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Abstract

We investigate the effects of dark matter on the properties of strange quark stars within
the framework of general relativity with two fluids coupled only by gravity. Adopting
the color–flavor-locked model for strange quark matter and considering both fermionic
(free fermion gas) and bosonic (polytropic) equations of state for dark matter, we sys-
tematically study the structure and tidal deformability of dark matter-admixed strange
stars. Our results show that the presence of dark matter significantly modifies the mass–
radius relations, with the maximum mass of dark matter-admixed strange stars exhibiting
a non-monotonic dependence on the dark matter mass fraction χ, which reaches a min-
imum at an intermediate value of χ. The tidal deformability Λ of dark matter-admixed
strange stars shows complex behavior depending on both the stellar mass and dark matter
fraction, with Λ − β (the compactness parameter) relations deviating from the universal
relations observed for pure strange stars or dark stars. Our findings demonstrate that
dark matter-admixed strange stars with different configurations but identical masses and
radii can be distinguished by their tidal deformabilities, providing potential observational
signatures for detecting dark matter in compact astrophysical objects. The results are
compared with current astrophysical constraints from gravitational wave observations and
pulsar measurements.

Keywords: strange quark stars; dark matter; tidal deformability

1. Introduction
As the most compact observable celestial objects, neutron stars (NSs), with their

extreme interior environments, serve as natural laboratories for studying fundamental
interactions and physics beyond the Standard Model [1]. Theoretical investigations of NSs
can date back nearly a century [2–6]. Since the first observation of a pulsar [7], substantial
progress has been made in relation to observations. In August 2017, the binary neutron
star merger event GW170817 [8] confirmed gravitational waves as a second and equally
powerful observational window alongside electromagnetic signals, inaugurating the era
of multi-messenger astronomy. Currently operating detectors include LIGO, Virgo and
KAGRA, and a new generation of ground-based and space-based instruments will soon
expand the network [9–11]. Observations from these detectors have already provided tight
constraints on the theoretical models of NSs [12,13], such as their tidal deformability. In
addition, traditional electromagnetic observation methods also provide a large number of
high-precision observations to constrain the properties of NSs, e.g., PSR J0740+6620 [14,15],
PSR J0030+0451 [16,17], HESS J1731-347 [18], and XTE J1814-338 [19].

However, up to now, there are still many uncertainties in the internal composition of
NSs, which have motivated a wealth of sophisticated models [20]. The concept of strange
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stars (SS) composed entirely of self-bound strange quark matter (SQM) [21–24] has been
studied for nearly half a century. It provides a unique observational window into the
properties of matter within the low-temperature, high-density regime of the quantum
chromodynamics (QCD) phase diagram. Unlike NSs, which are gravitationally bound
and possess a low-density crust, SSs are self-bound by the strong interaction. This self-
binding nature gives rise to a sharp, well-defined surface with a density discontinuity.
Consequently, SSs are typically more compact than NSs of the same mass, with radii in
the range of 10–12 km for masses around 1.4 M⊙. Another distinctive feature is that SSs
can have arbitrarily small masses. Recent astronomical observations [25–28] provide an
increasing number of candidates for SSs, such as the well-studied HESS J1731-347 [18].

The equations of state (EOSs) of SQM reflect its macroscopic properties and provide
a key input for studying the structure of SSs. Yet many uncertainties persist due to the
challenges in solving nonperturbative QCD. Therefore, various effective models have been
proposed, such as the MIT bag model [29,30], the color–flavor-locked (CFL) model [31],
the Nambu–Jonna–Lasino model [32], the quasi-particle model [33], the confining density-
dependent mass model [34], and models based on the Dyson–Schwinger equations [35–39].
These models aim to reproduce some of the most important properties of QCD, such as
asymptotic freedom, confinement, dynamical chiral symmetry breaking and its restoration,
as well as color superconductivity, and can provide reasonable descriptions of hybrid NSs
or SSs.

On the other hand, dark matter (DM), first hypothesized by Zwicky [40] in the 1930s
and steadily corroborated by subsequent observations [41–43], has become one of the most
pressing open questions in contemporary physics. Its extremely weak interaction with
ordinary matter leaves its intrinsic properties almost entirely unknown. Various conjectures
on the particle nature of DM have been proposed [44], but none have been experimentally
confirmed to date [45]. During the past three decades, several groups have advanced the
idea that NSs, whose global properties are relatively well-characterized, can be used as
astrophysical laboratories to probe DM [46–49]. As a result, a growing body of work has
systematically incorporated the effects of DM on NSs [50–57]. In this work, we focus on
dark-matter-admixed SSs (DSSs), which have also attracted much attention recently [58–67].
Previous studies have investigated the properties of DSSs, such as mass–radius relations,
tidal deformability, and radial oscillations with various EOSs of SQM and DM, and have
compared these results with astrophysical observations.

