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Abstract

In this article, a well-known anisotropic solution, the Tolman—Finch—Skea (TFS) solution, is
studied using the gravitational decoupling approach within the framework of 4D Einstein—
Gauss—Bonnet (EGB) gravity. The radial metric potential is modified linearly through the
minimal geometric deformation approach, while the temporal component of the metric remains
unchanged. The system of EGB field equations is decomposed into two distinct sets of field
equations: one corresponding to the standard energy-momentum tensor and the other associated
with an external gravitational source. The first system is solved using the aforementioned known
solution, while the second is closed by imposing the mimic constraint on pressure. Moreover, the
junction conditions at the inner and outer surfaces of the stellar object are examined, considering

the Boulware—Deser 4D space-time as the external geometry. The physical properties of the
stellar model are analyzed using parameters such as energy conditions, causality conditions,

compactness, and redshift.

Keywords: Einstein—Gauss—Bonnet gravity, stellar model, Tolman—Finch—Skea solution,

gravitational decoupling
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1. Introduction

In recent years, numerous modified gravitational theories
have been presented to address various shortcomings of
Einstein's General Relativity and to provide a more compre-
hensive understanding of the observed Universe. In particular,
higher curvature gravity theories have emerged as effective
tools for this purpose. These higher-order modifications to the
Einstein-Hilbert action lead to the quantization of the field
when studied in curved space-time [1]. Due to this attractive
feature, many gravity theories involving higher-order

* Author to whom any correspondence should be addressed.

0253-6102/25,/065401+16$33.00

derivative curvature terms have been developed in recent
years. Among such theories, Lovelock gravity occupies a
prominent place. Originally proposed by Lanczos [2], Love-
lock [3, 4] further explored this subset of higher curvature
gravity theories in the 1970s. One of the appealing features of
Lovelock gravity is that its field equations contain derivatives
of the metric components only up to the second order.
Additional notable features include the preservation of
Bianchi identities, which ensure the conservation of energy,
ie., V’T,»,» = 0, and the ghost-free quantization of the linear-
ized theory [5, 6].

These remarkable properties of Lovelock gravity estab-
lish it as the most natural generalization of Einstein's gravity
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in higher dimensions, making it an ideal framework for
studying the effects of higher curvature terms on gravitational
physics. In addition to the first two terms of the Lovelock
Lagrangian, there is a third term, which is a combination of
quadratic order curvature terms known as the Gauss—Bonnet
(GB) term. This leads to the Einstein—Gauss—Bonnet (EGB)
gravity, introducing modifications to the Einstein-Hilbert
action, which correspond to the low-energy effective action of
heterotic string theory [7, 8]. Furthermore, the GB term
contributes to non-trivial dynamics in dimensions D > 4,
allowing for the exploration of various physical phenomena
[9]. For instance, Deser and Boulware [10] obtained a black
hole solution in D>5 dimensions of EGB theory. Addition-
ally, several other types of physical phenomena have been
explored within the context of higher curvature gravity
[11-15]. Similarly, the gravitational collapse of a spherical
dust cloud has been studied in [16-19], while in [20], quark
stars in an anisotropic background have been investigated in
the same framework.

On the other hand, the GB term in 4D is a topological
invariant and, as a result, does not contribute to the gravita-
tional dynamics. However, Glavan and Lin [21] proposed a
novel approach to 4D EGB gravity, where they demonstrated
the presence of non-trivial effects from the GB term in 4D. To
achieve this, they rescaled the GB coupling constant as
a — a/(D — 4) in a D-dimensional spacetime and then took
the limit D — 4. Through this limiting process, Lovelock's
theorem can be bypassed, and Ostrogradsky instability can be
avoided [22]. Consequently, a new theory, termed 4D EGB
gravity, was developed. Within this framework, a variety of
physically motivated solutions have been established,
including black hole solutions and their physical character-
istics [23-28], as well as charged black holes [29, 30]. Black
holes coupled with non-linear electrodynamics and magnetic
charges have also been explored within this theory [31-33].
Furthermore, considering the significance of this novel
gravity theory, observational data have been used to constrain
the rescaled GB parameter [34-36].

