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In this work, we study the outcomes related to dimensionless tidal deformability (Λ) obtained through a
relativistic mean-field (RMF) hadronic model including short-range correlations (SRCs) and dark matter
(DM) content [Phys. Rev. D 105, 023008 (2022)]. As a dark particle candidate, we use the lightest
neutralino interacting with nucleons through the Higgs boson exchange. In particular, we test the model
against the constraints regarding the observation of gravitational waves from the binary neutron star merger
event GW170817 provided by the LIGO/Virgo Collaboration (LVC). We show that Λ decreases as the dark
particle Fermi momentum (kDMF ) increases. This feature favors the RMF-SRC-DM model used here to
satisfy the limits of Λ1.4 ¼ 190þ390

−120 (Λ of a 1.4 M⊙ neutron star), and Λ̃ ¼ 300þ420
−230 given by the LVC.

We also show that as kDMF increases, Λ1 and Λ2, namely, the tidal deformabilities of the binary system, are
also moved in the direction of the GW170817 observational data. Finally, we verify that the inclusion of
DM in the system does not destroy the I-Love relation (correlation between Λ and the dimensionless
moment of inertia, Ī). The observational data for Ī⋆ ≡ ĪðM⋆Þ ¼ 11.10þ3.68

−2.28 , with M⋆ ¼ 1.338 M⊙, is
obtained by the RMF-SRC-DM model.

DOI: 10.1103/PhysRevD.106.043010

I. INTRODUCTION

The study of strongly interacting matter in the high-
density regime, i.e., for densities around somes times the
nuclear saturation density (ρ0), can be performed through
the analysis of astrophysical compact objects such as
neutron stars (NSs). In the last years, a huge amount of
data related to these systems was provided by the LIGO/
Virgo Collaboration (LVC) since their first detection of
gravitational waves (GWs), a phenomenon predicted by
Albert Einstein in 1916 after the formulation of general
relativity [1,2]. LVC published in Ref. [3] their results
regarding the GWs produced by two colliding black holes,
detected in 2015 in an event called GW150914. In 2017 the
event GW170817, also detected by LVC [4], was con-
firmed to have produced GWs from the merger of two NSs
in a binary system. This former event gave rise to con-
straints on the tidal deformabilities of each companion star,
namely, an effect analogous to the tides observed on our
planet due to the presence of the Moon.
Neutron stars can also be seen as an environment with

some dark matter (DM) content [5–8]. Despite the fact that
the interaction between dark particles and luminous matter
is extremely weak (otherwise DM would be easily
detected), the gravitational force can bind this exotic matter
to the ordinary matter present in massive astrophysical
systems. In that direction, many investigations were per-
formed in which DM is coupled to hadronic relativistic

mean-field (RMF) models; see Refs. [9–20] for instance. In
most of these studies, the lightest neutralino, belonging to a
class of weakly interactingmassive particles [21,22], is used
as a dark particle candidate, but there are other ones, namely,
gravitinos, axinos, axions, sterile neutrinos, WIMPzillas,
supersymmetric Q-balls, and mirror matter [21,22].
InRef. [23] the lightest neutralinowas implemented as the

dark particle in a RMF model with short-range correlations
(SRCs) [24–29] included. These kind of correlations are
observed in electron-induced quasielastic proton knockout
experiments, in which nonindependent nucleons correlate
each other in pairs with high relative momentum. Probes of
this phenomenon were performed in experiments at the
Thomas Jefferson National Accelerator Facility, where it
was found that most of the emerged pairs are deuteron-like
[30], around 90% in measurements of the 12C nucleus [31],
for instance. Based on this RMF-SRC hadronic model, it
was shown in Ref. [23] that it is possible to describe NSs
with DM content presenting masses in the limits given in
Ref. [32], namely, M ¼ 2.14þ0.10

−0.09 M⊙ (68.3% credible
level), and simultaneously in agreement with the recent
observational data provided byNASA’sNeutron star Interior
Composition Explorer (NICER) mission that, provided
constraints on the mass-radius profiles [33–36]. The “best”
parametrizations of this RMF-SRC-DM model were con-
structed by taking into account the variation in the symmetry
energy slope in a range compatible with the results reported
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by the updated lead radius experiment (PREX-2) [37,38],
and also overlapping with the boundaries obtained from the
analysis of charged pions spectra [39]. The results provided
in Ref. [23] are also compatible with more recent data given
in Ref. [40] regarding the most massive neutron star known,
namely, M ¼ 2.08þ0.07