In this paper, we investigate the effects of DM on the properties of SSs, adopting
various models of SQM and DM. In particular, we adopt the CFL model for SQM. The
CFL phase of SQM has been shown to be the ground state of QCD at extremely high
densities [31] and might occur in compact stars. It is characterized by a specific pattern
of chiral and color symmetry breaking: SU(3)color× SU(3)L× SU(3)R is broken down to
the diagonal SU(3)color+L+R. For DM, we will investigate two fundamental particle types:
fermionic and bosonic DM. The two-fluid system considered here also possesses a consistent
symmetry structure: SQM and DM are coupled only through gravity, where each fluid
independently conserves its energy–momentum tensor. This gravitational coupling also
preserves the individual U(1) symmetries associated with particle number conservation
for each component. These symmetry structures are manifested in the two-fluid Tolman–
Oppenheimer–Volkoff (TOV) equations and radial oscillation equations [64], as well as the
observable properties of DSSs.

We explore in detail how the presence of DM influences the mass–radius relations and
tidal deformability of SSs. Concerning the conventional capture scenarios [68], previous
studies in the literature [58–61] usually investigate cases with small DM fractions in DSSs.
However, to facilitate a systematic theoretical exploration of DM’s influence, we treat the
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DM mass fraction in DSSs χ as a phenomenological parameter ranging from zero to one
in this work. We emphasize that DM fractions of order unity are challenging to realize in
conventional capture scenarios without invoking additional interactions or exotic formation
mechanisms. The formation mechanisms of such DSSs are not discussed in this work.

The paper is organized as follows. In Section 2, we introduce the EOSs for SQM
and DM. In Section 3, we introduce the equations governing the static structure and tidal
deformability of two-fluid stars. In Section 4, we present our numerical results on the
structure and tidal deformability of DSSs. In the last section, we present a summary and the
conclusions. Throughout this paper, we adopt natural units with c = h̄ = 1 while retaining
the gravitational constant G explicitly.

2. EOSs of SQM and DM
The EOS describes the relationship between pressure p and the energy density ϵ of

matter, usually written as p = p(ϵ). EOSs play a fundamental role in studying the structure
and evolution of stars, as different EOSs yield distinct predictions for their structural
properties. In the study of NSs and SSs, EOSs directly determine the mass, radius, and
internal structure of these stars. In the following subsections, we present the EOSs adopted
in this work for SQM and DM.

2.1. Strange Quark Matter

In the density region of the interior of compact stars, perturbative QCD and first-
principle non-perturbative QCD calculations face significant challenges. Therefore, phe-
nomenological models are widely used to describe the EOS of SQM. In this work, we adopt
the CFL model to describe SQM.

The CFL model is an improved bag model that incorporates color superconductivity at
high densities. The MIT bag model, introduced in Refs. [29,30], describes quark matter as
free particles confined within a bag, with a bag constant B to simulate quark confinement.
Specifically, a bag constant B contributes negatively to the pressure and positively to the
energy density. This implies that the EOS of SQM is shifted relative to that of a free
Fermi gas, leading to a lower pressure for SQM at a given energy density. Its EOS takes an
extremely simple form in the zero-temperature and massless quark limit, given explicitly as

p =
1
3
(ϵ − 4B). (1)

Due to the simplicity, it is often used as a benchmark for studying SQM and SSs.
The CFL model, introduced in Ref. [31], improves the bag model by accounting for

the effect of the energy gap ∆ of the color superconductivity. The corresponding EOS given
by Refs. [69,70] can be expressed as follows:

ϵ(p) = 4B + 3p − 9αµ2

π2 , (2)

α =
2∆2

3
− m2

s
6

, (3)

µ2 = −3α +

√
9α2 +

4
3

π2(B + p), (4)

where ms is the strange quark mass and ∆ is the color superconductivity energy gap.
The CFL model has been extensively studied in Ref. [70] with respect to observational
constraints on NSs. The influences of the parameters on the SS structure and nonradial
oscillations have been studied. It was found that increasing the parameter ∆ can stiffen the
EOS and increase the maximum mass of SSs. In contrast, increasing the bag constant or
the strange quark mass will soften the EOS and decrease the maximum mass of SSs. In
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comparison with EOSs from the MIT bag model, which are generally too soft to support
the observed maximum mass of NSs, such as PSR J0740+6620 [16,17], the CFL model with
proper parameters can satisfy the observational constraints on NSs much more effectively.

2.2. Dark Matter

Given the lack of experimental knowledge regarding the fundamental nature of DM,
its EOS is highly uncertain, and various EOS models have been proposed to describe DM.
DM particles are generally hypothesized to be either fermionic or bosonic. In this work, we
adopt two representative EOS models for DM. The first is a free fermion gas EOS, repre-
senting fermionic DM, and the other is a polytropic EOS [71], representing bosonic DM.

The free fermion gas model has been widely used in studying DM-admixed NSs or
DSSs [50,60,62,64]. For the free fermion gas with a finite DM particle mass mD, hereafter
referred to as DPM, the pressure and energy density are given by

ϵ f ree =
m4

D
8π2 [(XF + 2X3

F)
√

1 + X2
F − sinh−1(XF)], (5)

p f ree =
m4

D
24π2 [(−3XF + 2X3

F)
√

1 + X2
F + 3sinh−1(XF)], (6)

where XF = kF
mD

and kF is the Fermi momentum. We note that in this model, the only free
parameter is mD, and we investigate the effects of varying mD in this work.

