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Abstract In this work we have extended the Maurya-Gupta
isotropic fluid solution to Einstein field equations to an aniso-
tropic domain. To do so, we have employed the gravitational
decoupling via the minimal geometric deformation approach.
The present model is representing the strange star candidate
LMC X-4. A mathematical, physical and graphical analy-
sis, shown that the obtained model fulfills all the criteria
to be an admissible solution of the Einstein field equations.
Specifically, we have analyzed the regularity of the metric
potentials and the effective density, radial and tangential pres-
sures within the object, causality condition, energy condi-
tions, equilibrium via Tolman–Oppenheimer–Volkoff equa-
tion and the stability of the model by means of the adiabatic
index and the square of subliminal sound speeds.

1 Introduction

Developed by Ovalle and collaborators [1–12], gravitational
decoupling by minimal geometric deformation (MGD here-
inafter) approach, has proved to be a novel and powerful tool
in order to obtain analytic solutions to Einstein field equations
described by an anisotropic fluid. Recently, several works
available in the literature have proven the versatility of the
method, using it in different contexts such as extending solu-
tions of Einstein field equations described by perfect fluid to
anisotropic domains [13–17], Einstein–Maxwell equations
[18,19], black holes [20–22], cloud of strings [23], Einstein–
Klein–Gordon equations [24] and wi- thin the framework of
theories in higher dimensions [25]. Originally, the method
was developed to deform Schwarz- schild’s spacetime [1,2]
within the context of Randall-Sun- drum braneworld [26,27].
However, it has been extended to another type of symmetry,
specifically spacetime with cylindrical symmetry [28]. The
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main ingredient of this scheme is to add an extra source to
the energy momentum tensor of a spherically symmetric and
static spacetime through a dimensionless constant β

Tm
n = T̃ m

n + βθmn , (1)

where T̃ m
n represents a perfect fluid matter distribution and

θmn is the extra source which encodes the anisotropy and
can be formed by scalar, vector or tensor fields. It is worth
mentioning that T̃ m

n does not necessarily should corresponds
to a perfect fluid, in fact it can describes, for example, an
anisotropic fluid, a charged fluid, etc. [18]. On the other
hand it is well known that an astrophysical object not nec-
essarily meet the isotropic condition at all i.e pr = pt . Of
course, a more realistic scenario has been shown that relax-
ing the isotropic condition i.e pr �= pt leads to a better
understanding of how compact structures like neutron stars,
white dwarfs and black holes work. Theoretical researches
in the past developed by Ruderman [29] Canuto [30–32]
and Canuto et al. [33–36] revealed that anisotropies can be
emerged when matter density is higher than the nuclear den-
sity one. These pioneering works established a new branch
within the study of the influence of local anisotropies in gen-
eral relativity [37–68]. Furthermore, over the last decade a
lot of works available in the literature have considering the
inclusion of anisotropic matter distribution in solving ana-
lytical models to Einstein field equations [69–109](and ref-
erences contained therein). On the other hand as Mak and
Harko have argued [63], anisotropy can arise in different
contexts such as: the existence of a solid core or by the
presence of type 3A superfluid [110], pion condensation
[111] or different kinds of phase transitions [112]. Of course
the presence of anisotropy introduces several and novel fea-
tures in the matter distribution, e.g. in presence of a positive
anisotropy factor Δ ≡ pt − pr > 0, the stellar configuration
experiences a repulsive force (attractive in the case of nega-
tive anisotropy factor) that offsets the gravitational gradient.
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Therefore, we obtain a more compact and massive objects in
distinction with the isotropic case [52,60,63]. Moreover, a
positive anisotropy factor improves the stability and equilib-
rium of the system.

In the spirit of the above discussion we employ gravita-
tional decoupling via MGD in order to extent the Maurya and
Gupta [113] perfect fluid solution of Einstein field equations
to an anisotropic scenario. To do so, we realize a geomet-
ric deformation on the radial metric component encode by
a purely radial function g(r) and then we impose a suitable
election on it, according with the physical and mathemati-
cal requirements, which leads us to know the contribution of
the extra source θmn to the material content. Of course, any
solution to Einstein field equations must meet some basics
criteria in order to be a well behaved and admissibly solution
that can describes a realistic model [114]. So, the outline of
the present work is as follows: Sect. 2 presents the mathemat-
ical formulation of Einstein field equations for anisotropic
matter distribution in the framework of gravitational decou-
pling via MGD, Sect. 3 is devoted to the construction of the
anisotropic version of the Maurya and Gupta perfect fluid
solution. In Sect. 4 we match the obtained model with the
exterior Schwarzschild spacetime in order to obtain the con-
stant and physical parameters of the model, Sect. 5 analyzes
all the basics criteria that an admissible solution to Einstein
field equations must meet, such as regularity of the metric
potentials and the thermodynamic observables within the
stellar configuration, causality condition, energy conditions,
equilibrium and stability conditions. In Sect. 6, we discuss
the behavior and form of effective metric potentials at very
large value of n i.e. n tends to infinity. Finally, Sect. 7 sum-
marizes and concludes the work.

2 Mathematical structure of Einstein equations for
gravitational decoupling

Let us consider the curvature coordinates to describe the
ultradense spherically symmetric stellar system, by using the
metric as follows [115],

ds2 = eν(r)dt2 − eλ(r)dr2 − r2
(
dθ2 + sin2θdφ2

)
, (2)

where ν(r) and λ(r) are the metric potentials and function
of the radial coordinate only. The energy-momentum tensor
associated with the dimensionless coupling constant β can
be read as,

Tm
n = T̃ m

n + β θmn (3)

where the energy momentum tensor T̃ m
n corresponds to the

perfect fluid solution for the metric (2) while the energy
momentum tensor Tm

n corresponding to the anisotropic mat-

ter distribution is given as,

Tm
n = [

ρ + pt )u
mun − ptδ

m
n + (pr − pt )υ

mυn
]
, (4)

By using Eqs. (2) and (4) together, we get the following
equations

e−λ

(
λ′

r
− 1

r2

)
+ 1

r2 = 8πρ (5)

e−λ

(
ν′

r
+ 1

r2

)
− 1

r2 = 8πpr (6)

e−λ

2

(
ν′′ + ν′2

2
+ ν′ − λ′

r
− ν′λ′

2

)
= 8πpt . (7)

The primes denote differentiation with respect to the radial
coordinate r. However, ρ, pr and pt represent the effective
density, the effective radial pressure and the effective tangen-
tial pressure respectively, which are given by

ρ = ρ̃ + β θ tt , (8)

pr = p̃ − β θrr , (9)

pt = p̃ − β θϕ
ϕ , (10)

Here ρ̃ and p̃ represent the density and pressure for per-
fect fluid distribution. We note that the presence of term θ

clearly introduces an anisotropy if θrr �= θ
ϕ
ϕ . Then the effec-

tive anisotropy is defined as,

Δ = pt − pr = β
(
θrr − θϕ

ϕ

)
. (11)

