ≤ K0 ≤ 260 MeV
[112,113]. The band obtained from this variation range is
depicted in Fig. 9. In order to construct it, we generate
different parametrizations with SRC included from the
independent variation only of K0, with the other quantities
fixed in the values presented in Table II. We also use
kDMF ¼ 0.03 GeV, which gives ρDM=ρ0 ≃ 10−3. This value
also ensures that the ratio between the DM mass and the
total neutron star mass is around 1=6, according to
Refs. [47,48]. From the figure, we verify that the variation
in K0 produces a very narrow band in the mass-radius
diagram. It is also worth noticing that despite reaching the
regions determined from NICER, LIGO, and data from
radio observations, the boundaries of M ¼ 2.14þ0.10

−0.09 M⊙
[93] are not reached.
The same analysis was made by taking the variation of

another isoscalar quantity, namely, the effective nucleon
mass ratio,m� ¼ M�

0=Mnuc. The interval we assume for this
quantity is given by 0.58 ≤ m� ≤ 0.64. It is claimed to
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TABLE II. Some bulk parameters of the reference model. Here
J̃ ≡ Sð2ρ0=3Þ.
ρ0 (fm−3) B0 (MeV) K0 (MeV) m� J̃ (MeV) L0 (MeV)

0.15 −16.27 237.7 0.593 25.68 46.9
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produce spin-orbit splittings in agreement with well-estab-
lished experimental values for 16O, 40Ca, and 208Pb nuclei,
according to the findings of Ref. [114]. The band found
from this specific variation, with the remaining bulk
parameters kept fixed at the values of Table II, is shown
in Fig. 10. The results show a wider band in comparison
with the previous one. However, the limits of M ¼
2.14þ0.10

−0.09 M⊙ [93] are still not reached.
Finally, we also investigate the influence of the isovector

sector of the relativistic model with SRC and DM.
In particular, we verify how the symmetry energy slope
affects some quantities related to the neutron stars. In the
hadronic matter context, the symmetry energy is defined by

SðρÞ ¼ 1
8

∂2ðE=ρÞ
∂y2 jρ;y¼1=2, with its slope given by L ¼ 3ρ ∂S

∂ρ.
It is known that the value of the symmetry energy slope at
the saturation density, L0 ¼ Lðρ0Þ, can significantly
change some stellar matter properties, such as the neutron
star mass-radius profile (see e.g., Ref. [115]). In order to
perform this analysis, we use different parametrizations
obtained from the independent variation of L0 with the
remaining quantities fixed in the values shown in Table II,
as in the former cases. Before presenting the results, a brief
explanation regarding this variation is in order. It is known
that some bulk properties can be correlated, and such a
relationship is useful to constrain the microphysics related
to the equation of state of the hadronic model. For the
isovector sector, this is the case of L0 and J ¼ Sðρ0Þ, for
which many approaches suggest a strong correlation
[60,115,116]. In particular, the authors of Ref. [116] have
shown that a crossing point in the density dependence
of SðρÞ can be seen as a sign of the linear correla-
tion between L0 and J. Here we impose that all
parametrizations constructed by the variation of L0

exhibit this crossing point in the SðρÞ curve, by fixing

J̃ ≡ Sð2ρ0=3Þ ¼ 25.68 MeV, namely, the value obtained
from the reference parametrization FSU2R. This value is
compatible with S1 ≃ 26 MeV found in Refs. [90,117]. In
Fig. 11 we show the density dependence of SðρÞ as well as
the linear correlation presented by the parametrizations
generated by the variation of L0.
The region obtained from the aforementioned variation

of L0 is depicted in Fig. 12. In this figure, we take the
values of L0 ¼ ð106� 37Þ MeV [90] claimed to be con-
sistent with the updated results provided by the lead radius
experiment (PREX-2) collaboration regarding the neutron
skin thickness values of 208Pb [91]. For this case, we verify
that it is possible to construct parametrizations consistent
with the bands determined from NICER, LIGO, and data
from radio observations, and also with the range given by
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M ¼ 2.14þ0.10
−0.09 M⊙ [93]. Moreover, due to the correla-