For bosonic DM, we adopt a widely used EOS based on the Gross–Pitaevskii equa-
tion, a polytropic EOS that describes matter in the Bose–Einstein condensate [71,72]. The
corresponding EOS is expressed as follows:

p(ϵ) = Kϵ2 =
2πa
m3

D
ϵ2, (7)

where a is the scattering length and mD is DPM. Similarly to the fermionic model, we also
focus on the effects of DPM on stellar properties. The stiffness of the bosonic DM EOS and
consequently the maximum mass of DM stars (DSs) are also influenced by the scattering
length a, with larger (smaller) values of a leading to stiffer (softer) EOS and higher (lower)
maximum masses of DSs. Following common practice in the literature [71,73–76], we fix
the scattering length a = 1 fm as a representative value. A systematic investigation of the
effects of a on DSS properties is left for future work.

3. Structure and Tidal Deformability of a Dark Matter-Admixed
Strange Star

By combining the above EOSs, one can obtain macroscopic properties of NSs by
solving the equations from general relativity. In the following, we will show the static
structure equations that govern the self-gravitating equilibrium of DSSs. We will also
show the equation for the tidal deformability of a DSS, presenting its linear response to an
external tidal field during a binary inspiral.

3.1. Structural Equations

The so-called TOV equations proposed in the 1930s [5,6] provided the first structural
equations for a spherically symmetric static NS.

To obtain the properties of compact stars under a strong gravitational field, one starts
from the Einstein field equation, i.e.,

Rµν −
1
2

Rgµν = −8πGTµν, (8)
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where gµν and Tµν represent the metric tensor and the energy–momentum tensor, respec-
tively, Rµν and R represent the Ricci tensor and the Ricci scalar, respectively, which are
determined by the metric tensor and its partial derivatives. For the static and spherically
symmetric case, the metric takes the form

ds2 = eν(r)dt2 − eλ(r)dr2 − r2dθ2 − r2sinθ2dϕ2, (9)

where ν(r) and λ(r) represent the metric functions, and we adopt the signature (+, −, −,
−). The matter in an NS is treated as a perfect fluid, so its energy–momentum tensor can
be written as

Tµν = (ϵ + p)uµuν + pgµν, (10)

where uµ = dxµ

dτ represents the contravariant form of a four-velocity. For a static star, the
energy–momentum tensor could be written as Tµ

ν = diag(ϵ,−p,−p,−p).
Putting the metric tensor and the energy–momentum tensor into Equation (8), one can

obtain the famous TOV equations:

dp
dr

= − G(m + 4πr3 p)
r2(1 − 2Gm/r)

(p + ϵ), (11)

dm
dr

= 4πr2ϵ. (12)

By specifying a central pressure pc and integrating from r = 0 to p(r = R) = 0, one can
obtain the mass M = m(R) and radius R of a NS. The metric functions can be obtained as

e−λ = 1 − 2Gm
r

, (13)

dν

dr
=

2G(m + 4πr3 p)
r2(1 − 2Gm/r)

, (14)

with the boundary condition that ν(r = ∞) = 0.
For a two-fluid system coupled only through gravity, its energy–momentum tensor

can be written as a summation of the two individual fluids Tµν = ∑iT
µν
i with the subscript

i representing SQM or DM. Each fluid satisfies energy–momentum conservation, i.e.,
∇µTµν

i = 0. The corresponding static structural equations for a DSS can be obtained in the
following form [77]:

dpi
dr

= −G(mtot + 4πr3 ptot)

r2(1 − 2Gmtot/r)
(pi + ϵi), (15)

dmi
dr

= 4πr2ϵi, (16)

where mtot = ∑i mi and ptot = ∑i pi. Equations (15) and (16) can be solved numerically.
At the center, we set mq = md = 0 and choose specific central pressures pc,q and pc,d for
SQM and DM, respectively. Then we integrate Equations (15) and (16) using a fourth-order
Runge–Kutta scheme with adaptive step size control. When both the pressures of the
two fluids vanish, i.e., pq(r = Rq) = 0 and pd(r = Rd) = 0, we obtain the structure of
a DSS. NB, there are two different radii Rq and Rd for SQM and DM, respectively. We
usually take the larger one as the radius R of a DSS, and the mass of a DSS is the total mass
M = mtot(R). However, when observing pulsars via electromagnetic methods—which are
insensitive to DM—the measured visible radius corresponds to the SQM radius Rq. When
Rq < Rd, the outer stellar layer composed of DM is called the dark halo. Of course, in such
cases, we must account for the gravitational effects of the dark halo when analyzing the
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electromagnetic signals from the visible radius Rq, e.g., path changes or light redshift. In
this work, we also aim to construct sequences of DSSs with a fixed DM fraction χ ≡ Md/M.
We fix the SQM central pressure pc,q and employ the bisection method to determine the
corresponding DM central pressure pc,d that yields the target χ, by exploiting the monotonic
relationship between χ and pc,d. The convergence tolerance for χ is set to 10−5.