In order to solve Einstein’s equations we will introduce
the gravitational decoupling via the MGD approach [12]. In
this method, we transformed the metric potentials eν(r) and
eλ(r) through a linear mapping which is given by,

eν(r) −→ eν̃(r) + β f (r) (12)

e−λ(r) −→ e−λ̃(r) + β g(r) (13)

Here eν̃(r) and eλ̃(r) are gravitational metric potentials cor-
responding to perfect fluid matter distribution while f (r)
and g(r) are the corresponding deformations functions. It’s
worth mentioning that the foregoing deformations are purely
radial functions, this feature ensures the spherical symme-
try of the solution. The so called MGD corresponds to set
f (r) = 0 or g(r) = 0, in this case the deformation will be
done only on the radial component, remaining the tempo-
ral one unchanged. Then the anisotropic sector θmn is totally
contained in the radial deformation (13). After replacing (13)
into the system of Eqs. (5)–(7), it is decoupled in two systems
of equations. The first one corresponds to β = 0, it means
perfect fluid matter distribution
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e−λ̃

(
λ̃′

r
− 1

r2

)
+ 1

r2 = 8πρ̃, (14)

e−λ̃

(
ν̃′

r
+ 1

r2

)
− 1

r2 = 8π p̃ (15)

e−λ̃

2

(
ν̃′′ + ν̃′ 2

2
+ ν̃′ − λ̃′

r
− ν̃′λ̃′

2

)
= 8π p̃. (16)

The other set of equations corresponding to the factor θ is
given as,

−g′

r
− g

r2 = 8 π θ tt , (17)

−g

(
ν̃′

r
+ 1

r2

)
= 8πθrr (18)

−g

2

(
ν̃′′ + ν̃′ 2

2
+ ν̃′

r

)
− g′

2

(
ν̃′

2
+ 1

r

)
= 8πθϕ

ϕ . (19)

The set of Eqs. (14–16) and (17–19) satisfies the corre-
sponding conservation equations,

ν̃′
2

(ρ̃ + p̃) + d p̃

dr
= 0, (20)

− ν̃′
2

(θ tt − θrr ) + dθrr

dr
− 2

r
(θϕ

ϕ − θrr ) = 0 (21)

We note that the linear combination of conservation
Eqs.‘(20) and (21) via. coupling constant β provides the con-
servation equation for the energy momentum tensor Tm

n =
T̃ m
n + β θmn , which is given as,

−d p̃

dr
− β

[
ν̃′
2

(θ tt − θrr ) − dθrr

dr
+ 2

r
(θϕ

ϕ − θrr )

]

= ν̃′
2

(ρ̃ + p̃). (22)

3 Generalized anisotropic models for gravtational
decoupling

Let us consider the Maurya and Gupta [113] perfect fluid
solution of Einstein field equations for the Durgapal [116]
type metric function,

ds2 = B (1 + Cr2)n dt2 −
[−Dn Cr2 + 2 ψλ(r)

2 (1 + Cr2)n−2

+Cr2 [1 + (n + 1)Cr2] h(r)

(n + 1) (1 + Cr2)n−2

+ ACr2

(1 + Cr2)n−2 [1 + (n + 1)Cr2]2/(n+1)

]−1

dr2

−r2(dθ2 + sin2θdφ2), (23)

where, ψλ(r) = [1 + (n + 1)Cr2], Dn = (n−1)(n−2)
2 −

an−4
n+1 +2n+2,h(r) = An−4

n+3 +∑n−5
i=0

Ai (Cr2)n−4−i

n2−(i+2)n−(i+1)
, Ai+1 =

ai+1− (n−4−i) Ai
n2−(i+2)n−(i+1)

, ai+1 = (n−1)!
(i+1)! (n−i−2)! − ai

n+1 , A0 =
a0 = 1 and An− j = an− j = 0 if n < j . However A, B and
C are arbitrary constants with dimension of C is length−2.

The metric (23) describes a static spherically symmetric
configuration associated to an isotropic matter distribution
which implies that radial and transverse pressures are equal
i.e. pr = pt . Therefore, the metric coefficients for perfect
fluid distribution can be written as,

eν̃(r) = B (1 + Cr2)n, (24)

e−λ̃(r) =
[−Dn Cr2 + 2 ψλ(r)

2 (1 + Cr2)n−2 − Cr2 [1 + (n + 1)Cr2] h(r)

(n + 1) (1 + Cr2)n−2

+ ACr2

(1 + Cr2)n−2 [1 + (n + 1)Cr2]2/(n+1)

]
. (25)

Using Eqs. (24) and (25) together with Eqs. (14)–(16), we
obtain the isotropic pressure and the energy density as,

8 π p̃(r)

C
= [ 1 + (2n + 1)Cr2 ]

(1 + Cr2)

[
A (1 + Cr2)2−n

[1 + (n + 1)Cr2]2/(n+1)

−[1 + (n + 1)Cr2] h(r)

(n + 1) (1 + Cr2)n−2

− Dn

2 (1 + Cr2)n−2

]
+ ψ7(r)

(1 + Cr2)n−1 , (26)

8 π ρ̃(r)

C
=

[
ψ1(r)

(1 + Cr2)n−1 + Dn ψ2(r)

2 (1 + Cr2)n−1

− Aψ3(r)

(1 + Cr2)n−1 ψ4(r)

+ h(r) ψ5(r)

(n + 1) (1 + Cr2)n−1 + 2 ψ6(r)

]
, (27)

where,

ψ1(r) = [ ψ8(r) − (n + 1)] (1 + Cr2)

−2[3 + (3 + 2n − n2)Cr2 ],
ψ2(r) = [3 + Cr2 + 2(3 − n)Cr2],
ψ3(r) = [3 + (6 + n)Cr2 + (3 + 5n − 2n2)C2r4],
ψ4(r) = [1 + (n + 1)Cr2](n+3)/(n+1),

ψ5(r) = [3 + (3n + 12)Cr2 + (9 + 7n − 2n2)C2r4],
ψ6(r) = [1 + (n + 1)Cr2]

(n + 1) (1 + Cr2)n−2

×
∑n−5

i=0

(n − 4 − i) Ai (Cr2)n−4−i

n2 − (i + 2) − (i + 1)
,

ψ7(r) = [(3n + 2) − ψ9(r) + (2n2 + 3n + 1)Cr2],
ψ8(r) =

∑n−2

i=1

(n − 2)! (Cr2)i−1

i ! (n − 2 − i)! ,

ψ9(r) =
∑n−1

i=1

(n − 1)! (Cr2)i−1

i ! (n − 1 − i)! .
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Fig. 1 Behaviour of g(r) vs. radial coordinate r/R with different val-
ues of n for LMC X − 4

On the other hand, we want to obtain the components fac-
tors of θmn by using the set of Eqs. (17)–(19) which involves
one extra unknown function g(r). For this purpose we take a
suitable expression of this unknown function g(r) which has
a form,

g(r) = n Cr2

[
1 + (n + 1)Cr2

]2/(n+1)
. (28)

Clearly, the above election of g(r) respects the physical and
mathematical requirement regarding the behaviour of the
metric potentials inside the stellar configuration, that is: posi-
tive, regular and increasing monotone functions with increas-
ing radius within the compact object. Figure 1 shows the
increasing behaviour of the deformation function g(r) with
increasing radius.