−0.07 M⊙ (68.3% credibility).
In this work, we investigate whether it is also possible to

describe the constraints related to the dimensionless tidal
deformabilities regarding the event GW170817 by using the
RMF-SRC-DM model of Ref. [23]. In particular, we verify
that the system with DM content is able to reproduce the
limits of Λ1.4 ¼ 190þ390

−120 [41] (dimensionless tidal deform-
ability of a 1.4 M⊙ NS), the range of Λ̃ ¼ 300þ420

−230 [42]
(quantity related to the dimensionless deformabilities of the
binary system stars: Λ1 and Λ2), and the Λ1 × Λ2 regions.
Furthermore, we also show that the I-Love relation is
preserved even in the system with DM. Moreover, we find
that the model also satisfies the indirect observational data
related to the dimensionless moment of inertia, namely,
ĪðM⋆Þ ¼ 11.10þ3.68

−2.28 , withM⋆ ¼ 1.338 M⊙. Regarding this
last quantity, we remark that the obtained range is not
coming from a directly measured observable. It is a derived
quantity under certain assumptions, as we make clear later
on. We organize all these findings as follows. In Sec. II, we
address the main equations regarding the RMF-SRC-DM
model. The predictions of the model concerning the
GW170817 constraints on the tidal deformabilities and
moment of inertia are given in Sec. III. Our summary and
concluding remarks are presented in Sec. IV.

II. HADRONIC MODEL WITH SRC AND DM

We start by presenting the model that describes the
hadronic matter considered here, defined by its Lagrangian
density. It reads

LHAD ¼ ψ̄ðiγμ∂μ −MnucÞψ þ gσσψ̄ψ − gωψ̄γμωμψ

−
gρ
2
ψ̄γμρ⃗μτ⃗ψ þ 1

2
ð∂μσ∂μσ −m2

σσ
2Þ−A

3
σ3 −

B
4
σ4

−
1

4
FμνFμν þ

1

2
m2

ωωμω
μ þ c

4
ðg2ωωμω

μÞ2 − 1

4
B⃗μνB⃗μν

þ 1

2
α03g

2
ωg2ρωμω

μρ⃗μρ⃗
μ þ 1

2
m2

ρρ⃗μρ⃗
μ: ð1Þ

In this expression ψ represents the nucleon field, and
σ, ωμ, and ρ⃗μ are the scalar, vector, and isovector-vector
fields related to the mesons σ, ω, and ρ, respectively,
with tensors Fμν and B⃗μν given by Fμν ¼ ∂νωμ − ∂μων and

B⃗μν ¼ ∂νρ⃗μ − ∂μρ⃗ν. The mesons masses are mσ , mω, and
mρ. Mnuc is the nucleon rest mass. Regarding the inclusion
of the dark matter content, we proceed as in Ref. [23]
and consider a dark fermion (mass Mχ , Dirac field χ)
interacting with nucleons through the exchange of the

Higgs boson (mass mh, scalar field h). In this perspective,
the Lagrangian density of the total system becomes

L ¼ χ̄ðiγμ∂μ −MχÞχ þ ξhχ̄χ þ 1

2
ð∂μh∂μh −m2

hh
2Þ

þ f
Mnuc

v
hψ̄ψ þ LHAD; ð2Þ

with fMnuc=v being the Higgs-nucleon coupling (v ¼
246 GeV is the Higgs vacuum expectation value). The
constant ξ is the strength of theHiggs–dark particle coupling.
By using the mean-field approximation to the fields,

one has σ → hσi≡ σ, ωμ → hωμi≡ ω0, ρ⃗μ → hρ⃗μi≡ ρ̄0ð3Þ,
h → hhi≡ h, which leads to the following field equations:

