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Abstract We study compact stars formed by dark and or-
dinary matter, with attributes of both neutron star matter
and quark star matter. We assume an equation of state for
dark matter which is consistent with the rotational curves
of galaxies and for color-flavor-locked (CFL) distributions
for ordinary matter. This is done in the curved Krori-Barua
spacetime geometry in general relativity. We find new ex-
act solutions of dark matter admixed compact objects, with
maximum mass 2.67 M� and radius around 11.16 km, with
52.40% of dark matter content. By varying the dark mat-
ter ratio, we obtain the masses of dark compact stars with
masses less than 2.67 M�.

Keywords Einstein equations · Compact stars · Equation of
state

1 Introduction

A quark star is made up of self-bound strange quark mat-
ter and its also known as a hypothetical stellar object (see
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Witten (1984), Itoh (1970), Farhi and Jaffe (1984), Weber
(2005), Ivanenko and Kurdgelaidze (1965) and Mukhopad-
hyay and Schaffner-Bielich (2016)). The equation of state
for quark stars is not well understood which leads to contro-
versies. The most known equation of state for compact stars
composed of quark matter is the MIT bag model (Chodos
et al. (1974)). Since Wittten’s work on quark matter (Witten
(1984)) many investigations have been conducted in order to
describe realistic physical features of these stellar compact
objects. For more details see Haensel et al. (1986), Alcock
et al. (1986), Benvenuto and Horvath (1989), Lugones and
Horvath (2002, 2003), Alford et al. (2005), Bodmer (1971),
Terazawa et al. (1978) and Rocha et al. (2019). The discov-
ery of new observed pulsars with mass above 1.97 M� chal-
lenges the theoretical approach in describing compact stars.
Some studies have suggested that these compact stars might
be made up of stable dark matter with non-annihilating parti-
cles. The underlying assumption is that dark matter particles
can accumulate inside the stellar core of the object (Ciarcel-
lut and Sandin (2011)).

From observations at galactic scales, the proof of dark
matter presence with a large fraction of matter in our uni-
verse is an inevitable fact. Based on the above mentioned
statement, it is believed that some dark matter could accu-
mulate inside the stellar structure. This process could take
place at the stellar birth and during a star’s lifetime (Sandin
and Ciarcelluti (2009)). For this purpose, in the past few
years, attention has been given to study dark matter in rela-
tion to compact stars (quark stars, neutron stars and white
dwarf stars). The hypothesis is that compact stars due to
their high particle density should easily capture dark matter.
Therefore compact objects may be likely candidates to help
in constraining dark matter models (see Ade et al. (2016),
Arcadi et al. (2012) and Feng (2012)).
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In recent years more attention has been given to the
study of the effect of dark matter effect on compact ob-
jects. The physical properties of compact objects can be
changed by the presence of self-annilation of dark matter
in their core region (Angeles et al. (2012)). Several inves-
tigations have been conducted in recent years on dark mat-
ter admixture compact stars. The approach is based on two-
fluid systems composed of dark matter and ordinary matter
interacting basically through gravity (see Li et al. (2012),
Sandin and Ciarcelluti (2009), Leung et al. (2011) and Kou-
varis and Tinyakov (2010)). The first numerical solutions of
dark matter in an admixed neutron star using the equation
from curves of galaxies were found by Rezaei (2017, 2018).
In their paper Mukhopadhyay and Schaffner-Bielich (2016)
studied the quark stars admixed with dark matter. Despite all
the mentioned studies, exact models of compact stars with
an equation of state for dark matter are scarce. As yet there
is no exact model of stellar objects with an equation of state
for dark matter from the rotational curves of galaxies. There-
fore it is worthwhile to study analytically the effect of dark
matter on compact stars with this type of equation of state.
Due to the complexity in solving the Einstein field equations
in an exact approach, we solve the field equations with each
equation of state separately, and apply the two fluid model
of dark matter admixed ordinary matter through gravity in-
teractions.