So, by inserting the Eqs. (24) and (28) into Eqs. (17), (18)
and (19) we get the components θmn as,

θrr = −n C

8 π

[1 + (2 n + 1)Cr2]
(1 + Cr2) [ 1 + (n + 1)Cr2 ]2/(n+1)

, (29)

θϕ
ϕ = −n C

8 π

[1 + 3 n Cr2 + (n2 + n − 1)C2r4]
(1 + Cr2)2 [ 1 + (n + 1)Cr2 ]2/(n+1)

(30)

θ tt = −n C

8 π

[3 + (3 n − 1)Cr2]
[1 + (n + 1)Cr2](n+3)/(n+1)

, (31)

Now, the anisotropic solution for the Maurya and Gupta
[113] perfect fluid matter distribution can be described by
the following gravitational potentials,

eν(r) = B (1 + Cr2)n (32)

e−λ(r) =
[

−Dn Cr2 + 2 [1 + (n + 1)Cr2]
2 (1 + Cr2)n−2

−Cr2 [1 + (n + 1)Cr2] h(r)

(n + 1) (1 + Cr2)n−2

+ ACr2

(1 + Cr2)n−2 [1 + (n + 1)Cr2]2/(n+1)

+ n β Cr2

[
1 + (n + 1)Cr2

]2/(n+1)

]
, (33)

Hence, the expression for anisotropic pressures and den-
sity can be given as,

pr (r;β) = p̃(r) + n β C

8 π

× [1 + (2 n + 1)Cr2]
(1 + Cr2) [ 1 + (n + 1)Cr2 ]2/(n+1)

, (34)

pt (r;β) = p̃(r) + n β C

8 π

× [1 + 3 n Cr2 + (n2 + n − 1)C2r4]
(1 + Cr2)2 [ 1 + (n + 1)Cr2 ]2/(n+1)

, (35)

ρ(r;β) = ρ̃(r)

−n β C

8 π

[3 + (3 n − 1)Cr2]
[1 + (1 + n)Cr2](n+3)/(n+1)

, (36)

where the p̃(r) and ρ̃(r) are given by the Eqs. (26) and (27).
Using the Eqs. (29) and (30) the expression of anisotropy
factor, Δ = β (θrr − θ

ϕ
ϕ ), is given as,

Δ(r) = n β C

8 π

[
(n − 2)[1 + (n + 1)Cr2]Cr2

(1 + Cr2)2 [ 1 + (n + 1)Cr2 ]2/(n+1)

]
.

(37)

4 Junction conditions

To fix the values of the constants A, B and C, we need to
ensure that the interior spacetime M− must match smoothly
to the exterior spacetimeM+. In our case, the interior space-
time is given by the deformed metric given by (32)–(33), and
since the exterior spacetime is empty, M+ is taken to be the
Schwarzschild solution [117]

ds2 =
(

1 − 2M

r

)
dt2 −

(
1 − 2M

r

)−1

dr2

−r2
(
dθ2 + sin2 θdφ2

)
. (38)

For this purpose we will use the Israel–Darmois junction con-
ditions [118,119]. These conditions require the continuity of
the metric potentials eν(r) and eλ(r) across the surface Σ of
the compact object defined by r = R (It is known as the first
fundamental form). Then we have,
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Table 1 Physical parameters values of the compact star LMC X − 4 with mass M = 1.29 (M�) and predicted radius R = 8.831 (km), β = 0.4
for different values of n [120]

n CR2 A B C(km−2) zs ρc(gm/cm3) ρs(gm/cm3) pc (dyne/cm2)

5 0.0821 − 3.226607 0.383630 1.05220 × 10−3 0.325485 1.184116 × 1015 7.31372 × 1014 1.53326 × 1035

10 0.039484 4.869278 0.386356 5.06292 × 10−4 0.325612 1.1640 × 1015 7.31716 × 1014 1.40209 × 1035

100 0.003803 1.726698 × 103 0.389332 4.876383 × 10−5 0.325608 1.144028 × 1015 7.299924 × 1014 1.28155 × 1035

1000 0.0003788 1.828379 × 105 0.389658 4.857223 × 10−6 0.3256176 1.1419468 × 1015 7.29756 × 1014 1.269414 × 1035

2000 0.00018936 7.335581 × 105 0.389673 2.428106 × 10−6 0.3256209 1.14184 × 1015 7.297454 × 1014 1.268757 × 1035

3000 0.00012623 1.6521577 × 106 0.3896813 1.618576 × 10−6 0.325619 1.003563 × 1015 6.413928 × 1014 1.114947 × 1035

3486 0.00010863 2.231437 × 106 0.3896813 1.39293 × 10−6 0.3256211 1.14179 × 1015 7.2974 × 1014 1.26847 × 1035

Table 2 Numerical values of physical parameters for the compact stars for different values of n

Compact star M (M�) R (km) n = 5 n = 10 n = 100 n = 1000 n = 2000 n = 3000 n = 3486
CR2 CR2 CR2 CR2 CR2 CR2 CR2

LMC X − 4 1.29 8.831 0.0821 0.039484 0.003803 0.0003788 0.00018936 0.00012623 0.00010863

4U 1538 − 52 0.87 7.866 0.050947 0.024851 0.002428 0.00024221 0.00012109 0.00008072 0.00006946

SAX J1808.4-3658 0.9 7.951 0.052837 0.02575 0.0025137 0.0002507 0.00012535 0.00008356 0.00007191

eν(R) = 1 − 2M

R
, (39)

e−λ(R) = 1 − 2M

R
. (40)

On the other hand the effective radial pressure (34) vanishes
at the surface star (r = R), consequently

pr (R;β) = (
p̃ − βθrr

)
(R) = 0. (41)

The above expression corresponds to the second fundamental
form [Gμνxν]Σ = 0, where xν is a unit vector projected
in the radial direction. Then the condition pr (R;β) = 0
provides,

A = [1 + (n + 1)CR2 ] 2
(n+1)

[ [1 + (n + 1)CR2] H(R)

(n + 1)

− Ψ7(R)

[ 1 + (2n + 1)CR2 ]
]

+ Dn

2
[1 + (n + 1)CR2 ] 2

(n+1)

−n β (1 + CR2)n−2, (42)

and the condition e−λ(R) = 1 − 2M
R leads to

M = R

2

[
1 + Dn CR2 − 2 [ 1 + (n + 1)CR2 ]

2 (1 + CR2)n−2

+CR2 [ 1 + (n + 1)CR2 ] H(R)

(n + 1) (1 + CR2)n−2

−[ A (1 + CR2)2−n + n β ]Cr2

[1 + (n + 1)CR2]2/(n+1)

]
, (43)

while the condition e−λ(R) = eν(R) yields

B =
[−Dn CR2 + 2 [1 + (n + 1)CR2]

2 (1 + CR2)2n−2

−CR2 [1 + (n + 1)CR2] H(R)

(n + 1) (1 + CR2)2n−2

+ [ A (1 + CR2)2−2n + n β ]Cr2

[1 + (n + 1)CR2]2/(n+1)