The novel 4D EGB gravity, recently proposed by Glavan
and Lin [21], has intrigued great interests in the community of
gravity. However, many authors questioned whether the 4D
EGB gravity is well defined and a consistent theory [37—44].

The action of D-dimensional EGB theory is given by
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In [20], the authors proposed incorporating the GB term into
4D gravity by rescaling the coupling constant.
!
D—4
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It is evident that this quantity diverges in the limit D — 4;
however, it is possible to extract non-trivial contributions
from the higher-dimensional GB term in 4D [21]. This theory,
known as 4D EGB gravity, has garnered significant attention
in recent years (for a review see [39]). However, in the ori-
ginal proposal [21], the field equations contain ill-defined
terms that result in the divergence of second-order

perturbation equations around a Minkowski background
[40, 41]. Moreover, this 4D limit leads to unphysical diver-
gences in the on-shell action [42]. In [43, 44], it was also
argued that the simple rescaling of the GB coupling, as
initially proposed by Glavan and Lin, fails to produce cov-
ariant equations for a massless graviton in 4D. Several
alternative approaches have been proposed to address the
issues present in the original 4D EGB gravity. One of these
improved theories involves a conformal regularization
method that introduces a counter-term to remove the diver-
gent aspects of the theory [45, 46]. Another approach relies
on Kaluza-Klein reduction, where the higher-dimensional
EGB theory is reduced with a scalar field ¢, representing the
size of a maximally symmetric internal space [47, 48]. In both
methods, the resulting 4D actions obtained by rescaling
& — ‘i4 fall within subclasses of Horndeski theories: the
first leading to shift-symmetric Horndeski, and the second to
non-shift-symmetric Horndeski theories. Interestingly, when
the internal space is spatially flat, the effective 4D action
derived from Kaluza-Klein reduction matches that from
conformal regularization. Additionally, another regularization
method has been suggested, in which the temporal diffeo-
morphism invariance is explicitly broken [49].

It is observed that the stars of stellar mass around or
above 8M, undergo gravitational collapse and come out with
the emergence of a white dwarf, neutron star (NS) or a black
hole singularity. Among these stellar entities, NSs with neu-
tron degeneracy pressure emerge as a more interesting end
product of gravitational collapse. The internal structure and
their physical properties, are a matter of high intrigue for
researchers. Thus, they are always in search of realistic, viable
and competent models to describe the inside matter of com-
pact objects. It is commonly assumed that self-gravitating
stellar objects are composed of isotropic matter, meaning that
the radial pressure equals the tangential pressure. However,
there has been significant interest among researchers in
obtaining exact solutions for both static isotropic and aniso-
tropic stellar distributions. Though isotropic models provide
useful insights, however a comprehensive and realistic
description of stellar structures often requires consideration of
anisotropic solutions. Lemaitre [50] gave the concept of
anisotropy, Bowers and Liang [51] extended this concept for
locally anisotropic relativistic spheres such as the pressure
anisotropy on NSs. Ruderman [52] in 1972 put forward his
observation that nuclear matter acts as anisotropic matter at a
higher density of order 10'° g cm™. According to the con-
jecture given by Herrera and Santos [53], anisotropic compact
stars live in a powerful gravitational field.

The evaluation of compact stars is an important area of
current research in General Relativity. Researchers have
encountered numerous challenges in studying anisotropic
matter in spherically symmetric objects, such as boson stars
[54], gravastars [55], and NSs [56], along with various other
stellar types. Scientists have proposed finding exact solutions
for anisotropic stellar models across different gravitational
frameworks. The behavior of two-fluid dark matter as ani-
sotropic matter has been investigated for compact stars [57].
Additionally, slowly rotating anisotropic stars have been
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considered in [58], and anisotropic polystars have been
introduced in [59-61]. Moreover, the demonstration of ani-
sotropic superdense matter has shown that it can significantly
alter the physical properties of relativistic stellar objects
[62, 63]. Pressure anisotropy impacts the properties of NSs,
including stability and the mass-radius relation [64]. Deriving
anisotropic solutions is challenging due to the presence of
non-linear terms in EFEs. Various methods have been
employed to obtain exact anisotropic solutions for self-grav-
itating systems. In this context, gravitational decoupling (GD)
presents an interesting technique for achieving anisotropic
solutions. GD has two versions: the extended geometric
deformation (EGD) approach and the minimal geometric
deformation (MGD) approach. In the EGD approach, both the
radial and temporal metric potentials are deformed, while in
the MGD approach, only the radial metric potential is
deformed, leaving the temporal metric potential unchanged.