The paper is structured as follows. In Sect. 2 we present
the Einstein field equations. New exact anisotropic solutions
is generated in Sect. 3. In Sect. 4 the physical requirements
for acceptability of the stellar model and the model param-
eter constraints are displayed. We present the two fluid for-
malism in Sect. 5. We display in Sect. 6 the results of masses
and radii for the model. Physical features are presented in
two tables, and also graphical plots of the matter variables
for stellar structures are given. A detailed analysis of the
physical features is given. A summary is made in Sect. 7.

2 The model

We choose the following metric for a static spherically inte-
rior matter distribution

ds2 = −eν(r)dt2 + eλ(r)dr2 + r2(dθ2 + sin2 θdφ2), (1)

where the gravitational potentials ν(r) = Ar2 and λ(r) =
Br2 + C, with A, B and C as constants. This form of the
metric arises in the model of Krori and Barua (1975) which
leads to a charged isotropic fluid sphere which is well be-
haved and singularity free. The simple form of the gravita-
tional potentials leads to tractable expressions for the mat-
ter variables which allow for a physical analysis. The intro-
duction of anisotropy is possible and allows for the descrip-
tion of several types of astrophysical objects. This approach

has been followed by several authors. For example Rahaman
et al. (2012) obtained a strange star solution in general rela-
tivity and Sharif and Saba (2018) found a stellar model in an
extended theory of gravity with anisotropy. We choose the
above form of the metric with anisotropic pressures in our
investigation; the equation of state is selected so that known
cases are regained as special cases.

In our work we are using geometrized units where G =
c = 1, which implies that the energy density is equal to mass
density. For anisotropic distributions, the matter tensor can
be written as follows

Tab = diag (−ρ,pr,pt ,pt ) , (2)

where ρ, pr and pt are the total energy density, total radial
pressure and total tangential pressure. The total anisotropy
is given by � = pr −pt . Combining (1) and (2) the Einstein
system of equations can be expressed as

8πρ = e−λ

[
λ′

r
− 1

r2

]
+ 1

r2
, (3)

8πpr = e−λ

[
ν′

r
+ 1

r2

]
− 1

r2
, (4)

8πpt = e−λ

2

[
ν′′ + ν′2

2
+ ν′

r
− λ′

r
− ν′λ′

2

]
, (5)

with ρ, pr and pt are the energy density, radial pressure and
tangential pressure.

We set f (r), g(r) and h(r) as

f (r) = e−Ar2
[

2A − 1

r2

]
+ 1

r2
, (6)

g(r) = e−Ar2
[

2B + 1

r2

]
− 1

r2
, (7)

h(r) = e−Ar2
[
2B − A + Br2(B − A)

]
. (8)

The system (3)-(5) can be written in reduced form as

8πρ = f (r), (9)

8πpr = g(r), (10)

8πpt = h(r). (11)

The above system can be solved by choosing a particular
form of an equation of state. To investigate the effect of
dark matter on compact objects we add to the field equa-
tions (9)-(11) additional equations of state. We propose a
modified general form of the equation state of dark mat-
ter calculated using the observational data of the rotational
curves of galaxies in Barranco et al. (2015). From our gen-
eral equation of state, all the known equations of state can
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be retrieved. At this point we select an equation of state with
the general form

pr = α + βρ + γρn + η
√

1 + θρ. (12)

In the above the dimension of the constants α, β , γ , η

and θ in CGS unit are α (dyne cm−2), β (dyne g−1 cm),
γ (dyne1/ng−1/ncm1/n), η (dyne cm−2) and θ (g−1 cm3).
From the general form we can regain many forms of known
equations of state. When γ = 0 and η = 0 we regain the
linear equation of state

pr = α + βρ. (13)

When n = 2 and η = 0, then we regain a quadratic equation
of state

pr = α + βρ + γρ2. (14)

When α = 0, β = 0 and η = 0, then we regain a polytropic
equation of state

pr = γρn. (15)

When α = 0, n = −ñ and η = 0, then we regain a modified
Chaplygin equation of state

pr = βρ + γ

ρñ
. (16)

When n = 1/2 and η = 0, then we regain a color-flavor-
locked (CFL) equation of state of Rocha et al. (2019)

pr = α + βρ + γρ1/2, (17)

where α = −
(

τ

π2

)
, β = 1

3 and γ = 2τ
π

. When γ = 0 and

α = −η, then we regain a particular dark matter equation of
state from rotational curves (Barranco et al. (2015))

pr = −η + βρ + η
√

1 + θρ, (18)

where η = p0
16 , β = 3p0

4ρ0
and θ = 24

ρ0
.