]
. (44)

So, Eqs. (42)–(44) are the necessary conditions in order to
obtain the constant parameters. In addition, we have used the
mass M and the radius R established on the obtained data for
the strange star candidate LMC X − 4 [120]. In Table 1 are
displaying the values of the constant parameters A, B and C
for different n. Table 2 shows the same parameters to another
two strange candidates 4U 1538-52 and SAX J1808.4-3658

5 Physical analysis

5.1 Regularity

A physically acceptable solution of Einstein field equations,
must be free of physical and geometrical singularities i.e the
metric potentials must be regular from the center to the sur-
face of the stellar configuration. So, from Eqs. (32) and (33)
we can easily check that eλ and eν are completely regular, in
fact

eλ(r)|r=0 = 1, eν(r)|r=0 = B. (45)
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Fig. 2 Behaviour of gravitational potentials eν(r) and eλ(r) vs. radial
coordinate r/R with different values of n for LMC X − 4

We can see from Eq. (45) that the constant parameter B must
be positive. The features of the metric potentials are shown in
Fig. 2. The profiles show that metric coefficients are regular
and monotonic increasing functions of r inside the stellar
interior.

On the other hand, we check the behavior of effective
physical parameters ρ(r), pr (r) and pt (r) within the stel-
lar configuration. All these parameters must be positive and
monotonically decreasing as they tends to the boundary of
compact object. The maximum values of above parameters
must be attain at center of the star r = 0. The values of Eqs.
(33)–(34) at the center r = 0 are given as,

ρ0 = C

8 π

[
3 An−4

(n + 1) (n + 3)

+3 an−3

2
+ (3 n − 6) − 3 A − 3 n β

]
, (46)

pr0 = pt0 = C

8 π

[ −An−4

(n + 1) (n + 3)

− an−3

2
+ (n + 2) + A + n β

]
. (47)

Fig. 3 Behaviour of radial pressure pr (r) and tangential pressure pt (r)
vs. radial coordinate r/R with different values of n for LMC X − 4

Since pr0 and pt0 are positive then from Eq. (47) we
obtain,

[
An−4

(n + 1) (n + 3)
+ an−3

2
− (n + 2) − n β

]
< A. (48)

Moreover, the solution should satisfy Zeldovich’s condi-
tion [121] at the interior of the star i.e. pr

ρ
much be ≤ 1 at

the center which give,

A ≤
[

An−4

(n + 1) (n + 3)
+ an−3

2
− (n − 4)

2
− n β

]
. (49)

From the inequality (48) and (49) we get,
[

An−4

(n + 1) (n + 3)
+ an−3

2
− (n + 2) − n β

]

< A ≤
[

An−4

(n + 1) (n + 3)
+ an−3

2
+ (n − 4)

2
− n β

]
.

(50)

Figures 3 and 4 shows that all the above observables are
well behaved inside the compact configuration. It is remark-
able, that the present model exhibits a positive anisotropy fac-
tor Δ, thus the object is subject to a repulsive force that coun-
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Fig. 4 Behaviour of energy density ρ(r) (top) and pressure anisotropy
Δ (bottom) vs. radial coordinate r/R with different values of n for
LMC X − 4

terbalances the gravitational gradient. Therefore, we have
more compact and massive structures [52]. Figure 4 (bottom)
shows the behaviour of the anisotropy factor Δ. It is null at
r = 0, because at the center the effective radial and transverse
pressures are the same. Moreover, as the radius increases
the values of these quantities drift apart, and therefore the
anisotropy increases toward the surface of the object. Table
1 reports values corresponding to central and surface density,
also the radial pressure is reported at the center of the star
(we use the following notations in Table 1: sufarce redshift =
zs , central density = ρc, surface density = ρs , central = pc).

5.2 Causality condition

For an acceptable anisotropic solution of Einstein field equa-
tions via gravitational decoupling, the causality condition
must satisfies inside the compact object i.e both the radial vr
and tangential vt sound speeds are less than the speed of light
c (in relativistic geometrized units the speed of light becomes
c = 1 ) i.e. the square of both radial (v2

r ) and tangential (v2
t )

speed of sounds should lie within interval [0, 1], which can

Fig. 5 Behaviour of radial velocity (v2
r ) and tangential velocity (v2

t )
vs. radial coordinate r/R with different values of n for LMC X − 4

be defined as,

v2
r (r) = dpr (r;β)

dρ(r;β)
≤ 1 (51)

v2
t (r) = dpr (r;β)

dρ(r;β)
. ≤ 1 (52)

Figure 5 shows that the model fulfills both (51) and (52). Then
the causality is preserved inside the star. From this figure it is
also observed that the speed of sounds are decreasing towards
the boundary of compact object. This decreasing feature of
sound speed shows that our solution is well behaved [114]

5.3 Energy condition

Within the framework of general relativity, models represent-
ing anisotropic fluids spheres must satisfy the energy condi-
tions. There often exists a linear relationship between energy
density and pressure of the matter obeying certain restric-
tions. For this purpose we examine (i) the null energy con-
dition (NEC), (ii) weak energy condition (WEC), (iii) strong
energy condition (SEC) and (iv) dominant energy conditions
(DEC). More precisely, we have the following proposition:

123



85 Page 8 of 14 Eur. Phys. J. C (2019) 79 :85

Fig. 6 Behaviour of energy conditions vs. radial coordinate r/R with different values of n for LMC X − 4

[122,123],

(i) NEC : ρ(r;β) ≥ 0, (53)

(ii) SEC : ρ(r;β) + pr (r;β) + 2 pt (r;β) ≥ 0, (54)

(iii) WEC : ρ(r;β) + pr (r;β) ≥ 0, ρ(r;β)

+pt (r;β) ≥ 0, (55)

(iv) DEC : ρ(r;β) − pr (r;β) ≥ 0, ρ(r;β)

−pt (r;β) ≥ 0, (56)

The above inequalities should be satisfy inside the aniso-
tropic compact star, implying that the energy momentum ten-
sor is positive everywhere within the configuration. However,
violations of the energy conditions have sometimes been pre-
sented as only being produced by unphysical stress energy
tensors. Usually SEC is used as a fundamental guide will be
extremely idealistic as SEC is violated in many cases, e.g.
minimally coupled scalar field and curvature-coupled scalar
field theories. On the other hand, SEC violation may or may
not imply the violation of the more basic energy condition i.e.
null energy condition and weak energy condition. Fortunately
in our model all the energy conditions are well behaved, it is
shown in Fig. 6, therefore the model has a positive and well
behaved energy-momentum tensor.