3.2. Tidal Deformability

Tidal deformability is also an important property of NSs, which can be measured via
gravitational wave emissions from the binary NS inspiral. Tidal deformability Λ can be
obtained by

Λ =
2
3

k2β−5, (17)

where β = GM
R represents the compactness of a star and k2 is the l = 2 tidal Love number,

which can be expressed as

k2 =
5
8
(1 − β)2β5[2β(yR − 1 − yR + 2)]

× {2β[(4yR + 1)β4 + (6yR − 4)β3 + (26 − 22yR)β2 + 3(5yR − 8)β − 3yR + 6]

+ 3(1 − 2β)2[2β(yR − 1)− yR + 2]ln(1 − 2β)}−1, (18)

where the variable yR ≡ y(R) = [rH′(r)/H(r)]r=R is the logarithmic derivative
of the metric perturbation H(r) [78,79]. The function y(r) satisfies the differential
equation [80,81]:

r
dy(r)

dr
+ y2(r) + y(r)F(r) + r2Q(r) = 0, (19)

with

F(r) =
r − 4πGr3 ∑i(ϵi − pi)

r − 2GM
, (20)

Q(r) =
4πGr

r − 2GM
×

{
∑

i

[
5ϵi + 9pi +

∂ϵi
∂pi

(
ϵi + pi

)]
− 6

4πGr2

}
−

[8πGr3 ∑i pi + 2GM
r(r − 2GM)

]2. (21)

Equation (19) depends on the internal distributions of pressure and energy density in a DSS
and can be solved simultaneously with the structural equations Equations (15) and (16). In
addition, the boundary condition y(r = 0) = 2 is essential, where a detailed derivation is
given in Ref. [78]. Furthermore, the energy density of SQM does not decrease to zero at its
surface, i.e., it exhibits a step function behavior. Consequently, the term ∂ϵi

∂pi
in Q(r) behaves

as a δ function, which results in an additional contribution to the integral of y(r). Therefore,
we need to introduce a correction to y(r) on the SQM surface Rq [79,82]:

y(R+
q )− y(R−

q ) = −
4πR3

q∆ϵ

mtot(Rq) + 4πR3
q ptot(Rq)

, (22)

where ∆ϵ = ϵ(R+
q )− ϵ(R−

q ) represents the energy density jump at the SQM surface.

https://doi.org/10.3390/sym18040663

https://doi.org/10.3390/sym18040663


Symmetry 2026, 18, 663 7 of 21

4. Results and Discussion
In this section, we show our results for the EOSs of SQM and DM, the properties of

pure SSs and DSs, and the properties of DSSs.

4.1. Properties of Pure Strange Stars and Dark Matter Stars

Employing the analytical expressions of Equations (1), (2) and (7), we can obtain the
various EOSs of SQM and DM. Our numerical results for these EOSs are presented in
Figure 1. For the CFL model of SQM, there are three key parameters, the bag constant B, the
color superconductivity energy gap ∆ and the strange quark mass ms. These parameters
have been thoroughly investigated in Ref. [70] to fit current astrophysical observations.
Here, we adopt the set of parameters, B = 70 MeVfm−3, ∆ = 160 MeV, ms = 150 MeV,
which best fits the NS observation data presented in Figure 2. For comparison, we also
present the results for the MIT bag model with bag constant B = 60 MeVfm−3 and
B = 90 MeVfm−3—these models are hereafter abbreviated as MIT60 and MIT90, respec-
tively (along with the CFL model for SQM). One can see that the EOS from the CFL model
are stiffer than those from the MIT bag model. Note that there is always a lower bound on
the energy density for SQM, induced by quark confinement via the bag constant. Concern-
ing the typical mass scale ∼ 1 GeV in the interior of SSs, and to exemplify the influences of
DM on the structure of the DSS, we adopt mD = 0.5 GeV, 1 GeV, and 2 GeV to represent
three typical cases. Hereafter, the free fermionic EOSs and polytropic bosonic EOSs are
abbreviated as FF and PB, respectively, with the subsequent number denoting the corre-
sponding DPM. We find that for each DM model, the EOSs become stiffer as the DPM
decreases. In comparison to the EOSs of free fermionic DM, the polytropic EOSs of bosonic
DM with the same DPM are softer at low densities but stiffer at high densities; see for
example FF0.5 and PB0.5.

By combining with the aforementioned EOSs, we numerically solve the TOV equations
and derive the mass–radius relations of pure SSs and DSs. The results for SSs are shown
in Figure 2. Meanwhile, we also include a set of recent observational constraints from
pulsars in Figure 2, including GW170817 [12], HESS J1731-347 [18], PSR J0030+0451 [16,17],
XTE J1814-338 [19], GW190814 [83], PSR J0952+0607 [84], and PSR J0740+6620 [14,15].
We note that the analysis of the NS radius from GW170817 [12] adopted EOS-insensitive
relations and parameterized EOSs of hadronic NSs, which needs to be corrected if these
NSs are reinterpreted as SSs. The other observational constraints employ gravitational or
electromagnetic observational methods that are independent of the assumptions about
the internal composition of the compact objects. In comparison to most astrophysical
constraints—particularly those related to the maximum mass—the EOSs from the MIT
bag model are too soft. By contrast, SQM with the CFL model can support SSs with
Mmax > 2.5M⊙, which is consistent with the current observational constraints on the
maximum mass of pulsars. With the parameters we adopt, the CFL model best fits nearly
all the pulsar observational data in Figure 2, except that for XTE J1814-338. Note that the
data for XTE J1814-338 cannot be explained by SSs simply by adjusting the parameters of
the CFL or MIT bag model.
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Figure 1. The pressure as a function of energy density for SQM and DM. The different line
types/colors indicate different models/parameters: CFL quark model(CFL; solid black), MIT bag
model with B = 60 MeVfm−3(MIT60; dashed red), or B = 90 MeVfm−3(MIT90; dotted green);
free fermionic DM with mD = 0.5 GeV(FF0.5; solid blue), mD = 1 GeV(FF1; dashed cyan), and
mD = 2 GeV(FF2; dotted magenta); polytropic bosonic DM with mD = 0.5 GeV(PB0.5; solid orange),
mD = 1 GeV(PB1; dashed olive), and mD = 2 GeV(PB2; dotted purple). The pc and ϵc of pure SSs
and DSs with their maximum masses are also marked.