3 Solutions

3.1 Solution I

The general form of equation (12) is hard to solve analyti-
cally but can be solved in reduced form for particular cases.
We select the equation of state of dark matter (18) so that

pr = α + βρ + η
√

1 + θρ, (19)

where the constant parameters α, β , η and θ are constrained
by the following system

pr(0) = pr (A,B,α,β,η, θ) , (20)

pt (0) = pt (A,B,α,β,η, θ) , (21)

0 = pr (B,R, α,β, η, θ) . (22)

Combining (9)-(10) we get

8π(ρ + pr) = f (r) + g(r), (23)

which can be solved by specifying an equation of state
pr(ρ).

Substituting (19) in (23), we get the solutions for ρ as

ρ = (1 + β)(f + g − 8πα) + 4πη2θ

8π(1 + β)2

±2
√

2πη[(f + g)(1 + β)θ + 2π(4(1 + β) ×
((1 + β) − αθ) + η2θ2)]1/2/8π(1 + β)2. (24)

With the new solution (24), the Einstein field equations (9)-
(11) can written as a new exact solution with equation of
state from rotational curves of galaxies.

3.2 Solution II

We select the equation of state for CFL matter (17) as

pr = α + βρ + γ
√

ρ, (25)

where the constant parameters α, β and γ are constrained
by the following system

pr(0) = pr (A,B,α,β, γ ) , (26)

pt (0) = pt (A,B,α,β, γ ) , (27)

0 = pr (B,R, α,β, γ ) . (28)

Combining (9)-(10) we get

8π(ρ + pr) = f (r) + g(r), (29)

which can be solved by specifying an equation of state
pr(ρ). Substituting (17) in (29), we get the solutions for ρ

as

ρ = (1 + β)(f + g − 8πα) + 4πγ 2

8π(1 + β)2

±2
√

2πγ [(1 + β)(f + g − 8πα)

+2πγ 2)]1/2/8π(1 + β)2. (30)

4 Physical characteristics of the stellar
model

It is important that the physical requirements are satisfied for
a realistic star. The physical criteria for the interior of the star
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to be well behaved were established in many works includ-
ing the results of Bondi (1992), Chan et al. (1992), Chan
et al. (1993), Herrera and Santos (1997), Mak and Harko
(2002) and Mak and Harko (2003).

4.1 Regularity requirement within and at surface of
the star r = R

The physical requirement for realistic stellar object require
that

A.1. The potentials e2ν and e2λ, the energy density ρ, ra-
dial pressure pr , tangential pressure pt should be well
behaved, positive and not singular within the star; ρ, pr ,
pt should be decreasing functions with ρ′ < 0, pr

′ < 0
and pt

′ < 0 throughout the stellar structure. We expect
the anisotropy to vanish at the centre �(r = 0) = 0 and
pt = pr .

A.2. The energy conditions within the compact should obey
the dominent energy condition (DEC): ρ −pr ≥ 0, weak
energy condition (WEC): ρ − pt ≥ 0 and the strong en-
ergy condition (SEC): ρ−pr −2pt ≥ 0. At the boundary
r = R of the star, the gravitational potentials e2λ and e2ν

should match to the Schwarzschild exterior metric:

eν(R) = e−λ(R) = 1 − 2M

R . (31)

At the boundary r = R, the radial pressure pr should
vanish

pr(R) = 0. (32)

Using the requirements A.1. and A.2., we get different
boundary values

8πρ(0) = 2A, (33)

8πρ(R) = e−R2A(2A − 1

R2
) + 1

R2
, (34)

8πpr(0) = 2B, 8πpt (0) = D, (35)

8πpt (R) = e−R2A
[
D +R2B(D − B)

]
, (36)

where A, B and the D (redefined as D = 2B − A) are
related to the central density, central radial pressure and
central tangential pressure.