5.4 Effective mass-radius ratio and redshift

In the study of static perfect fluid distribution for spherically
symmetric line element, the upper limit of the mass-radius
ratio must must satisfy the inequality M

R < 4
9 (where the units

G = c = 1) [124]. However, this limit will be more general

if the matter is anisotropic in nature [125]. This mass-radius
ratio can be obtained through the effective mass which can
be defined as [63],

Mef f = 4 π

∫ R

0
ρ(r)r2 dr = R

2

[
1 − e−λ(R)

]
. (57)

The explicit form of effective mass can be written as,

Mef f = R

2

[
1 + Dn CR2 − 2 [ 1 + (n + 1)CR2 ]

2 (1 + CR2)n−2

+CR2 [ 1 + (n + 1)CR2 ] H(R)

(n + 1) (1 + CR2)n−2

−[ A (1 + CR2)2−n + n β ]Cr2

[1 + (n + 1)CR2]2/(n+1)

]
. (58)

Then the compactness factor
(
u = Mef f

R

)
becomes,

u = 1

2

[
1 + Dn CR2 − 2 [ 1 + (n + 1)CR2 ]

2 (1 + CR2)n−2

+CR2 [ 1 + (n + 1)CR2 ] H(R)

(n + 1) (1 + CR2)n−2

−[ A (1 + CR2)2−n + n β ]Cr2

[1 + (n + 1)CR2]2/(n+1)

]
. (59)
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Fig. 7 Behaviour of surface redshift (Zs ) vs. radial coordinate r/R
with different values of n for LMC X − 4

The surface redshift can be obtained from the compactness
u, which is given by (59)

Zs =
√
e−λ(R) − 1 = 1 − √

1 − 2u√
1 − 2u

. (60)

From the observational point of view, the surface gravita-
tional redshift is an important ingredient, because it relates
the mass M and the radius R of the astrophysical objects. As,
was pointed out by Bowers and Liang [37] in the case of ultra
dense object containing anisotropies, the surface redshift Zs

can be larger than its isotropic counterpart.

5.5 Equilibrium condition

Tolman–Oppenheimer–Volkoff (TOV) [126,127] equation
defines the equilibrium condition of the system. In the present
situation the equilibrium of the anisotropic fluid models can
be expressed by three different forces. These forces are grav-
itational force Fg , hydrostatic force Fh and the anisotropic
repulsive force Fa . The anisotropic repulsive force Fa lies
in the system due to presence of a positive anisotropy factor
Δ. It is fact that the gravitational force Fg is counterbal-
anced by joint action of the hydrostatic force Fh and the
anisotropic repulsive force Fa . Consequently, in distinction
with the isotropic case where Δ = 0 the existence of point
singularities due to a violent gravitational collapse, may be
avoided. This is because, the equilibrium of the system is
improved by the introduction of anisotropies inside the com-
pact object.

Then the Tolman–Oppenheimer–Volkoff equation for an
anisotropic matter distribution describing the equilibrium
condition is given by

− ν′

2
[ ρ(r;β) + pr (r;β) ] − dpr (r;β)

dr
+ 2 Δ

r
= 0, (61)

Now the explicit form these forces can be written as,

Fg = − ν′

2
[ ρ(r;β) + pr (r; β) ]

= − 2 B n Cr

(1 + Cr2)

[
ρ̃(r) + p̃(r)

+ 2C n β

8 π

[−1 + (1 + n2)C2r4]
(1 + Cr2) [1 + (n + 1)Cr2](n+3)/(n+1)

]
, (62)

Fh = −dpr (r; β)

dr

= −d p̃(r)

dr

− 4n β C2r [−n2 Cr2 + (1 + Cr2)2 + n (−1 + Cr2 + 2C2r4)]
8 π (1 + Cr2)2 [1 + (n + 1)Cr2](n+3)/(n+1)

,

(63)

Fa = 2 Δ

r

= 2 n β C2r

8 π

[
(n − 2)[1 + (n + 1)Cr2]

(1 + Cr2)2 [ 1 + (n + 1)Cr2 ]2/(n+1)

]
, (64)

where, ρ̃(r), p̃(r) and d ˜p(r)
dr can be obtained from Eqs. (27)

and (26).
Figure 8 displays the TOV equation, showing the equi-

librium of the system under the three foregoing mentioned
forces. Although the anisotropic force is small in compari-
son with the hydrostatic and gravitational forces, its presence
considerably helps the balance of the system.

5.6 Stability conditions

5.6.1 Adiabatic index

Another significant features of the anisotropic fluid models
is known as stability condition. In order to verify the stability
of the present model we have to analyze adiabatic index Γ

within the anisotropic compact object. It is well known that
the average adiabatic index Γ is greater than 4/3 for a stable
Newtonian isotropic fluid spheres and the collapsing condi-
tion correspond to Γ ≤ 4

3 . On the other hand, for isotropic
fluid model, Knutsen [128] has shown analytically that the
ratio of pressure and energy density monotonically decreases
outwards corresponds to Γ ≥ 1, which implies that the tem-
perature distribution is decreasing outwards. According to
Herrera and his collaborators [48,50] the collapsing condi-
tion corresponding to Γ for anisotropic fluid spheres is given
by

Γ <
4

3
+ 4

3

[
2π

ρ0 pr0∣∣p′
r0

∣∣ r + (pt0 − pr0)∣∣p′
r0

∣∣ r

]
, (65)

where, pt0, pr0, and ρ0 are the initial tangential, radial, and
energy density in static equilibrium stage which satisfies (61).
The first term inside the brackets represents relativistic cor-
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Fig. 8 Behaviour of different forces Fg , Fh and Fa vs. radial coordinate r/R with different values of n for LMC X − 4

rections to the Newtonian perfect fluid and the second term is
anisotropic corrections. From Eq. (65) we observe that for a
non-relativistic matter distribution by taking radial pressure
pr is equal to tangential pressure pt i.e Δ = 0 which implies
that the second term of the brackets vanishes and we achieve
the collapsing Newtonian limit Γ < 4/3 [129]. Heintzmann
and Hillebrandt [38] also proposed that a relativistic com-
pact star with an anisotropic equation of state in presence of
positive and increasing anisotropy factor Δ = pt − pr > 0
is stable for Γ > 4/3. Since the positive anisotropic fac-
tor may slow down the growth of instability which implies
that the gravitational collapse occurs in the radial direction.
Therefore, it is enough to study about adiabatic index only
in radial direction which is given by

Γr =
(
pr + ρ

pr

)
dpr
dρ

. (66)

We can see from Fig. 9 the monotonically increasing
behaviour of the adiabatic index. Moreover, it is in com-
plete agreement with the condition Γr > 4/3, for compact
object described by an anisotropic matter distribution. This
fact shows that our model is stable.

Fig. 9 Variation of adiabatic index (Γr ) vs. radial coordinate r/R with
different values of n for LMC X − 4

5.6.2 Herrera and Abreu’s criterion

Another way to check if the system is stable, is through the
study of the subliminal sound speeds within the stellar con-
figuration. For this purpose we use the well known Abreu’s
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Fig. 10 Variation of velocity difference (v2
t − v2

r ) and (v2
r − v2

t ) vs.
radial coordinate r/R with different values of n for LMC X − 4

criterion [68] (known as revised Herrera cracking concept
[49]), which basically consists in explore the influence of
density fluctuations and local anisotropy have on the stabil-
ity of local and non-local anisotropic matter configurations.
So, this criterion establishes,

−1 ≤ v2
t − v2

r ≤ 1

=
{

−1 ≤ v2
t − v2

r ≤ 0 Potentially stable

0 < v2
t − v2

r ≤ 1 Potentially unstable
(67)

It means that the system is stable if the square of the radial
sound speed is greater than the square of the tangential sound
speed everywhere inside the star, then there is no change in
sign −1 ≤ v2

t − v2
r ≤ 0 or equivalently the stability factor

|v2
t − v2

r | lies between 0 and 1. We can observe from Fig.
5 that the square of the radial sound speed is always greater
than the square of tangential sound speed and from Fig. 10
that there is no change in sign −1 ≤ v2

t − v2
r ≤ 0, then the

present model is completely stable.