0 5 10 15 20
0

1

2

3

M[
M

]

R[km]

 CFL
 MIT60
 MIT90
 FF1
 PB1

GW170817

HESS J1731-347

XTE J1814-338

PSR J0030+0451

GW190814

PSR J0952+0607

PSR J0740+6620

Figure 2. The mass as a function of radius for pure SSs and DSs with various EOSs. The correspon-
dence between line types/colors and EOSs are the same as in Figure 1. The colored regions represent
a selection of recent pulsar observational constrains, with the lighter and darker shades indicating
approximately 1σ and 2σ confidence intervals, see the text for more details.
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We also present results for pure DSs adopting the FF1 and PB1 models in Figure 2.
Results of DSs with other parameters are not shown in Figure 2 due to their too large/small
mass/radius, which can be found in following sections. With such models and parameters,
the DSs have radii with a similar magnitude, whose radii decrease with increasing stellar
mass and are slightly smaller than those of SSs. The maximum mass and typical radius of
pure DSs depend strongly on the DPM values. Both quantities decrease rapidly as the DPM
increases. For example, the maximum mass and corresponding radius of pure DSs with
fermionic EOS decrease by more than one order of magnitude with DPM increasing from
0.5 GeV to 2 GeV. The maximum masses, corresponding radii, and central densities of pure
SSs and DSs for various EOSs and parameter sets are summarized in Table 1. It is worth
noting that the maximum mass of DSs with large DPMes cannot reach 1.4 M⊙—e.g., for the
FF1, FF2, and PB2 models—and consequently, the corresponding Λ1.4M⊙ are not reported in
Table 1. In comparison of the two DM models, the maximum mass of pure DSs with the
polytropic bosonic EOS is larger than that of pure DSs with the free fermionic EOS for the
same DPM, which can be inferred from the stiffness of the EOSs. We note the unphysical
behavior of zero-mass DSs with a non-zero radius: a finite radius for the bosonic polytropic
EOS and an infinite radius for the free fermionic EOS. This unphysical behavior arises from
the idealized yet unphysical behavior of the EOSs at low densities, for which a quantitative
analysis is provided in Ref. [85].

Table 1. Some typical properties of pure SSs and DSs with various EOSs and parameters. Some Λ1.4

are absent because the maximum stellar masses are lower than 1.4M⊙ with corresponding models
and parameters.

Model Mmax(M⊙) RMmax (km) ϵc,Mmax (MeVfm−3) Λ1.4

CFL 2.51 12.77 808 862
MIT60 1.97 10.72 1146 417
MIT90 1.60 8.75 1731 118
FF0.5 2.50 32.28 190 1,948,900
FF1 0.63 8.11 2994 -
FF2 0.16 2.01 49,160 -

PB0.5 5.20 28.98 214 658,065
PB1 1.84 10.27 1698 660
PB2 0.65 3.60 14,060 -

In Figure 3, we present the tidal deformability of pure SSs and DSs as a function of
the stellar mass (left panel) and the compactness parameter (right panel) respectively. The
observational constraint from GW170817 is also included in Figure 3. In all cases, tidal de-
formability decreases as the stellar mass increases. The minimum tidal deformability values
are similar for SSs across different models, and the dependence of tidal deformability on the
compactness parameter is nearly universal. For SSs with the CFL model, the corresponding
tidal deformability at M = 1.4M⊙ is somewhat higher than the observational constraint
and that from the MIT bag model. For pure DSs, the minimum tidal deformability values
are strongly dependent on the adopted DM models but relatively insensitive to the DPM
values. For pure DSs with free fermionic EOSs, the tidal deformability values are all above
1000, while the minimum values for polytropic bosonic EOSs can be as low as 100, similarly
to those of SSs. For DSs, the dependence of tidal deformability on the compactness parame-
ter deviates from the universal relation for SSs and depends on the specific DM model, but
not on the DPM values. One can see that the maximum of the compactness of DSs with
free fermionic EOSs is small, which can partly explain why the corresponding minimum
tidal deformability is so high.
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GW170817
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Figure 3. The tidal deformability Λ as a function of mass M (left panel) and compactness β (right
panel) for pure SSs and DSs with various EOSs. The correspondence between line types/colors and
EOSs are the same as in Figure 1. The observational constraint from GW170817 is indicated by a red
error bar.