A.3. The stability of the stellar model requires that the
speed of sound should be less than the speed of light
which leads to 0 ≤ v2

r = dpr

dρ
≤ 1 and 0 ≤ v2

t = dpt

dρ
≤ 1

within the stellar structure. The cracking conditions must
fulfil −1 < v2

t − v2
r < 0, 0 < v2

r − v2
t < 1. The adi-

abatic index should correspond to the following � =
ρ+pr

pr

dρ
dpr

> 4
3 .

A.4. The star’s equilibrium condition represented by the ex-
tended Tolman-Oppenheimer-Volkoff (TOV) equation

pr
′ = −ν′(ρ + pr) + 2

r
(pt − pr). (37)

We define

Fg = −ν′(ρ + pr), Fh = −dpr

dr
,

Fa = 2

r
(pt − pr) ,

with Fg , Fh and Fa as gravitational, hydrostatic and
anisotropic forces. The equation (37) is written as a sum
of all the forces; the sum is expected to be zero for the
equilibrium of stellar object

Fg + Fh + Fa = 0. (38)

A.5. The relationship between surface redshift and com-
pactness is given by

Zs(R) = 1√
1 − 2M(R)

R

− 1 (39)

When the energy conditions in A.2 are met, the two
physical quantities Zs and μ = M(R)

R should be less
than the universal bounds (Ivanov (2017)). In case of the
isotropic model the upper bound limits are Zs = 2 and
μ = M(R)

R = 4/9 (Buchdahl (1959)). For anisotropic
model with positive pressures, when the dominant en-
ergy condition (DEC) and the weak energy condition
(WEC) are met, then Zs = 5.211 and μ = M(R)

R =
0.487 (Ivanov (2017)). When the strong energy condi-
tion (SEC) is met, then Zs = 3.842 and μ = M(R)

R =
0.478 (Ivanov (2002)).

4.2 Parameters and constraints

In this section, we describe parameters constrained for ac-
ceptability of our model. From (31) the constants A, B and
C are derived by suitable junction conditions imposed at
the surface of the star. In terms of the compactness factor
μ = M

R , the results are given by

A = − 1

R ln(1 − 2μ), (40)

B = 1

R2
(

μ

1 − 2μ
), (41)

C = −μ

1 − 2μ
+ ln(1 − 2μ). (42)

Equations (19), (20) and (22) combined give the following

β = pr(0)

ρ(0) − ρ(R)
+ H

ρ(0)ρ(R) (ρ(0) − ρ(R)))
(43)
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θ = 1

η2ρ(0)ρ(R) (ρ(0) − ρ(R))2
×

[
(
α2 − η2

)
(ρ(0) − ρ(R))2 ×

(ρ(0) − ρ(R)) − 2α (ρ(0) − ρ(R)) ×
(pr(0)ρ(R)(ρ(0) + ρ(R)) + H) + pr(0) ×
ρ(R) (pr(0)ρ(R)(ρ(0) + ρ(R)) + H)], (44)

where

H = [ρ(0)ρ(R) ×
((α − η)(ρ(0) − ρ(R)) − pr(0)ρ(R)) ×
((α + η)ρ(0) − (pr(0) + α + η)ρ(R))]1/2,

with following restrictions on parameters α and η

α <
pr(0)ρ(R)

2(ρ(0) − ρ(R))
, (45)

α < η <
ρ(R)(pr(0) + α) − αρ(0)

ρ(0) − ρ(R)
. (46)

Equations (25), (26) and (28) combined give the following

β̃ = α̃
√

ρ(0) + √
ρ(R) (pr(0) − α̃)