m2
σσ ¼ gσρs − Aσ2 − Bσ3; ð3Þ

m2
ωω0 ¼ gωρ − Cgωðgωω0Þ3 − α03g

2
ωg2ρρ̄20ð3Þω0; ð4Þ

m2
ρρ̄0ð3Þ ¼

gρ
2
ρ3 − α03g

2
ωg2ρρ̄0ð3Þω2

0; ð5Þ

½γμði∂μ − gωω0 − gρρ̄0ð3Þτ3=2Þ −M��ψ ¼ 0; ð6Þ

m2
hh ¼ ξρDMs þ f

Mnuc

v
ρs; ð7Þ

ðγμi∂μ −M�
χÞχ ¼ 0; ð8Þ

with τ3 ¼ 1 for protons and τ3 ¼ −1 for neutrons. The
effective nucleon and dark effective masses are M� ¼
Mnuc − gσσ − f Mnuc

v h and M�
χ ¼ Mχ − ξh, respectively.

Here, we use ξ ¼ 0.01 and Mχ ¼ 200 GeV (lightest
neutralino). Concerning f, we use the central value
obtained in Ref. [43], namely, f ¼ 0.3. Such a combination
of values gives a spin-independent scattering cross section
around 10−47 cm2 [12] compatible with experimental data
from the PandaX-II [44], LUX [45], and DarkSide [46]
collaborations. Furthermore, the densities are given by ρs¼
hψ̄ψi¼ρspþρsn, ρ¼hψ̄γ0ψi¼ρpþρn, ρ3 ¼ hψ̄γ0τ3ψi ¼
ρp − ρn ¼ ð2yp − 1Þρ, and ρDMs ¼ hχ̄χi, where

ρDMs ¼ γM�
χ

2π2

Z
kDMF

0

k2dk

ðk2 þM�2
χ Þ1=2 : ð9Þ

Here p, n defines protons and neutrons, and γ ¼ 2 is
the degeneracy factor. The proton fraction is given
by yp ¼ ρp=ρ, with proton/neutron densities given by
ρp;n ¼ γk3Fp;n=ð6π2Þ. kFp;n and kDMF are the Fermi momenta
related to protons/neutrons, and to the dark particle,
respectively.
The thermodynamics of the entire system composed of

hadrons and dark matter is determined from the energy
density and the pressure, both of which are obtained

LOURENÇO, LENZI, FREDERICO, and DUTRA PHYS. REV. D 106, 043010 (2022)

043010-2



through the energy-momentum tensor Tμν as E ¼ hT00i and
P ¼ hTiii=3. In our case such quantities are given by

E ¼ m2
σσ

2
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3
þ Bσ4

4
−
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2
0

2
−
Cg4ωω4
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4
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2

2
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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 ; ð11Þ

with the kinetic terms of the dark particle written as

EDM
kin ¼ γ

2π2

Z
kDMF

0

k2ðk2 þM�2
χ Þ1=2dk; ð12Þ

PDM
kin ¼ γ

6π2

Z
kDMF

0

k4dk

ðk2 þM�2
χ Þ1=2 : ð13Þ

On the hadronic side of the system, the implementation of
the SRC implies the replacement of the usual step functions
in the kinetic terms by the one including the high-
momentum tail [28,47], namely, nn;pðkÞ ¼ Δn;p for 0 <
k < kFn;p and nn;pðkÞ ¼ Cn;pðkFn;p=kÞ4 for kFn;p < k <
ϕn;pkFn;p in which Δn;p ¼ 1–3Cn;pð1 − 1=ϕn;pÞ, Cp ¼
C0½1 − C1ð1 − 2ypÞ�, Cn ¼ C0½1þ C1ð1 − 2ypÞ�, ϕp¼
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 [28,47]. Such change leads to modified expressions
for the kinetic terms, namely,

En;p
kin ¼ γΔn;p

2π2

Z
kFn;p

0

k2dkðk2 þM�2Þ1=2

þ γCn;p

2π2

Z
ϕn;pkFn;p

kFn;p

kF4n;p
k2

dkðk2 þM�2Þ1=2;

Pn;p
kin ¼ γΔn;p

6π2

Z
kFn;p

0

k4dk

ðk2 þM�2Þ1=2

þ γCn;p

6π2

Z
ϕn;pkFn;p

kFn;p

kF4n;pdk

ðk2 þM�2Þ1=2 ; ð14Þ

and

ρsn;p ¼ γM�Δn;p

2π2

Z
kFn;p

0

k2dk

ðk2 þM�2Þ1=2

þ γM�Cn;p

2π2

Z
ϕn;pkFn;p

kFn;p

kF4n;p
k2

dk

ðk2 þM�2Þ1=2 : ð15Þ

This last quantity is the scalar density of protons and
neutrons.