4.2. Properties of Dark Matter-Admixed Strange Stars

By combining the aforementioned EOSs of SQM and DM, we solve the equations for
two-fluid stars and derive the structure and tidal deformability of DSSs.

As noted earlier, there are two independent central pressures for SQM and DM,
respectively, that determine the configuration of a DSS. Therefore, the mass–radius relations
can not be represented by a single curve, as is the case for single-fluid stars. In Figure 4, we
present the masses of DSSs as a function of the total radius (left panels) and the SQM radius
(right panels) for a fixed DM mass fraction χ = Md

M . We choose χ = 0, 0.1, 0.3, 0.5, 0.7, 0.9
and 1 as the representative values, and from the top panels to the bottom panels, we adopt
DPM values mD = 0.5, 1 and 2 GeV, respectively. We find that for a small DM mass
fraction (e.g., χ = 0.1), the maximum mass of DSSs is slightly lower than that of pure SSs.
Meanwhile, the radius of DSSs—defined by the SQM radius—is also slightly smaller than
that of SSs with the same mass. As the stellar mass decreases, the radius of DSSs evolves
in the same manner as that of SSs until the SQM radius equals the DM radius. Then, the
radius of DSSs—defined by the DM radius—increases as the stellar mass decreases further,
and may even intersect with curves for smaller χ. In contrast, the SQM radius always
follows the same trend as that of SSs and decreases as χ increases, as illustrated in the
right panels. As the DM fraction increases, the maximum mass of DSS decreases and then
increases until χ = 1. With a large χ, the DM radius can be larger than the SQM radius
even at the maximum mass of the DSSs, and the DM radius always increases as the stellar
mass decreases. In general, for a small DSS mass or a large DM mass fraction, Rd becomes
larger than Rq, which results in the formation of a DM halo. In the comparison of the results
for different DPM values, we find qualitatively similar trends in the effect of DM on the
maximum stellar masses and the M-R curves. Quantitatively, for larger DPM values, the
DM radius dominates at lower stellar masses or higher DM mass fractions. For the XTE
J1814-338 data, we note that the visible SQM radius always decreases with χ and can match
the observed radius for XTE J1814-338. Therefore, when the DPM is sufficiently small
such that the maximum mass of the corresponding DSSs does not drop too rapidly with
increasing χ (e.g., FF0.5, PB0.5 and PB1), DSSs can be consistent with the XTE J1814-338
data within the current observational uncertainties.

In Figure 5, we present the masses of DSSs as a function of the total radius (left panels)
and the SQM radius (right panels) for the polytropic bosonic DM EOS. Again, we find
qualitative trends similar to those observed in Figure 4. Quantitatively, the M-R relations of
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DSSs depend strongly on the structural properties of pure DSs. Since the maximum mass
and radius of pure DSs with the polytropic bosonic EOS are larger than those with the free
fermionic EOS for the same DPM, the M-R relations of DSSs with the polytropic bosonic
EOS are similar to those with the free fermionic EOS but for a smaller DPM value. Note
that the behavior of the zero-mass DSSs with a non-zero radii can be traced to a similar
property exhibited by pure DSs.
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Figure 4. The mass M as a function of the radius R (left panels) or SQM radius Rq (right panels) for
DSSs with free fermionic EOS of DM. From the top to the bottom panels, mD = 0.5 GeV, 1 GeV, and
2 GeV, respectively. Different line colors represent different DM fractions.

To illustrate the variation more clearly, we present the variation of the maximum DSS
mass as a function of χ in Figure 6. Qualitatively, a common feature across all cases is
that the DSS maximum mass decreases from χ = 0 to a minimum and then increases until
χ = 1. Quantitatively, the position of the minimum on each curve strongly depends on the
maximum mass of pure DSs. When the maximum masses of pure DSs and pure SSs are
similar (e.g., the case CFL-FF0.5), the minima appear close to χ = 0.5. Similar results are
reported in the literature [65,66], where the minimum occurs exactly at χ = 0.5 due to the
DM-SQM symmetry in the mirror DM model. However, when the maximum masses of DSs
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and SSs differ significantly, the minimum position lies close to the lower end of the χ range.
For example, for the cases of CFL-FF2 and CFL-PB0.5, the minimum positions are χ = 0.99
and χ = 0.17, respectively. We also note that when the DPM is small and pure DSs have
a sufficiently large maximum mass, the maximum mass of DSSs increases rapidly with
increasing χ. These masses can reach the so-called lower mass gap between NSs and stellar-
mass black holes, a region that has attracted considerable attention following gravitational
wave detections of events such as GW190814 [83]. For example, in the CFL–PB0.5 case,
the maximum mass of DSSs reach 2.5–5 M⊙ for χ ≳ 0.5. Our results suggest that DSSs
with sufficiently low DPM values and high DM mass fractions can explain such mass gap
objects, consistent with recent studies that also found that DM-admixed NSs can populate
this mass range [86].
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Figure 5. The mass M as a function of radius R (left panels) and SQM radius Rq (right panels) for
DSSs with polytropic bosonic EOS of DM. From the top to the bottom panels, mD = 0.5 GeV, 1 GeV,
and 2 GeV, respectively. Different line colors represent different DM fractions.
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Figure 6. The maximum mass as a function of DM fraction for DSSs with free fermionic EOS of DM
(upper panel) or polytropic bosonic EOS of DM (lower panel). The correspondence between line
types/colors and EOS of DM are the same as in Figure 1. The thin dotted line indicates the maximum
mass of a pure SS.