The MGD approach is significant for calculating feasible
solutions of spherically symmetric relativistic stellar config-
urations. This approach was proposed by Ovalle [65] to
decouple gravitational sources and to study the exterior of
spherically symmetric spacetime with perfect fluid under RS
brane-world gravity [66]. Various astrophysical objects have
been examined using this innovative approach [67-69]. MGD
decoupling can yield deformed solutions of the Einstein
equations [70, 71], which is challenging due to the presence
of non-linear terms in the matter fields [72—88]. The inverse
problem was discussed in [89], while completely deformed
spacetimes were explored in [90]. Furthermore, black hole
solutions related to this approach were analyzed in [91-94],
and non-rotating black holes can be transformed into rotating
ones, as discussed in [95, 96].

This article is organized as follows: section 2 provides a
brief review of the major aspects related to GD and EGB
gravitational field equations. In section 3, we discuss the MGD
approach, which transforms the field equations into two parts
by modifying the radial metric component. This section
includes two subsections that present the solutions of the
standard EGB gravitational field equations and the field
equations related to the additional sector through the mimick-
ing of pressure. Section 4 explores the junction conditions.
Section 5 offers a comprehensive physical analysis, examining
matter variables, and equation of state parameters. The energy
conditions, the square of the speed of sound, TOV equation
and the adiabatic index are discussed in sections 6, 7, 8, 9,
respectively. Finally, section 10 concludes our findings.

2. EGB gravitational field equations

We start this section by taking into account the modified
action of D-dimensional EGB gravity, i.e.,

167G
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where R and g are 4-dimensional Ricci scalar and determinant
of metric tensor g;, respectively. Moreover, a is the GB

coupling constant of [Length]?, and Lgp is the GB Lagrangian
in the action, which is a specific combination of Ricci Scalar,
Ricci tensor, and Riemann tensors, given by

Lgs = RP4R;,, — 4RVR; + R%. )
In action (1), Spager 1S the Lagrangian of anisotropic matter,
which depends on metric tensor g;; only and is independent of

its derivatives. By varying (1) with respect to metric tensor g;;,
the gravitational field equations are derived as

Gt gt = ST ®

where Tl.;‘m) is the total energy-momentum tensor (EMT)
defined as

T = T + 66, “)
with
o(J/—gLn
T = — 2 X g ), and
= gl
o(J—gL
0, — 2 0/ %’ 9). )
/~g 0g

Here £, and L4 are the Lagrangian of matter field and extra
source, respectively. Furthermore, in equation (3) the Einstein
tensor G;; and the contribution to the GB term H,; are defined
as

1
Gj=R; — Egin’ (6)

Hj=2(RR;j — 2R,RY — 2R;jpgR? — Ripgi RP4Y)
— 38 Las. ™

Now, we consider the spacetime, which represents interior
geometry of static and spherically symmetric source

dsj = —e20ds? + e2Vdr? + r2d0? + r2sin® 0dp?, (8)

where ¢(r) and A\(r) are the metric potentials which depend on
radial coordinate r. Moreover, the mathematical form of EMT
for anisotropic fluid distribution is defined as

Ty = (p + pouin; + p g + (P — POXiX;» ©)

where p is the matter energy density, p, and p are the radial
and tangential pressures, u’ is the four-vector and y’ is
spacelike unit vector in the direction of radial component r
which satisfy ijj = — u'u; = 1. Now we see the total EMT
Tij(“’t) takes the form as follows

Ty = (e + POwu; + PLg; + (B — P)X;x;,  (10)

where we have ¢ = p + () as the energy density of total
EMT, R = p, — 30} and P, = p, — (303 are the total radial
and tangential pressures, respectively. The additional source
0;; modifies the anisotropy in T;;. However, the physical nat-
ure of 6 is not explicitly defined. The formalism is designed
to be general, which allows for a wide range of possible
interpretations of 6. It could represent contributions from
various types of matter or fields, for example, exotic matter,
higher-dimensional gravitational effects, or even quantum



Commun. Theor. Phys. 77 (2025) 065401

H Azmat et al

fields. The formalism does not provide a clear answer to what
type of external field could induce the minimal geometric
deformation of solutions. However, it is mathematically
possible to decouple and analyze the effects of §,;, the specific
field whether it be scalar, vector, tensor, or other exotic fields
that correspond to this energy-momentum tensor is not
identified within the formalism itself. This means that the
MGD method is more of a framework for handling additional
fields, rather than providing a clear physical interpretation of
those fields.