III. STELLAR MATTER: ANALYSIS OF THE
GW170817 CONSTRAINTS

For the description of a NS of mass M, we need to
solve the widely known Tolman-Oppenheimer-Volkov
(TOV) equations [48,49] given by dpðrÞ=dr¼−½ϵðrÞþ
pðrÞ�½mðrÞþ4πr3pðrÞ�=r2gðrÞ and dmðrÞ=dr ¼ 4πr2ϵðrÞ,
where gðrÞ ¼ 1–2mðrÞ=r, whose solution is constrained to
pð0Þ ¼ pc (central pressure) and mð0Þ ¼ 0. The condition
of pðRÞ ¼ 0 and mðRÞ ¼ M is satisfied in the star surface,
with R defining the NS radius. For the equation of state
(EoS) of the matter in the NS core, we use the hadronic
model with SRC and DM content included. For the NS
crust, we consider two regions, namely, the outer and the
inner crust. For the former, we use the EoS proposed by
Baym, Pethick and Sutherland (BPS) [50] in a density
region of 6.3 × 10−12 fm−3 ≤ ρouter ≤ 2.5 × 10−4 fm−3.
For the latter, we follow previous literature [51–57] and
use a polytropic EoS of the form pðϵÞ ¼ Aþ Bϵ4=3 from
2.5 × 10−4 fm−3 to the transition density. The constants A
and B are found by matching this polytropic formula to the
BPS EoS at the interface between the outer and the inner
crust, and to the EoS of the homogeneous core at the core-
crust transition determined through the thermodynamical
method [55–58].
In the case of systems composed of binary NSs, the

phenomenon of tidal forces originated from the gravita-
tional field takes place, with the consequence of inducing
tidal deformabilities in each companion object. The par-
ticular deformations due to quadrupole moment produces
GWs whose phase depends on the tidal deformability
[59–61]. The first measurement of GWs detected from a
NS binary, the event GW170817, is due to the LIGO/Virgo
Collaboration [4]. Based on the study related to this new
data, the LVC established constraints on the dimensionless
tidal deformabilities Λ1 and Λ2 for each companion star of
the binary system, as well as on the tidal deformability
related to the star of M ¼ 1.4 M⊙ (Λ1.4). An updated
version of the constraints regarding these quantities was
published in Refs. [41,42]. Here, we test the capability of
the hadronic model with SRC and DM included in
satisfying these constraints provided by LVC. In order to
do that, we calculate the dimensionless tidal deformability
as Λ ¼ 2k2=ð3C5Þ, with C ¼ M=R (compactness). The
second Love number is given by
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k2¼
8C5

5
ð1−2CÞ2½2þ2CðyR−1Þ−yR�

×f2C½6−3yRþ3Cð5yR−8Þ�
þ4C3½13−11yRþCð3yR−2Þþ2C2ð1þyRÞ�
þ3ð1−2CÞ2½2−yRþ2CðyR−1Þ� lnð1−2CÞg−1; ð16Þ

with yR ≡ yðRÞ. yðrÞ is obtained through the solution of
rðdy=drÞ þ y2 þ yFðrÞ þ r2QðrÞ ¼ 0, solved as part of a
coupled system also containing the TOV equations. The
quantities FðrÞ and QðrÞ read

FðrÞ ¼ 1 − 4πr2½ϵðrÞ − pðrÞ�
gðrÞ ; ð17Þ

QðrÞ ¼ 4π

gðrÞ
�
5ϵðrÞ þ 9pðrÞ þ ϵðrÞ þ pðrÞ

v2sðrÞ
−

6

4πr2

�

− 4

�
mðrÞ þ 4πr3pðrÞ

r2gðrÞ
�
2

; ð18Þ

where the squared sound velocity is v2sðrÞ ¼ ∂pðrÞ=∂εðrÞ.
Detailed derivations can be found in Refs. [59,62–65].
The input for the TOVequations coupled to the equation