In Figure 7, we further present the dependence of DSS masses on the total central energy
density ϵc = ϵc,q + ϵc,d, along a fixed χ. We find that with a fixed χ, dM

dϵc
≥ 0 until the maximum

masses is reached, i.e., dM/dR|χ = 0 and dM
dϵc

|χ = 0 coincide at the maximum masses.
For DSS stability, strictly speaking, stability is determined by the positivity of the

square of the lowest radial oscillation frequency. For single-fluid stars, it is well established
that the condition dM/dϵc = 0 also marks the transition from stable to unstable configura-
tions against radial perturbations. Except in rare exceptional cases, dR/dϵc = 0 would not
emerge simultaneously, so dM/dϵc = 0 is also consistent with dM/dR = 0. For two-fluid
stars, the situation is more subtle. Several studies on the radial oscillations of two-fluid
stars [50,64,87] have numerically demonstrated that the maximum mass configurations
along sequences of fixed DM fraction χ coincide with the onset of instability. However,
to the best of our knowledge, a rigorous mathematical proof analogous to that for the
single-fluid case has not yet been developed for the two-fluid case. Therefore, in the present
work we treat the maximum mass for a fixed χ as an empirical indicator of the stability
boundary, and in Figures 5 and 6 we truncate the curves at the maximum mass for each
fixed χ.

In Figure 8, we show the contour plots of the mass of DSS as a function of the central
pressures of SQM and DM, for the fermionic EOS (left panels) and the polytropic bosonic
EOS (right panels), respectively, with mD = 0.5 GeV, 1 GeV, and 2 GeV from the top to the
bottom panels. The color gradient indicates regions corresponding to different DSS masses.
The solid curves show configurations with fixed DM mass fractions χ = 0.1, 0.2, . . . , 0.9
from the bottom to the top, and they terminate at the corresponding maximum masses. The
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dashed curves are determined by the maximum mass points with various DM fractions,
i.e., dM/dR|χ = 0 = dM

dϵc
|χ. We present these as empirical stability boundaries for DSS

configurations. Obviously, when one central pressure is fixed and the other is varied, the
point of maximum mass does not coincide with our empirically defined critical stable point.
Furthermore, at the center of the DSSs, the pressures of SQM and DM can be much larger
than the maximum central pressures of pure SSs or DSs, as seen, for example, in the top-left
and bottom-left panels.
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Figure 7. The mass as a function of the central energy density ϵc for DSSs. From top to bottom panels,
mD = 0.5 GeV, 1 GeV, and 2 GeV, respectively. Different line colors represent different DM fractions.

In Figure 9, we present the tidal deformability Λ of DSSs as a function of the
stellar mass (left panels), the compactness parameter β = M

R (middle panels), and
βq = M

Rq
(right panels). We adopt the free fermionic EOS of DM with mD = 0.5, 1, 2 GeV

from the top to the bottom panels. Similarly to one-fluid stars, Λ of DSSs with a fixed χ

decreases monotonically with mass, reaching a minimum at the maximum mass. For DSSs
with small DM fractions, the minimum value of Λ increases with χ, but remains lower than
that of a DSS with the same mass but a smaller χ. As the stellar mass decreases, Λ of a DSS
increases rapidly, and at low masses it turns to increase with χ. In contrast, for DSSs with
large χ, Λ of DSS with the same mass increases with χ in all mass regions. This trend is
especially obvious when the DPM is small, e.g., in the top-left panel for the FF2 EOS of DM.
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These variations of Λ are qualitatively similar to the variations in the radius of DSS with χ.
However, there are still quantitative differences. The intersection points of the Λ-M curves
differ from the intersection points of the M-R curves. Thus different configurations with
the same mass M and radius R have different Λ. Comparing the three panels with different
DPM values, one can see that, when DPM is small, large values of Λ can occur in DSSs
with large χ. As the DPM increases, DSSs with large χ can only achieve a small maximum
mass and large values of Λ occur only in the low-mass region. For example, when mD = 1
or 2 GeV only DSSs with low χ can reach 1.4 M⊙ and the corresponding Λ is smaller than
that of a pure SS.

,

Figure 8. Contour plot of DSS mass as a function of SQM and DM central pressures. The solid curves
in each panel, from bottom to top, correspond to constant χ consequences with χ = 0.1, 0.2, . . ., 0.9.
The dashed black curves represent empirical stability boundary lines, determined by the maximum
masses along fixed χ sequences, i.e., dM

dR |χ = 0 = dM
dϵc

|χ.