Since both Einstein tensor G; and GB tensor H;; are
divergence free, the total EMT in (3) is also guaranteed to be
divergence free. Thus, we have

VT = 0. (11)

The divergence of EMT yields the following conservation
equation
! ! 2
pe+R)+Fh+—-(R—-P)=0. (12)
r

The above-stated equation is also termed as the general
hydrostatic equation for spacetime (8), under 4D EGB grav-
ity. Now, using equations (8) and (10) with equations (3) and
(4), we have the non-zero components of gravitational field
equations as follows

S = 8m(p + G0f) = 27 (1 4 2 D)
I 1—e2*“(1 _a( :zem))’

87 = 87 (p, — () = 22— (1 + 2““*87”))

[ ———— a(l —e 2
e

8P, = 8n(p, — 363
— S 2ae? + rE\r? — 20 + 2a)¢)
+ r2(—2a + 2 (2 + 2a)) ¢?
— rNEMr? = 2a) + 2a
+r(=6a + 1?2 4 20))¢)) — o — et
+ r2(e®Mr? — 2a + 2e*a) 9",

13)

(14)

15)

where prime represents the derivative of metric potentials
with respect to radial coordinate r. For the decoupled aniso-
tropic fluid source, the conservation equation (11) takes the
form as

7 ! 2
¢(p+p)+tp + —(pr - D)

+ ﬂ[cb’(@" -0 — (@) — —(91 -0 )] =0. (16)

Since the extra gravitational source §; demonstrates the
anisotropy in the internal matter of a self-gravitating system,

the anisotropic factor is expressed as follows
A©Y = 87 (P. — R). a7

Moreover, the evaluation of gravitational mass function m(r)
is performed using the expression stated below in 4D EGB

gravity.

m(r) = 4 f " o(r)rdr, (18)
0

3. GD via the MGD approach

The metric functions are geometrically deformed to incor-
porate the source ¢ in the following manner

6(r) = 1) + Gh().
e 20 — () + 3 ().

Here h(r) and f(r) are the geometric deformation functions
that introduce deformations in the radial and temporal metric
potentials, respectively, while § is the dimensionless defor-
mation control parameter. The metric components are mini-
mally deformed, allowing for two possibilities: either we set
(r) = 0 paired with f(r) = O or the h(r) = 0 paired with
f(r) = 0. We consider the latter case, where only the radial
metric potential is deformed while the temporal component
remains unchanged. This indicates that anisotropy is intro-
duced into the system through radial deformation (20) via the
source 0;;. By applying the linear transformation (20) on the
EGB gravitational field equations (13)-(15), two sets of
equations are obtained. Consider the case when § = 0, which
gives us the standard EGB gravitational system of equations
that depends on the gravitational metric potentials ¢ and ¢ as
follows

19)
(20)

(=1 + w2 —a+ap) + r@? + 20 — 20/

8mp = —
™0 r4
2D
—r’+ a+ pra = 4rag’) + p(rt = 2a + 207 4 2re) ¢')
8mp, = = ,
(22)
8mp, = [ 2c0 + rp! (r?
— 2a + (3 + 2ra) ¢’y — 202 (1 — 2r¢’
+ 2)"2(725/2 4 2r2¢//)
+2uQRa + )3 = 2ra) ¢’ + (r* + 2ra) ¢>
+ rap/(1 — 3r¢!) + r*¢” + 2r2ad”)].
(23)
Hence, the interior spacetime becomes
2
ds? = —eX0dr? + —— + r2d6? + r2sin? dp?.  (24)

wu(r)

Here, we have second set of field equation with 3 = 0 con-
taining the source 9,:,- and the unknowns u, ¢, f, i.e.,