for yðrÞ is the total equation of state of a system under
charge neutrality and β equilibrium. In our case, we
consider a system composed of protons, neutrons, elec-
trons, muons and dark matter. The total energy density and
pressure are given by ϵ ¼ E þP

l ϵl and p ¼ PþP
l pl,

with E and P given in Eqs. (10) and (11), respectively. The
index l refer to the leptons (electrons and muons). The
equations are solved by taking into account the following
conditions: μn − μp ¼ μe ¼ μμ and ρp − ρe ¼ ρμ, where
ρl ¼ ½ðμ2l −m2

l Þ3=2�=ð3π2Þ for l ¼ e, μ (we use me ¼ 0 and
mμ ¼ 105.7 MeV). The chemical potentials of protons,
neutrons, electrons and muons are given, respectively, by
μp, μn, μe, and μμ. Electron and muon densities are ρe, and
ρμ. In the case of the hadronic model with SRC included,
μp and μn are given by

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 ; ð19Þ

with μp;nkin ¼ ðk2Fp;n þM�2Þ1=2, where we have used the
definitions μp;n ¼ ∂E=∂ρp;n.
As in Ref. [23], we use on the hadronic side of the model

the updated version of the parametrization FSU2R [66],
with the following bulk parameters at the saturation
density of symmetric nuclear matter: ρ0 ¼ 0.15 fm−3,

B0 ¼ −16.27 MeV (binding energy), M�
0 ¼ 556.8 MeV

(effective nucleon mass at ρ0), and K0 ¼ 237.7 MeV
(incompressibility at ρ0). We also use C ¼ 0.004,
Mnuc¼939MeV, mσ¼497.479MeV, mω ¼ 782.5 MeV,
and mρ ¼ 763 MeV. In Ref. [23] the authors also consid-
ered uncertainties in M�

0, K0 and L0 (symmetry energy
slope at ρ0). It was verified that changes in L0 produce
parametrizations that give mass-radius profiles in agree-
ment with astrophysical observations, such as the bounda-
ries ofM ¼ 2.14þ0.10

−0.09 M⊙ [32], simultaneously with recent
data obtained by the NICER mission [33–36]. Here, we
focus on the variation of this specific isovector quantity.
In particular, we use [37]

L0 ¼ ð106� 37Þ MeV; ð20Þ

range compatible with the updated results provided by the
PREX-2 Collaboration concerning neutron skin thickness
measurements of 208Pb [38], and also overlapping with the
limits determined from the analysis of charged pions
spectra [39]. For each value of L0 chosen in this variation,
we fix in J̃ ¼ 25.68 MeV (FSU2R parametrization) the
value of the symmetry energy at ρ ¼ 2ρ0=3. This value is
consistent with the findings presented in Refs. [37,67]. By
taking this procedure, we impose to the hadronic part of the
model the linear correlation between L0 and the symmetry
energy at the saturation density, J. This is a particular
relationship that has been verified in the literature; see for
instance Refs. [68–72].
We start by showing in Fig. 1 the dimensionless tidal

deformability generated by the RMF-SRC model with DM

FIG. 1. (a) Λ as a function of M=M⊙. Full circle: result of
Λ1.4 ¼ 190þ390

−120 obtained in Ref. [41]. (b) Dimensionless tidal
deformabilities for the case of high-mass (Λ1) and low-mass (Λ2)
components of the GW170817 event. Confidence lines, namely,
90% and 50%, are also taken from Ref. [41]. For both panels, the
dark matter content is characterized by kDMF ¼ 0 (no DM: gray
bands), 0.02 GeV (red bands) and 0.03 GeV (blue bands).
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included. In Fig. 1(a), we present Λ as a function of the NS
mass in units of M⊙. Each band represents the set of
parametrizations generated by the variation of L0 given in
Eq. (20). The content of dark matter is defined by the dark
Fermi momentum taken here as 0, 0.02 and 0.03 GeV. As
shown in Ref. [23], kDMF ¼ 0 represents the system without
dark matter. It is clear that in this case (gray band), the
parametrizations obtained by using Eq. (20) do not satisfy
the constraint of Λ1.4 ¼ 190þ390