tion between L0 and J, we find the range of 34.9 MeV ≤
J ≤ 40.9 MeV for the symmetry energy at the satura-
tion density. These values are compatible with the
PREX-2 outcome of J ¼ ð37.7� 4.1Þ MeV, inferred
from the range of L0 [90], and also with J ¼ ð38.1�
4.7Þ MeV determined in Ref. [90]. Furthermore, we
also calculate L̃≡ Lð2ρ0=3Þ and find the interval of
65.6 MeV ≤ L̃ ≤ 87.6 MeV, which is completely inside
the range presented in Ref. [90], namely, L̃ ¼ ð71.5�
22.6Þ MeV. As a last comparison regarding L0, it is also
worth noting that the range L0 ¼ ð106� 37Þ MeV [90]
overlaps with other estimations for this isovector bulk
parameter obtained from measurements of the spectra of
charged pions, namely, 42 ≤ L0 ≤ 117 MeV [92].

IV. SUMMARY AND CONCLUDING REMARKS

In this work, we analyze the existence of dark matter in
the composition of astrophysical systems, more specifi-
cally neutron stars. In order to corroborate this possibility,
we compare our results to the recent observational con-
straints coming from the combined analysis of data from
the NICER mission, LIGO collaboration, and mass
measurements from radio observations [13–16]. The
DM model used here is composed by the lightest neu-
tralino, a candidate that belongs to a class of weakly
interacting massive particles present in supersymmetric
theories beyond the Standard Model [29,30], with a mass
of Mχ ¼ 200 GeV. We also adopt the Higgs boson as the
mediator between neutralino and nuclear matter formed
by protons and neutrons. The coupling used here between
the Higgs and the neutralino is compatible with exper-
imental boundaries provided by PandaX-II [98], LUX
[99], and DarkSide [100] collaborations for the spin-
independent scattering cross sections. For the hadronic
sector, we use a relativistic mean-field model that takes
into account the phenomenology of short-range correla-
tions [66–79], implemented through the modification
of the momentum distribution function, replaced by the
one predicting a high momentum tail proportional to
1=k4 [82,83].
Through a thermodynamical analysis of the DM coupled

to the nuclear matter model, we find that it is possible to
describe the whole system only by adding to the original
RMFmodel the kinetic terms related to the neutralino in the
energy density and pressure. This feature is basically due to
the smallness of the Higgs mean-field h as a function of
density, which justifies the absence of higher-order terms in
the DM Lagrangian density regarding this boson [47].
Therefore, the effective nucleon mass can be expressed as

in the original RMF model, namely, M� ≃Mnuc − gσσ, and
the effective neutralino mass reads M�

χ ≃Mχ , i.e., there is
no density dependence on that. This fact enables us to write
all thermodynamical quantities that are obtained through
derivatives of the density exactly with the same expression
of the RMF model. This is the case of the chemical
potentials, symmetry energy, and symmetry energy slope,
for instance.
By choosing the FSU2R-SRC parametrization in the

hadronic sector, we verify that is possible to reach the mass-
radius constraints [13–16]. In this case, we show that the
decreasing of the maximum neutron star mass induced by
the addition of dark matter, i.e., by growing kDMF , is
balanced by the increase of the same quantity produced
by the short-range correlations. We also observe agreement
of our results with the boundaries of M ¼ 2.14þ0.10

−0.09 M⊙
from Ref. [93].
Finally, we study the impact on the mass-radius diagram

caused by the uncertainties in the bulk parameters
related to the hadronic sector, namely, incompressibi-
lity, effective nucleon mass, and symmetry energy slope,
all of them evaluated at the saturation density. We per-
form independent variations in K0 (220 MeV ≤ K0 ≤
260 MeV), m� (0.58 ≤ m� ≤ 0.64) and L0 (69 ≤ L0 ≤
143 MeV) in the RMF-SRC model with dark matter
content (kDMF ¼ 0.03 GeV). Our results indicate that the
change in K0 generates a very narrow band in comparison
to the one constructed through the variation of m�, for
instance. In addition, we verify that these two bands do not
reach the range of M ¼ 2.14þ0.10

−0.09 M⊙ [93]. On the other
hand, the uncertainty in L0 produces a NS mass-radius
band that satisfies this particular constraint as well as the
ones determined from recent astrophysical observations. In
addition, we emphasize that the uncertainty in L0 is the one
in agreement with results reported by the updated PREX-2
collaboration on the neutron skin thickness values of
208Pb [90].
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