Fig. 11 Variation of n C vs. the integer values of n for LMC X − 4

6 Behaviour of solution at very large value of n

In this article we have calculated our results upto n = 3486
due to computational limit. Since n is a positive integer so
we wish to know that what will happen if n is very large
i.e. tends to infinity. For this purpose we have plotted the
graph of n C verses n which is shown in Fig. 11. From this
figure it may observe an important result that the value of n C
becomes approximately constant, say n C = K when n ≥
500. This result will help us to write the expressions of our
metric functions (eν(r) and eλ(r)) and deformation function
g(r) which will take the following form,

eν(r) = B eK r2
(68)

eλ(r) = 1 + K r2

eK r2/2

[
D − 1

2 e
Ei

(
1 + Cr2

2

)]

+β K r2 (69)

g(r) = β K r2, (70)

where:

Ei

(
1 + Cr2

2

)
= ln

(
1 + Cr2

2

) ∞∑
n=1

(
1 + Cr2

2

)

n! n .

The above Eqs. (68)–(70) can provide the behavior of the
solution at very large value of n.

On the other hand, for sufficiently large values of n, the
curves describing the observables such as radial and tangen-
tial pressure, energy density, redshift and other quantities as
the anisotropy factor, energy conditions, subliminal sound
speeds and adiabatic index tend to merge. This fact can be
noticed from Figs. 3, 4, 5, 6, 7 and 9.

7 Concluding remarks

We have obtained an anisotropic extension of the Maurya-
Gupta isotropic model [113] to Einstein field equations.
To achieve it, we have employed the gravitational decou-
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pling through the minimal geometric deformation approach,
imposing an adequate form of the function g(r) in order to
ensure the regularity of the metric potentials and all the physi-
cal parameters of the system within the stellar configuration.
Once again, the minimal geometric deformation approach
showed its versatility in this context, taking us an admissi-
ble solution to Einstein field equations. It is reflected in the
graphical analysis, where from Figs. 2, 3 and 4 it is observed
that the model is free from physical and geometrical singular-
ities, moreover all the thermodynamic observables are finite,
positive and monotone decreasing functions inside the star,
and all of them attain their maximum value at the center of
the compact object. Respect to the anisotropy factor (bottom
panel Fig. 4), the system experiences a positive one, this is so
because pt > pr everywhere within the star and as they get
closer to the surface, they turn away. On the other hand, Fig.
5 shows that system is completely agree with causality i.e the
subliminal radial and tangential sound speeds are less than the
speed of light everywhere within the star, furthermore all the
energy conditions are satisfied, it means that the model has a
positive and well behaved energy-momentum tensor, as can
be seen in Fig. 6. Respect to the equilibrium and the stability
of the model, Fig. 8 shows that the object is in complete equi-
librium under three different forces, the gravitational Fg , the
anisotropic Fa and the hydrostatic Fh force. Due to the fact
that our model presents a positive anisotropy factor i.e Δ > 0,
the anisotropic force Fa counterbalances the gravitational
gradient, it helps to the system avoids the collapse to a point
singularity during the gravitational collapse. In addition, a
positive anisotropy factor not only enhances the equilibrium
of the system also improves the stability. It is appreciate in
Fig. 9 that the relativistic adiabatic index Γr is greater than
4/3 and is also increasing monotonically outward, it means
that the system is stable. Finally, it is observed in Fig. 10
that the Abreu’s criteria is satisfied, this is so because the
radial sound speed v2

r is always greater than the transverse
sound speed v2

t everywhere within the star, besides there is
no change in sign v2

t − v2
r and stability factor |v2

t − v2
r | lies

between 0 and 1. Standing out that when n is large enough,
the graphical analysis of many of these quantities shows that
curves tend to merge. This happens because to n ≥ 500 the
quantity n C remains constant.

On the other hand, in this work only radial deformations
was reported, it may be interesting in a future work consider
also temporal deformations. In addition, our model is repre-
senting the strange star candidates. LMC X-4, 4U 1538-52,
SAX J1808.4-3658 where it is appreciated that all the numer-
ical values of LMC X-4 presented in Table 1 for different
values of n, associated with the central and surface density,
central pressure and surface gravitational redshift are within
the established ranges to describe ultra dense objects.

At this stage it is worth mentioning that despite its sim-
plicity, gravitational decoupling by minimal geometric defor-

mation, has proven to be a powerful tool in order to address
the study that contemplate spherical and static configura-
tions described by an anisotropic matter distributions within
the framework of general relativity. Moreover, there is still
much to be explored within this context and of course this
novel method could provide clarifying and intriguing results.

Acknowledgements S. K. Maurya acknowledge continuous support
and encouragement from the administration of University of Nizwa.
F. Tello-Ortiz thanks the financial support of the project ANT-1756
at the Universidad de Antofagasta, Chile. The authors are grateful to
the honorable Editors and referees for several pertinent suggestions
which have enabled us to revise the manuscript substantially to meet
the standard of the esteemed journal.

DataAvailability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: This is a theoretical
paper and this manuscript has non associated data. All the required
theoretical data and the figures are already provided by the author.]

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. J. Ovalle, Mod. Phys. Lett. A 23, 3247 (2008)
2. J. Ovalle, Braneworld stars: anisotropy minimally projected

onto the brane, in Gravitation and Astrophysics (ICGA9), ed.
by J. Luo (World Scientific, Singapore, 2010), pp. 173–182.
arXiv:0909.0531v2 [gr-qc]

3. J. Ovalle, F. Linares, Phys. Rev. D 88(10), 104026 (2013)
4. J. Ovalle, F. Linares, A. Pasqua, A. Sotomayor, Class. Quantum

Grav. 30, 175019 (2013)
5. R. Casadio, J. Ovalle, R. da Rocha, Class. Quantum Grav. 30,

175019 (2014)
6. J. Ovalle, L.A. Gergely, R. Casadio, Class. Quantum Grav. 32,

045015 (2015)
7. R. Casadio, J. Ovalle, R. da Rocha, Europhys. Lett. 110, 40003

(2015)
8. R. Casadio, J. Ovalle, R. da Rocha, Class. Quantum Grav. 32,

215020 (2015)
9. J. Ovalle, Int. J. Mod. Phys. Conf. Ser. 41, 1660132 (2016)