−120 [41]. However, the inclu-
sion of DM favors the system to be compatible with the
limit provided by LVC. In particular, for kDMF ¼ 0.03 GeV
(blue band) it is verified that all parametrizations con-
structed through Eq. (20) are completely inside the range of
Λ1.4. This value of kDMF was shown in Ref. [23] to produce
NSs in agreement with the recent observational data
regarding the mass-radius diagram. Here, we confirm that
the system composed of this amount of DM is also
consistent with the LVC constraint of Λ1.4.
In Fig. 1(b), we show the tidal deformabilities Λ1 and Λ2

of the binary NS system related to the event GW170817,
with component masses M1, in the range of 1.37 ≤
M1=M⊙ ≤ 1.60 [4], and M2 < M1. The diagonal dotted
line corresponds to the Λ1 ¼ Λ2 case, in which M1 ¼ M2.
The mass of the companion star is calculated through the
relationship between M1, M2 and the chirp mass M ¼
ðM1M2Þ3=5=ðM1 þM2Þ1=5 ¼ 1.188 M⊙ [4], i.e., 1.17 ≤
M2=M⊙ ≤ 1.36 [4,41]. The upper and lower orange lines
of the figure correspond to the 90% and 50% confidence
limits, respectively, also obtained from the event
GW170817 [41]. From this figure, we also verify that
the inclusion of DM in the system moves the bands in the
direction of satisfying the LVC constraints. Notice that the
system in which kDMF ¼ 0.03 GeV is totally compatible
with the 90% region for all values chosen for L0 in the
range of Eq. (20). These general features presented in Fig. 1
were also observed in Refs. [11,73], where other RMF-DM
models were used (without SRC) including a chiral
effective hadronic model. Therefore, our results point to
a particular pattern regarding RMF models with DM
included, at least concerning the tidal deformability.
However, it is important to mention that increasing the
amount of DM can also enhanceΛ. This is the case of some
models in which a dark matter halo [74–76] is generated. In
Ref. [74], for instance, it is verified an increase of Λ for a
total dark matter TOV mass (MDM) exceeding 10−5 M⊙. In
the analysis performed in Ref. [75], bosonic self-interaction
dark matter was coupled to a hadronic model through a
two-fluid formalism (different from that used in this work).
It was shown that for DM particle masses smaller than
∼300 MeV, Λ increases with the DM fraction (here, we fix
the fermionic DM particle mass in 200 GeV). Finally, in
Ref. [76] the authors showed that in the case of the
formation of a dark matter halo, the tidal deformability
increases by raisingMDM. The opposite situation is verified
in the case of a neutron star with a DM core.

For the neutron stars described in the aforementioned
works, a more sophisticated treatment of the contribution of
the dark matter is performed, namely, the DM Fermi
momentum is not taken as constant along the star radius.
In our work, we implement the simpler case of fixing kDMF
as also performed in Refs. [11,73], for instance. However,
this latter treatment is completely appropriate for the
purposes of the present study, namely, the investigation
of tidal deformabilities and its relation with the moment of
inertia.
We also performed an additional analysis by taking into

account those RMF-SRC-DM parametrizations with a
different range for the symmetry energy slope, namely,
40 MeV ≤ L0 ≤ 60 MeV, value often predicted by some
hadronic models. We verified that these specific para-
metrizations are also compatible with the LIGO/Virgo
predictions presented in Fig. 1.
In order to identify, from another perspective, the effect

on Λ1.4 of the DM content of the parametrizations gen-
erated from Eq. (20), we show in Fig. 2 how Λ1.4 correlates
with the isovector quantities L0 and J by taking into
account different values of the dark particle Fermi momen-
tum. In Fig. 2(a), we see that Λ1.4 decreases as kDMF
increases, regardless of the value of L0. The same occurs
in Fig. 2(b), now with respect to the symmetry energy at the
saturation density. Notice that the dependence of Λ1.4 on L0

and J reinforces the existence of a linear correlation
between these two isovector quantities. Concerning
Λ1.4 × L0, we remark that this pattern was also observed
in a study performed in Ref. [47] in which a hadronic model
with SRC but without DM was analyzed. However, notice
that the inclusion of DM content reduces the increasing of
Λ1.4 as a function of L0, since we have ΔΛ1.4 ≡
Λ1.4ð143Þ − Λ1.4ð69Þ given by 272, 216 and 138, respec-
tively, for kDMF ¼ 0, 0.02 and 0.03 GeV.We also remark that
Λ1.4 as an increasing function of J in our analysis is totally
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FIG. 2. Λ1.4 as a function of (a) L0 and (b) J for different values
of kDMF . The range of L0 is defined in Eq. (20). Green dotted
horizontal lines: boundaries of Λ1.4 ¼ 190þ390

−120 [41].