ρ(0)
√

ρ(R) − ρ(R)
√

ρ(0)
(47)

γ̃ = −pr(0)ρ(R) + α̃(−ρ(0) + ρ(R))

ρ(0)
√

ρ(R) − ρ(R)
√

ρ(0)
, (48)

with the following restriction on the parameter α̃:

α̃ >
−pr(0)ρ(R)

ρ(0) − ρ(R)
, ρ(0) > ρ(R). (49)

5 Formulation for compact stars with dark
matter components

We presume that the star is compose of two fluids, namely
ordinary and dark matter interacting only through grav-
ity, with equations of state prN(ρN) and prD(ρD) respec-
tively. The Einstein field equations for hydrostatic equilib-
rium (i.e. the Tolman Oppenheimer–Volkov (TOV) equa-
tions) are written as

prN
′ = −ν′(ρN + prN) + 2

r
(ptN − prN), (50)

prD
′ = −ν′(ρD + prD) + 2

r
(ptD − prD), (51)

MN(r) = 4π

∫
r2ρN dr, (52)

MD(r) = 4π

∫
r2ρD dr, (53)

M(r) = MN(r) + MD(r) (54)

δ = MD(r)

MD(r) + MN(r)
, (55)

where M(r) = MD(r)+MN(r) is the total mass of the dark
matter admixed compact star, MD(r) is the mass of the dark
matter, MN(r) the mass of the ordinary matter and δ as the
mass ratio. The conservation equations of mass for the two
fluids (dark matter and ordinary matter) is similar to the
equation of each fluids.

Suitable boundary conditions are required to solve the
two fluid system. MN and MD must be equal to zero at
the radius r = 0. From both central densities (ρD) and (ρN)

given as the initial condition using the equations of state of
both fluids, the central radial pressures prD , prN are calcu-
lated. We solve the two-fluid TOV equations simultaneously,
the stellar radius is determine by one of these two radii RD

or RN .
We use the equation of state (25) for ordinary matter and

(19) for dark matter to compute the system (50)-(55).

6 Physical features

We observe that the parameters A, B and D have the dimen-
sion of length−2. We use the following transformations

Ã = AL2, B̃ = BL2, D̃ = DL2, (56)

where L is a parameter with dimension of length. For a
particular compactness factor μ choose with respect to the
equations (40), (42) and (56); the parameters Ã and B̃ can
be found. Then from (20) and (22), the central density and
pressure are evaluated. With μ = 0.2963, equations (43) and
(44) lead to the values of β = −3.961 × 10−17 dyne g−1 cm
and θ = 111.30 g−1 cm3 with free parameters α = −pr (0)

26
dyne cm−2, η = pr(0)/86 dyne cm−2. Equations (47) and
(48) lead to the values of β̃ = 0.8133 dyne g−1 cm and
γ̃ = 0.0417 dyne1/2g−1/2cm1/2 with free parameters α̃ =
−pr(0)/4 dyne cm−2. These values lead to a particular mass
of 2.01 M� with 36.81% contribution of dark matter. By
allowing the dark matter central density ρD(0) to vary, we
generate different masses, central pressures and radii rep-
resented in Table 1, and other physical parameters in Ta-
ble 2. We find the maximum mass 2.67 M� and radius
around 11.16 km with 52.43% as maximum mass limit for
an amount of dark matter allowed for the model. The greater
value that 2.01 M� can be explained as due to the repul-
sive interacting strength equilibrium of dark matter parti-
cles. Similar statements were made by Xiang et al. (2014),
pointing out that the large dark matter fraction in compact
stars and the repulsive interactions among dark matter can
lead to massive compact stars with mass above 2.01 M�.
Other observed pulsars are listed in Table 1, with masses less
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than 2.01 M�. Our model shows that the admixed dark mat-
ter compact star can support a high mass above the known
limit of the current observed pulsar PSR J0348+0432 with
M = 2.01 M�. It is interesting to point out that change in the
value of the mass can be realised by increasing or decreas-
ing the ratio of dark matter. The increase of dark matter in a
compact star can provide more gravitational energy with the
consequence of compressing the normal matter and leading
to a more compact object.