8705 = ~[—aff? — r(r? + 2a — 20u)f'
+f(—r* + 20 — 20 + 2raff' + 2rap)],

(25
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8ol = —%[r2 — 20 + 2r3¢ + 4rag’

+ aff(1 — 4r¢") + pnQa — 8rag], (26)

8703 = — S [1f'(r2 — 2a + (% + 2ra) ¢/

+ 1Qa — 6rag’)

—2a8f2(1 — 2rd’ + 2r2¢2 + 2r2%")

+2fRa + rap’ + r3¢ — 2rag¢’

_ 3',2@“/(]5/

+ r4¢’2

+2r2a¢? + raff'(1 — 3r¢’) + rig”

+2r%¢” — 2ou(1 — 2r¢ + 2r%¢? + 2r%¢")].  (27)

3.1. Minimally deformed solution in 4D EGB gravity

Now, we consider an exact solution named the ‘Tolman—
Finch—Skea (TFS)’ solution, given by

() =2 -In[B( + Ar>)] and u(r) = 7 (28)

+ Cr?’
where C and A are constants of [Length]2 and B is a dimen-
sionless constant. The choice of the TFS model in 4D EGB
gravity is motivated by its regularity, stability, and capacity to
model realistic stellar structures, including anisotropy. Its
adaptability, smooth matching to exterior solutions, and use
as a reference for evaluating new predictions makes it an ideal
candidate for studying the effects of modifications in strong
gravitational fields, especially in the context of compact stars.
With this consideration, equations (21)-(23) take the follow-
ing particular forms

_C3+ C@r? + 3a) + C2(—r* + rla))
1+ Cr??
_IC1+ €02+ @) + AB + C(Tr* + 16a) + C*(=r* + r’a))]

8mp

. (29

8P, (1 + A + Cr?)?
(30)
879 = i e~ CU + C(? = @) + Crla)
+ 244 — C¥r*a + C(5r? + 8w))
+ A2r2(16 — C3ri%a + CQ27r% + 320)
+ C2(117* + 9720)].
3L

Next, we will adopt mimicking constraint for pressure to
solve the second system of equations (25)-(27), which is
based on the evaluation of decoupling function f(r).

3.2. Mimicking of pressure constraint i.e. p, = 6] and
deformation function

Here, we consider the radial component of the 6-sector to be
equal to the seed radial pressure because, in this scenario, the
deformation introduced is sufficiently small, ensuring that the
original or seed configuration remains largely unaffected. The
goal of minimal geometric deformation is to keep the main
features of the seed metric, such as pressure and other phy-
sical properties, preserved. This means the deformation is not
strong enough to significantly affect the radial component, so

the radial pressure in the deformed state remains close to the
seed radial pressure. Using this constraint in equation (22)
and further solving with equation (26), we have the quadratic
equation in f(r), given below

0=[aB — 4rg"f? + [r* — 2a + 2r3¢/
+ dra¢’ + pQRa — 8rad))lf
+ [ — r + p2(a — 4rag))

+ u(r? = 2a 4 2(r3 + 2ra) ¢')]. (32)

Solving the above quadratic equation we have the following
expression for decoupling function f(r) in terms of ¢ and v as
follows

1
= 208(—1 + 4r¢')

— 8rapd’ + ((#? — 2a + 2(r3 + 2ra) ¢’
+ 1Qa — 8rag")? + 4aB(1 — 4r¢))
X (r? — a4+ ap?(—1 + 4r¢’)

— (= 200+ 207 + 2ra) @),

[r? — 2 + 2ap + 2r3¢" + 4rag’

(33)

Now by taking into account the expressions given in
equation (28), the above expression for f(r) leads to the fol-
lowing form

(! +Ar)

- _1__8 2a
f= Za;’f(l—lSArz)[ 2 1+ Ar? + 4 12+ Art
2a 32aA
oot AR rACS w ]’ G4
where
_ 1 2 _
w= r4(1+Ar2)2(1+Cr2)2(1 +2C0" + 2a(=1 + 5))

+ C2(r* + 4r%a(—1 + B) — 4a2(—1 + B)
+ A?2(81C?r8 + 256a% + 6Cr8(27 + 2Ca(21 — 503))
+32r2a(—=9 + 158 + 2Ca(—7 + 153))
+ r*(81 + 4C%*a2(49 + a583) + 12Ca(—3 + 350)))
+2A(9C?%r% — 16a(1 + 2Ca(—1 + B) + B)
+ 129 + 28C%a(—1 + () — 4Ca(5 + 115))
—2Cr* (=9 + 2C(a + Tap)))).