DARK MATTER EFFECTS ON TIDAL DEFORMABILITIES AND … PHYS. REV. D 106, 043010 (2022)

043010-5



different from the correlation exhibited in Ref. [47]. In that
study, the authors considered independent variations of J
and L0 and observed a decrease of Λ1.4 with the increase of
J. Here, the opposite behavior is verified due to the linear
correlation presented between L0 and J. This relationship
emerges since, we are forcing a crossing point in the
density dependence of the symmetry energy density. As
aforementioned, we impose a value of 25.68 MeV for the
symmetry energy at ρ ≃ 0.1 fm−3. We refer the reader to
Ref. [69] for a detailed study concerning crossing points
and linear correlations of nuclear matter bulk parameters.
Moreover, we emphasize that the relationship between J, L
and tidal deformabilities has been the subject of inves-
tigations in many other works, such as those pointed out in
Refs. [68,77–85].
A quantity directly related to the tidal deformabilities of

a binary NS system is the coefficient Λ̃ defined as

Λ̃¼ 16

13

ðM1þ12M2ÞM4
1Λ1þðM2þ12M1ÞM4

2Λ2

ðM1þM2Þ5
; ð21Þ

where Λ1 and Λ2 are the dimensionless tidal deformabil-
ities of each star. In the inspiral final phase of a binary
colliding NS system, periodic gravitational waves are
emitted. The phase of these waves can be expressed in
terms of a post-Newtonian expansion yielding a term
proportional to Λ̃ at the lowest order [86]. This result is
used in order to investigate the response of the stellar
system to the tidal field, being extracted directly from the
observed waveform. In Fig. 3, we show the plots Λ̃ × L0

and Λ̃ × J generated through the RMF-SRC model with
different DM contents. In this figure, Λ̃ is calculated as a
function of the mass of one of the stars of the binary system,
i.e., Λ̃ ¼ Λ̃ðM1Þ, or Λ̃ ¼ Λ̃ðM2Þ. As M1, or M2, is defined
in a particular range according to the event GW170817,

each parametrization presenting a specific value of L0, or J,
produces a range for Λ̃. We compare the results obtained for
the model with kDMF ¼ 0, 0.02, and 0.03 GeV with the
constraint Λ̃ ¼ 300þ420

−230 provided by LVC [42]. Once again,
we notice that the inclusion of DM in the system favors the
observational data from the event GW170817. The decreas-
ing of Λ̃ as a function of kDMF is also observed. Furthermore,
as well as the behavior between Λ1.4 and L0 depicted in
Fig. 2, there is also a strong correlation between Λ̃ and L0.
The same is true for the relationship between Λ̃ and J.
As a last result, we show in Fig. 4 the dimensionless

moment of inertia, Ī ¼ I=M3, calculated from the RMF-
SRC model for different values of kDMF . This quantity is
determined from the solution of Hartle’s slow rotation
equation [87–89]. It is a differential equation for one of
the metric decomposition functions [89], ωðrÞ, coupled to
theTOVequations. Themoment of inertia is defined in terms
of ωR ≡ ωðRÞ as I ¼ R3ð1 − ωRÞ=2. ωR is the frame-
dragging function evaluated at the star surface [87]. The
authors of Refs. [89,90] showed that the relation between Ī
and Λ is independent of the neutron/quark star structure in
the case of slowly rotating stars. In Ref. [87] the same result
was obtained for a set of 53 Skyrme and RMF parametriza-
tions. In Fig. 4(a), it is clear that the parametrizations
generated by the variation in Eq. (20) are indistinguishable
regardless of the value of kDMF . Therefore, we can conclude
that the universal relation between Ī andΛ, called the I-Love
relation, is preserved even with the inclusion of dark matter
in the system. The dashed line in Fig. 4(a) represents the
fitting curve determined in Ref. [87]. We see that the model
with DM studied here is compatible with this fitting.
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FIG. 3. Λ̃ as a function of (a) L0 and (b) J for different values of
kDMF . The range of L0 is defined in Eq. (20). Dashed lines: range
of Λ̃ ¼ 300þ420

−230 determined by LVC [42].