In the case of a star with ordinary matter with mass
M = 1.30 M�, with a maximum amount of dark matter
mass of M = 1.40 M� corresponding to the Chandrasekhar
mass limit as reported in Table 1, the maximum mass of
the dark matter admixed compact star does not exceed the
mass value of M = 2.67 M�. Furthermore, according to our
model, for a given stellar mass, a compact object made of
dark matter and ordinary matter is considerably greater than
a compact object with only ordinary matter. This feature dif-
fers from some previous investigations were it is expected to
be otherwise. We noticed a slight decrease in mass of ordi-
nary matter from M = 1.30 M� to M = 1.27 M�, for the
maximum mass ratio of δ = 0.5243. From Table 2 the com-
pactness factor for the case of a dark matter admixed com-
pact star increases with the increase of dark matter up to
the limit allowed by the model. This feature can be justified
by the fact that the increase of dark matter could provide
more gravitational force leading to more compact object.
The presence of dark matter has a non-negligible effect on
the mass, radius and other properties of compact stars. The
lower mass of ordinary matter M = 1.30 M� slightly de-
creases by 2.31% for the maximum amount of dark matter
δ = 52.81% as shown in Table 1.

To unveil the behaviour of the matter variables within the
dark matter admixed star, we have displayed different mat-
ter variables in several Figs. 1-4 with 52.40% of dark mat-
ter content which leads to the mass of M = 2.67 M� and
Figs. 5-14 with 36.80% of dark matter content which leads
to the mass of M = 2.01 M�.

6.1 Regularity and reality conditions

From our Figs. 1-4 the energy density, radial pressure, tan-
gential pressure and anisotropy profiles are presented for the
maximum amount 52.43% of dark matter allowed for our
model with maximum mass of MD = 1.40 M�. The energy
density, radial and tangential pressure in Figs. 1, 2, 3, are
regular and remains finite. We notice that the dark matter ra-
dius, the density, radial pressure, tangential pressure of dark
matter are greater than the profiles of ordinary matter. The
total density, radial pressure, tangential pressure, ρ, pr and
pt are greater than all others profiles of dark matter and ordi-
nary matter. The anisotropy in Fig. 4 is regular at the centre
and remains positive inside the stellar structure for the ordi-
nary matter �N and the total anisotropy �. The anisotropic Ta
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Table 2 Additional physical parameters of the stellar structure with equations of state of ordinary and dark matter

Star ÃD ρD(0) ρN (0) ρ(0) μ = M/R Zs

(g cm−3) (g cm−3) (g cm−3)

− 0.200 1.517×1015 2.950×1014 1.812×1015 0.3531 0.8451

PSR J0348+ 0432 0.310 2.185×1015 2.940×1014 2.479×1015 0.2963 0.5670

PSR J1614-2230 0.325 2.277×1015 2.939×1014 2.571×1015 0.2949 0.5614

PSR J1946-3417 0.465 3.141×1015 2.929×1014 3.433×1015 0.2901 0.5420

PSR J2222-0137 0.530 3.544×1015 2.925×1014 3.836×1015 0.2830 0.5179

4U1820-30 1.210 7.793×1015 2.892×1014 8.082 ×1015 0.2632 0.4531

J2043+1711 6.340 10.09×1015 2.775×1014 10.37×1015 0.2238 0.3455

B1855+09 0 − 2.775×1014 − 0.1684 0.2231

profiles for ordinary �N and admixed dark matter � are re-
pulsive, leading to more compact structures (Gokhroo and
Mehra (1994)). On the other hand for dark matter �D , the
anisotropy increases, decreases and becomes negative and
then increases as showed in the Fig. 4. To illustrate the be-
haviour of the matter variables within the dark matter ad-
mixed star, we have displayed different matter variables in
Figs. 5-14. We used 36.81% of dark matter content which
leads to the mass of M = 2.01 M�.