For the Λ − β relations of DSSs shown in the middle panels and the Λ − βq relations
shown in the right panels, it can be seen that the curves of DSSs deviate from the universal
relations of both SSs and DSs. Quantitatively, all the Λ − β curves of DSSs are lower
than the corresponding pure SS curve, and some are even lower than the pure DS curve,
especially when DPM is small, e.g., in the top-middle panel for CFL-FF0.5 model. The
Λ − βq curves of DSSs also deviate from those of pure SSs, particularly for cases with low
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DPM values and large χ, as illustrated in the top-right panel of Figure 9. Such a deviation
from the universal relations of SSs can also be an indicator of the DM content in SSs.
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Figure 9. The tidal deformability Λ as a function of mass M (left panel) and the compactness
parameter β = M

R (middle panels) and βq = M
Rq

(right panels) for DSSs with free fermionic EOS of
DM. From the top to the bottom panels, mD = 0.5 GeV, 1 GeV, and 2 GeV, respectively.

In Figure 10, we present the tidal deformability of DSSs with the polytropic bosonic
EOS for DM, as a function of the stellar mass (left panels) and the compactness parameter
(right panels) respectively, with mD = 0.5, 1, 2 GeV from the top to the bottom panels.
Qualitatively, the results of Λ − M, Λ − β and Λ − βq relations are all similar to those
with the free fermionic EOS but smaller DPM values. Quantitatively, the variation in
the minimum Λ of DSSs with χ is smaller, since the minimum Λ of a pure DS is similar
to the SS, while the minimum Λ of a pure DS with free fermionic EOS is much larger.
From an observational perspective, we focus on different configurations with the same
mass M and visible radius Rq. For example, in the top-right panel of Figure 5, there are
two configurations with M ≈ 2.33 M⊙ and Rq ≈ 10.83 km, corresponding to χ = 0.3 or
χ = 0.5, respectively. However, their tidal deformabilities differ substantially: Λ ≈ 13
for χ = 0.3 and Λ ≈ 200 for χ = 0.5, representing a difference of more than an order of
magnitude. This demonstrates that tidal deformability measurements from gravitational
wave observations can serve as a powerful tool to probe the DM content in compact stars,
even when traditional electromagnetic observations fail to distinguish them.
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Figure 10. The tidal deformability Λ as a function of mass M (left panel) and the compactness
parameter β = M

R (middle panels), βq = M
Rq

(right panels) for DSSs with polytropic bosonic EOS of
DM. From the top to the bottom panels, mD = 0.5 GeV, 1 GeV, and 2 GeV, respectively.

5. Summary
In this work, we systematically investigate DSSs, exploring how DM influences the

structural properties and tidal deformability of these compact astrophysical objects. We
employ a two-fluid formalism to describe the coupled system of SQM and DM, solving the
two-fluid TOV equations for static, spherically symmetric configurations. For the EOSs,
we adopt the CFL model of SQM and two types of models for DM, the free fermion gas
model and the polytropic boson model. We quantitatively compare the different influences
of these two models, as well as the impacts of the DPM, which is the key parameter in
DM models. To more clearly illustrate the qualitative effects of DM, we consider three
representative DPM values, mD = 0.5 GeV, 1 GeV, and 2 GeV, which are similar to the
typical mass scale of SSs. The qualitative trends for higher or lower DPM values can be
inferred from our results.

In comparison with recent studies on DSSs, which focus on specific DM mod-
els/parameters [65,66] or DSSs with small DM fractions [58–62], our work systematically in-
vestigates the whole DM fraction range with various representative DM models/parameters
and reveals several key findings. (1) The mass–radius relations of DSSs exhibit complex be-
havior depending on the DM fraction χ, with the maximum mass showing a characteristic
minimum at an intermediate value of χ. With low values of DPM, the maximum masses
of DSSs quickly turn to increase with χ and can reach the so-called low mass gap region
between NSs and low-mass black holes. (2) The presence of DM generally reduces the
(visible) SQM radius compared to a pure SS of the same mass, which can give a possible
explanation for the small radius of XTE J1814-338, as pointed out in Ref. [66]. On the
contrary, the DM radius can be larger for large DM fractions or for small DM fractions
combined with small stellar masses, forming a DM halo. (3) The tidal deformability Λ of
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DSSs with significant DM fractions displays distinctive patterns that deviate from those of
pure SSs and pure DSs, with the Λ − M, Λ − β, and Λ − βq relations providing a potential
observational discriminant for DM content beyond the mass–radius degeneracy, which was
also discussed in earlier literature on DM-admixed NSs [54,55]. (4) The specific behavior
depends sensitively on the DM EOS and particle mass, with fermionic and bosonic DM
models yielding quantitatively different predictions.

These results have important implications for multi-messenger astronomy, suggesting
that precise measurements of neutron star masses, radii, and tidal deformabilities, from
both gravitational wave and electromagnetic observations, could potentially constrain the
properties of DM. The non-trivial dependence of stellar properties on DM content provides
a new avenue for probing DM through astrophysical observations of compact objects. Nev-
ertheless, much work remains to be undertaken in order to investigate further properties
of DM, especially the self-interaction of DM. We leave investigations into the interacting
fermion model and studies of the impacts of the scattering length in the bosonic DM model
to future work. Future observations with next-generation gravitational wave detectors and
X-ray timing missions will further test the theoretical predictions and potentially reveal
signatures of DM in compact stars.
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