FIG. 4. Dimensionless moment of inertia as a function of (a) the
dimensionless tidal deformability, and (b) the ratio M=M⊙.
Dashed curve: fitting curve obtained in Ref. [87]. The circle
with error bars represents an indirect prediction of ĪðM ¼
1.338 M⊙Þ made in Ref. [87] by considering the observational
data of the dimensionless tidal deformability (see text for more
details).
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The authors of Ref. [87] also determined a range for Ī
related to the PSR J0737-3039 primary component pulsar,
namely, Ī⋆ ≡ ĪðM⋆Þ ¼ 11.10þ3.68

−2.28 , with M⋆ ¼ 1.338 M⊙.
This range was determined by using Skyrme and RMF
parametrizations. Initially, it was verified a relation between
Λ⋆ (Λ related toM⋆) andΛ1.4 (binary-Love relation). Then, a
fitting for the Λ⋆ × Λ1.4 curve was used with the I-Love
relation in order to determine Ī⋆ as a function ofΛ⋆. Last, the
observational range Λ1.4 ¼ 190þ390

−120 from LVC was used to
establish the limits for Λ⋆, and consequently, the range
Ī⋆ ¼ 11.10þ3.68

−2.28 . In Fig. 4(b), we verify that the increase of
kDMF produces a decrease of Ī. We also find that the system
with kDMF ¼ 0.03 GeV is completely inside the limits for the
moment of inertia of the pulsar PSR J0737-3039A predicted
in Ref. [87]. Furthermore, we verify that parametrizations
generated by the RMF-SRCmodel, i.e., with no darkmatter,
are in agreement with the mass-radius diagrams obtained
from chiral effective theory calculations performed in
Refs. [71,91,92], for R≲ 14 km. Curiously, on the other
hand, the compatibility is fully attained with the inclusion of
dark matter content, specifically for kDMF ¼ 0.03 GeV. In
summary, this specific content of dark matter, implemented
in the RMF model with short-range correlations, is compat-
ible with all constraints derived from the event GW170817
concerning the tidal deformabilities and moment of inertia.

IV. SUMMARY AND CONCLUDING REMARKS

In this work, we investigated the capability of a hadronic
relativistic model, with short-range correlations and dark
matter content included [23], in reproducing the observa-
tional data provided by the LIGO/Virgo Collaboration
regarding the binary neutron star system of the event
GW170817, i.e., the one in which gravitational waves
emitted from neutron stars merger were detected. We used
the lightest neutralino, interacting with nucleons through

the exchange of the Higgs boson, as the dark particle. In
Ref. [23] it was already shown that this model also
reproduces the recent observational data obtained by the
NICER mission [33–36].
We showed that the dimensionless tidal deformability Λ

decreases as the Fermi momentum of the dark particle
increases. In particular, this feature favors the model in
satisfying the constraints ofΛ1.4¼190þ390

−120 and Λ̃¼300þ420
−230 .

Furthermore, a clear correlation between Λ1.4 and the
symmetry energy slope, L0, and between Λ̃ and L0 was
verified for different values of kDMF . Specifically, we used the
variation of L0 ¼ ð106� 37Þ MeV [37], compatible with
the updated results provided by the PREX-2 Collaboration
concerning neutron skin thickness measurements of 208Pb
[38], and also overlapping with the range found from the
analysis of charged pions spectra [39]. We also showed that
the Λ1 × Λ2 curves are moved in the direction of the
GW170817 observational data.
Finally, we also analyzed that the I-Love relation,

namely, the relationship between Λ and the dimensionless
moment of inertia, Ī, is preserved even with the inclusion
of dark matter in the system. The constraint of
Ī⋆ ≡ ĪðM⋆Þ ¼ 11.10þ3.68

−2.28 , with M⋆ ¼ 1.338 M⊙, is also
satisfied for the system with kDMF ¼ 0.03 GeV.
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