10. J. Ovalle, R. Casadio, A. Sotomayor, Adv. High Energy Phys.
2017, 9 (2017)

11. J. Ovalle, Phys. Rev. D 95, 104019 (2017)
12. J. Ovalle, R. Casadio, R. da Rocha, A. Sotomayor, Eur. Phys. J.

C 78, 122 (2018)
13. E. Morales, F. Tello-Ortiz, Eur. Phys. J. C 78, 841 (2018)
14. M. Estrada, F. Tello-Ortiz, Eur. Phys. J. Plus 133, 453 (2018)
15. L. Gabbanelli, A. Rincón, C. Rubio, Eur. Phys. J. C 78, 370 (2018)
16. C. Las Heras, P. León, Fortsch. Phys. 66, 1800036 (2018)
17. A.R. Graterol, Eur. Phys. J. Plus 133, 244 (2018)
18. E. Morales, F. Tello-Ortiz, Eur. Phys. J. C 78, 618 (2018)
19. M. Sharif, S. Sadiq, Eur. Phys. J. C 78, 122 (2018)
20. J. Ovalle, R. Casadio, R. da Rocha, A. Sotomayor, Z. Stuchlik,

Eur. Phys. J. C 78, 960 (2018)
21. E. Contreras, P. Bargueño, Eur. Phys. J. C 78, 558 (2018)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/0909.0531v2


Eur. Phys. J. C (2019) 79 :85 Page 13 of 14 85

22. E. Contreras, P. Bargueño, (2018). arXiv:1809.09820v2 [gr-qc]
23. G. Panotopoulos, A. Rincón, Eur. Phys. J. C 78, 851 (2018)
24. J. Ovalle, R. Casadio, R. Da Rocha, A. Sotomayor, Z. Stuchlik,

EPL 124, 20004 (2018)
25. M. Estrada, R. Prado, (2018). arXiv:1809.03591 [gr-qc]
26. L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999)
27. L. Randall, R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999)
28. M. Sharif, S. Sadiq, Eur. Phys. J. Plus 133, 245 (2018)
29. R. Ruderman, Ann. Rev. Astron. Astrophys. 10, 427 (1972)
30. V. Canuto, Annu. Rev. Astron. Astrophys. 12, 167 (1974)
31. V. Canuto, Annu. Rev. Astron. Astrophys. 13, 335 (1975)
32. V. Canuto, Ann. N. Y. Acad. Sci. USA 302, 514 (1977)
33. V. Canuto, M. Chitre, Phys. Rev. Lett. 30, 999 (1973)
34. V. Canuto, S.M. Chitre, Phys. Rev. D 9, 1587 (1974)
35. V. Canuto, J. Lodenquai, Phys. Rev. D 11, 233 (1975)
36. V. Canuto, J. Lodenquai, Phys. Rev. C 12, 2033 (1975)
37. R.L. Bowers, E.P.T. Liang, Astrophys. J. 188, 657 (1974)
38. H. Heintzmann, W. Hillebrandt, Astron. Astrophys. 38, 51 (1975)
39. M. Cosenza, L. Herrera, M. Esculpi, L. Witten, J. Math. Phys. 22,

118 (1981)
40. M. Cosenza, L. Herrera, M. Esculpi, L. Witten, Phys. Rev. D 25,

2527 (1982)
41. S.S. Bayin, Phys. Rev. D 26, 1262 (1982)
42. K.D. Krori, P. Borgohaiann, R. Devi, Can. J. Phys. 62, 239 (1984)
43. L. Herrera, J. Ponce de León, J. Math. Phys. 26, 2302 (1985)
44. J. Ponce de León, Gen. Relativ. Gravit. 19, 797 (1987)
45. J. Ponce de León, J. Math. Phys. 28, 1114 (1987)
46. R. Chan, S. Kichenassamy, G. Le Denmat, N.O. Santos, Mon.

Not. R. Astron. Soc. 239, 91 (1989)
47. H. Bondi, Mon. Not. R. Astron. Soc. 259, 365 (1992)
48. R. Chan, L. Herrera, N.O. Santos, Class. Quantum Gravit. 9, 133

(1992)
49. L. Herrera, Phys. Lett. A 165, 206 (1992)
50. R. Chan, L. Herrera, N.O. Santos, Mon. Not. R. Astron. Soc. 265,

533 (1993)
51. A. Di Prisco, E. Fuenmayor, L. Herrera, V. Varela, Phys. Lett. A

195, 23 (1994)
52. M.K. Gokhroo, A.L. Mehra, Gen. Relativ. Gravit. 26, 75 (1994)
53. L. Herrera, N.O. Santos, Phys. Rep. 286, 53 (1997)
54. A. Di Prisco, L. Herrera, V. Varela, Gen. Relativ. Gravit. 29, 1239

(1997)
55. L. Herrera, A.D. Prisco, J. Ospino, E. Fuenmayor, J. Math. Phys.

42, 2129 (2001)
56. L. Herrera, J. Ospino, A.D. Prisco, Phys. Rev. D77, 027502 (2008)
57. K. Dev, M. Gleiser, Gen. Relativ. Gravit. 34, 1793 (2002)
58. K. Dev, M. Gleiser, Gen. Relativ. Gravit. 35, 1435 (2003)
59. K. Dev, M. Gleiser, Int. J. Mod. Phys. D 13, 1389 (2004)
60. B.V. Ivanov, Phys. Rev. D 65, 104011 (2002)
61. M.K. Mak, T. Harko, Chin. J. Astron. Astrophys. 2, 248 (2002)
62. M.K. Mak, P.N. Dobson, T. Harko, Int. J. Mod. Phys. D 11, 207

(2002)
63. M.K. Mak, T. Harko, Proc. R. Soc. Lond. A 459, 393 (2003)
64. F.E. Schunck, E.W. Mielke, Class. Quantum Gravit. 20, 301

(2003)
65. S. Ray, A.L. Espíndola, M. Malheiro, J.P.S. Lemos, V.T. Zanchin,

Phys. Rev. D 68, 084004 (2003)
66. V.V. Usov, Phys. Rev. D 70, 067301 (2004)
67. B.B. Siffert, J.R. de Mello, M.O. Calvao, Braz. J. Phys. 37, 2B

(2007)
68. H. Abreu, H. Hernández, L.A. Núñez, Calss. Quantum. Grav. 24,

4631 (2007)
69. S. Viaggiu, Int. J. Mod. Phys. D 18, 275 (2009)
70. R.P. Negreiros, F. Weber, M. Malheiro, V. Usov, Phys. Rev. D 80,

083006 (2009)
71. B.V. Ivanov, Int. J. Theor. Phys. 49, 1236 (2010)

72. V. Varela, F. Rahaman, S. Ray, K. Chakraborty, M. Kalam, Phys.
Rev. D 82, 044052 (2010)

73. F. Rahaman, S. Ray, A.K. Jafry, K. Chakraborty, Phys. Rev. D 82,
104055 (2010)

74. F. Rahaman, P.K.F. Kuhfittig, M. Kalam, A.A. Usmani, S. Ray,
Class. Quantum Gravit. 28, 155021 (2011)

75. Y.K. Gupta, J. Kumar, Astrophys. Space Sci. 336, 419 (2011)
76. M. Kalam, F. Rahaman, S. Ray, S.M. Hossein, I. Karar, J. Naskar,

Eur. Phys. J. C 72, 2248 (2012)
77. F. Rahaman, R. Maulick, A.K. Yadav, S. Ray, R. Sharma, Gen.