The maximum mass of dark matter and dark matter ad-
mixed compact star allowed by the model is M = 1.40 M�
and M = 2.67 M�, beyond these values the profiles of mat-
ter variables become unphysical and unstable. Moreover, for
a given stellar mass, a compact object made of dark matter
and ordinary matter is greater than a compact object with
only ordinary matter. This feature differs from some previ-
ous investigations were it is expected to be otherwise. Also
we notice a slight decrease in mass of ordinary matter from
M = 1.30 M� to M = 1.27 M�, for a maximum mass of
dark matter of ratio δ = 0.5243. From Table 1, the com-
pactness factor for the dark matter admixed compact star
increases with the increase of dark matter in the range of
μ = M/R = 0.2238 - μ = M/R = 0.3531 for the amount
dark matter allowed by the model. The similar range of
compactness factor were presented by Xiang et al. (2014).
Therefore the dark matter amount in compact star can in-
crease to provide more gravitational energy, with the conse-
quence of compressing the normal matter and leading to a
more compact object.

6.2 Energy and equilibrium conditions

6.2.1 Energy condition

In Fig. 8, the energy conditions ρ −pr , ρ −pt and ρ −pr −
2pt are plotted. All the profiles remain positive within the
star which shows that the energy conditions are not violated.

Fig. 1 Energy density versus radius with 52.43% of dark matter. For
ρD + ρN (black solid line), for ρN (blue dashed line), for ρ = 0 (red
solid line) and for ρD (green solid line)

Fig. 2 Radial pressure versus radius with 52.43% of dark matter. For
prD + prN (black solid line), for prN (blue dashed line), for pr = 0
(red solid line) and for prD (green solid line)

6.2.2 Equilibrium condition

The features of gravitational (Fg), hydrostatic (Fh) and
anisotropic (Fa) forces are displayed in Fig. 9. The two pos-
itive forces anisotropic and hydrostatic (Fa and Fh) are bal-
anced by the gravitational force (Fg).
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Fig. 3 Tangential pressure versus radius with 52.43% of dark matter.
For ptD + ptN (black solid line), for ptN (blue dashed line) and for
pr = 0 (red solid line) and for ptD (green solid line)

Fig. 4 Anisotropy versus radius with 52.43% of dark matter. For pr

(black solid line), for pt (blue dashed line) and for pr = pt = 0 (red
solid line) and � (green solid line)

Fig. 5 Energy density versus radius of PSR J0348+0432 with 36.81%
of dark matter. For ρ (black solid line), for ρ = 0 (red solid line)

6.3 Causality conditions and stability

6.3.1 Causality condition

The speed of sound within the star is an essential property to
explore. We have plotted in Fig. 10, the radial and tangen-
tial speeds of sound v2

r , v2
t which comply with the causality

condition with respect to the following range 0 ≤ v2
r ≤ 1 and

0 ≤ v2
t ≤ 1.

Fig. 6 Radial pressure, tangential pressure and anisotropy versus ra-
dius of PSR J0348+0432 with 36.81% of dark matter. For pr (black
solid line), for pt (blue dashed line), for pr = pt = 0 (red solid line)
and for p�(green dotted dashed)

Fig. 7 Gradient of pressure versus radius of PSR J0348+0432 with
36.81% of dark matter. For dpr (black solid line), for dpt (blue dashed
line) and for dpr = dpt = 0 (red solid line)

Fig. 8 Energy conditions versus radius of PSR J0348+0432 with
36.81%. For ρ − pr (black solid line), for ρ − pt (blue dashed line)
and for: ρ − pr − 2pt (Green dotted dashed line)

6.3.2 Stability conditions

To fulfil the Herrera cracking conditions as in Abreu et al.
(2007), we show in Fig. 11 the difference of the radial and
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Fig. 9 Forces Fa , Fh and Fg versus radius of PSR J0348+0432 with
36.81% of dark matter. For Fa (black solid line), for Fg (blue dashed
line), for Fh (green dotted dashed) and Fa + Fh + Fg = 0 (red solid
line)

Fig. 10 Speed of sound versus radius of PSR J0348+0432 with 36.81%
of dark matter. For v2

r (black solid line), for v2
t (blue dashed line) and

v = 0 (red solid line)

tangential speeds v2
r − v2

t and v2
t − v2

r , where v2
r − v2

t lies
within the interval [0,1] and v2

t − v2
r within [-1,0]. The pro-

files for the adiabatic indices are presented in Fig. 12. We
notice throughout the stellar body that both profiles for the
radial and tangential adiabatic indices �r and �t are greater
than � = 4

3 .