Relativ. Gravit. 44, 107 (2012)
78. M.H. Murad, S. Fatema, Int. J. Theor. Phys. 52, 4342 (2013)
79. S.K. Maurya, Y.K. Gupta, Astrophys. Space Sci. 344, 243 (2013)
80. D. Deb, S.R. Chowdhury, S. Ray, F. Rahaman, (2015).

arXiv:1509.00401v2 [gr-qc]
81. S.K. Maurya, Y.K. Gupta, S. Ray, B. Dayanandan, Eur. Phys. J.

C 75, 225 (2015)
82. S.D. Maharaj, D.K. Matondo, P.M. Takisa, Int. J. Mod. Phys. D

26, 1750014 (2016)
83. M.H. Murad, Astrophys. Space Sci. 20, 361 (2016)
84. D. Shee, F. Rahaman, B.K. Guha, S. Ray, Astrophys. Space Sci.

361, 167 (2016)
85. H. Panahi, R. Monadi, I. Eghdami, Chin. Phys. Lett. 33, 072601

(2016)
86. S.K. Maurya, Y.K. Gupta, S. Ray, D. Deb, Eur. Phys. J. C 76, 693

(2016)
87. S.K. Maurya, Y.K. Gupta, B. Dayanandan, S. Ray, Eur. Phys. J.

C 76, 266 (2016)
88. S.K. Maurya, Y.K. Gupta, T.T. Smitha, F. Rahaman, Eur. Phys. J.

A 52, 191 (2016)
89. K.N. Singh, N. Pant, Eur. Phys. J. C 76, 524 (2016)
90. K.N. Singh et al., Ind. J. Phys. 90, 1215 (2016)
91. S.K. Maurya, Y.K. Gupta, B. Dayanandan, M.K. Jasim, A. Al-

Jamel, Int. J. Mod. Phys. D 26, 1750002 (2017)
92. S.K. Maurya, Y.K. Gupta, S. Ray, Eur. Phys. J. C 77, 360 (2017)
93. D. Deb, S.R. Chowdhury, S. Ray, F. Rahaman, B.K. Guha, Ann.

Phys. 387, 239 (2017)
94. S.K. Maurya, M. Govender, Eur. Phys. J. C 77, 420 (2017)
95. S.K. Maurya, S.D. Maharaj, Eur. Phys. J. C 77, 328 (2017)
96. S.K. Maurya, B.S. Ratanpal, M. Govender, Ann. Phys. 382, 36

(2017)
97. S.K. Maurya, Y.K. Gupta, F. Rahaman, M. Rahaman, A. Banerjee,

Ann. Phys. 385, 532 (2017)
98. P. Bhar, K.N. Singh, N. Sakar, F. Rahaman, Eur. Phys. J. C 77,

596 (2017)
99. K.N. Singh, N. Pradhan, N. Pant, Pramana-J. Phys. 89, 23 (2017)

100. K.N. Singh, N. Pant, O. Troconis, Ann. Phys. 377, 256 (2017)
101. K.N. Singh, M.H. Murad, N. Pant, Eur. Phys. J. A 53, 21 (2017)
102. K.N. Singh, N. Pant, M. Govender, Chin. Phys. C 41, 015103

(2017)
103. K.N. Pant, K.N. Singh, N. Pradhan, Indian J. Phys. 91, 343 (2017)
104. M.K. Jasim, D. Deb, S. Ray, Y.K. Gupta, S.R. Chowdhury, Eur.

Phys. J. C 78, 603 (2018)
105. K. Matondo, S.D. Maharaj, S. Ray, Eur. Phys. J. C 78, 437 (2018)
106. D. Deb, M. Khlopov, F. Rahaman, §. Ray, B.K. Guha, Eur. Phys.

J. C 18, 465 (2018)
107. S.K. Maurya, S.D. Maharaj, Eur. Phys. J. A 54, 68 (2018)
108. M.H. Murad, Eur. Phys. J. C 78, 285 (2018)
109. S.K. Maurya, A. Banerjee, S. Hansraj, Phys. Rev. D 97, 044022

(2018)
110. R.K. Kippenhahm, A. Weigert, Stellar Structure and Evolution

(Springer, Berlin, 1990), p. 384
111. R.F. Sawyer, Phys. Rev. Lett. 29, 382 (1972)
112. A.I. Sokolov, JETP 79, 1137 (1980)
113. S.K. Maurya, Y.K. Gupta, Astrophys. Space Sci. 334, 145 (2011)

123

http://arxiv.org/abs/1809.09820v2
http://arxiv.org/abs/1809.03591
http://arxiv.org/abs/1509.00401v2


85 Page 14 of 14 Eur. Phys. J. C (2019) 79 :85

114. M.S.R. Delgaty, K. Lake, Comput. Phys. Commun. 115, 395
(1998)

115. H. Stephani, D. Kramer, M. Maccallum, C. Hoenselaers, E. Helrt,
Exact Solutions of Einstein Field Equations, 2nd edn. (Cambridge
Monographs on Mathematical Physics, Cambridge, 2003)

116. M.C. Durgapal, J. Phys. A 15, 2637 (1982)
117. K. Schwarzschild, Sitz. Deut. Akad. Wiss. Berlin, Kl. Math. Phys.

24, 424 (1916)
118. W. Israel, Nuovo Cim. B 44, 1 (1966)
119. G. Darmois, Mémorial des Sciences Mathematiques (Fasc.

Gauthier-Villars, Paris, 1927)
120. T. Gangopadhyay, S. Ray, X.D. Li, J. Dey, M. Dey, Mon. Not. R.

Astron. Soc. 431, 3216 (2013)

121. Y.B. Zeldovich, Zh. Eksp. Teor. Fiz. 4l, 1609 (1961)
122. J. Ponce de León, Gen. Relat. Gravit. 25, 1123 (1993)
123. M. Visser, Lorentzian Wormholes (Springer, Berlin, 1996)
124. H.A. Buchdahl, Phys. Rev. D 116, 1027 (1959)
125. H. Andreasson, J. Differ. Equations 245, 2243 (2008)
126. R.C. Tolman, Phys. Rev. 55, 364 (1939)
127. J.R. Oppenheimer, G.M. Volkoff, Phys. Rev. 55, 374 (1939)
128. H. Knutsen, Mon. Not. R. Astron. Soc. 232, 163 (1988)
129. H. Bondi, Mon. Not. R. Astron. Soc. 281, 39 (1964)

123


	Generalized relativistic anisotropic compact star models by gravitational decoupling
	Abstract 
	1 Introduction
	2 Mathematical structure of Einstein equations for gravitational decoupling
	3 Generalized anisotropic models for gravtational decoupling
	4 Junction conditions
	5 Physical analysis
	5.1 Regularity
	5.2 Causality condition
	5.3 Energy condition
	5.4 Effective mass-radius ratio and redshift
	5.5 Equilibrium condition 
	5.6 Stability conditions
	5.6.1 Adiabatic index
	5.6.2 Herrera and Abreu's criterion


	6 Behaviour of solution at very large value of n
	7 Concluding remarks
	Acknowledgements
	References