6.4 Redshift and compactness

For anisotropic model with the energy conditions DEC and
WEC, the upper bounds are Zs = 5.211 and μ = M(R)

R =
0.487. With the energy condition SEC, the upper bounds are
Zs = 3.842 and μ = M(R)

R = 0.478 (see Ivanov (2002)) and
Ivanov (2017)).

To illustrate the above statements, the surface redshift
versus the compactness factor is displayed in Fig. 13. The
upper bound limit for the maximum compactness factor is
M/R= 0.3531 with a surface redshift limit of Zs = 0.8451.
The maximum value of the surface redshift and compactness
for our model are less than the above mentioned bounds.

Fig. 11 The difference of the square radial and tangential speeds of
PSR J0348+0432 with 36.81% of dark matter. For v2

r − v2
t (black solid

line) and for v2
t − v2

r (blue dashed line) and for |v2
t − v2

r | = 0 (red solid
line)

Fig. 12 Adiabatic index versus radius of PSR J0348+0432 with
36.81% of dark matter. For �r (black solid line) and for �t (blue
dashed line) and for � = 4

3 (red solid line)

Fig. 13 The surface redshift versus total mass of compact stars. For Zs

(black solid line) and for Zs = 0.8451 (blue dashed line)

The mass against radius for the three cases MD , MN and
MD + MD is displayed in the Fig. 13. It shows the mass of
the compact star as a function of radius for 36.81% of dark
matter content. For comparison, we present in the same fig-
ure the mass versus radius for three cases: dark matter (lower
curve in green dashed), ordinary matter (middle curve in
blue dashed) and dark matter admixed compact star (upper
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Fig. 14 Mass versus radius. For the dark matter MD (black solid
line) with M = 0.73 M�. For the ordinary matter MN (blue dashed
line) with M = 1.27 M�. For the dark matter admixed compact stars
MD + MD (green solid line) with M = 2.01 M�

curve in black solid). We notice a lower mass for dark mat-
ter compared to the mass of ordinary matter. Both profiles
have lower masses compared to the mass of the dark matter
admixed compact star.

7 Conclusion

In this paper we have studied exact models using an equa-
tion of state for dark matter and ordinary matter to model
compact stars. The assumption used is that dark matter and
ordinary matter interact only through gravity. We have found
different masses of known observed stars in the range from
1.38 M� to 2.67 M� for a dark matter admixed compact
star with different ratio of dark matter contribution. The re-
sults show that the star compactness factor can be influenced
by the presence of a certain amount of dark matter within
the star. Our observation is that the presence of dark mat-
ter in compact stars can increase the compactness factor in
the presence of an equation of state relevant for the rota-
tional curves of galaxies. The compactness factor and sur-
face redshift values are in agreement with required condi-
tions. From this study, we can conclude that the equation
of state from the rotational curves of galaxies can be used
in the exact solution approach in modelling dark matter ad-
mixed compact stars. It is interesting to observe that an-
other exact approach in studying stellar objects is embed-
ding where the 4-dimensional curved manifold is embedded
in a flat 5-dimensional Euclidean space. This approach is
also relevant in the modelling of dark matter in the rota-
tional curves galaxies with color-flavor-locked CFL distri-
butions. As demonstrated in Singh et al. (2020a), Govender
et al. (2020) and Singh et al. (2020b) the embedding ap-
proach also produces physically acceptable results with rel-
evant equations of state.
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