Now, one can easily get the expressions for ¢;; components by

inserting the values of ¢, p (28) and f (34) into
equations (25)—(27).

4. Exterior spacetime and junction conditions for
TFS solution

Now, the boundary conditions need to be set for the obtained
solutions. Thus, we equate the interior manifold M~ given in
equation (28) to the exterior solution proposed by Glavan and
Lin for the limit n — 4, given by

ds? = —F(r)dt?> + [F(r)]'dr? + r2d0? + r?sin’0dp?,  (35)
where
2
Fory=1+4 ——[1- |1+ 128amM ) (36)
32am r3
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Here, M denotes the total gravitational mass. The line ele-
ments (8) and (35) should be matched smoothly across
the boundary. The corresponding timelike hyper-surface is
given by

dsZ = —d7? + R2(d6? + sin?0dy?), (37)

with the intrinsic co-ordinates x " = (7, 0, ) in X and 7 is the
proper time at the boundary. Taking into account the field
equations projected on the surface ¥ which are basically
generalized forms of Darmois-Israel conditions for EGB
gravity theory (see[97, 98])

2(Kyn — Khyn) + 4a(3Jm —
+ 2Pmpqupq> = *stmns

J hmn

(38)
where (-) is the jump across the hyper-surface ¥ of the given
quantity. The induced metric on ¥ iS K, = G — Pl

while the free of divergence part P,,,,, of the Riemann tensor
can be stated as

Pmnpq = Rmnpq + (Rnphqm - anhpn)
— (Rmphqn - quhpn) + %R(hmphqn - hmthn)s

(39
and here J is the trace of
1
Jmn == g[ZKKmpK,{) + ququKmn
— 2KmpKPiK,, — K 2Kl 40)

The extrinsic curvature takes the form as

9*X"
axmaxn

m v
7 OXLOXT)
8Xm aXn —R

with x™ being the intrinsic co-ordinates of the hyper-surface
and the signature + depends on the signature of the junction
hyper-surface.

Furthermore, the interior geometry under GD through the
minimal deformation technique is

K — _p*

mn — ¥

dr?

ds? = —e20d? 4 ——
f(r) + p(r)

+ r2d#? + r?sin? 0dp?,
(42)

where ¢ and p are given by equation (28). Now, we are going
to analyze the junction of inner and outer surfaces. The
continuity of the Ist fundamental form at the outer boundary
gives gﬂ’:gn+ and gr;:grj, with ’-” and ‘4’ indicates the inner

Bfe (R — 20 + afify + 2ag + SRR + 4o — 4afffy — 8apg)

which yields

e 20 = B (R) + u(R)

_ R? 128anM
—[1+m(1— 1+ =5 )]

20(R) — [1 + 3;;(1 — 1 e )] (44)
Here, uR)=1+ %(1 — 1+ %), where

Mgge = mggg(R) denotes total mass of stellar object in the
non-deformed spacetime (24). Now taking into account this
expression of p(R) together with equation (44), we get the
mass function as

M = Mycs + 50f (R)[167af (R)
— JR(R3 + 128a7Mggg) 1.

45)

On the other side the extrinsic curvature or the continuity of
second fundamental form leads to the following condition

[(Gyj + aHyr/l,—x =0, (46)

where /' is radial unit vector. So equation (3) can take the
form as

[Tr/],—r =0, 47
which implies
[Pl = 0. (48)
It can be written as
[p, — B01)—r = 0. (49)

Here, the above junction condition takes the final form which
is the generalized second fundamental condition:

p(R) — BO) (R) = —BOD*(R), (50)

where (0})"(R) and (9})~(R) are the §-components of exterior
and interior spacetimes, respectively. Now we plug the
expression of 9} from (26) into (50), and obtain the following
expression

= —BOD*(R), (51)

R) +
p,(R) SR
and outer spacetime, which are further elaborated as
eZ©’|r:R = ezG‘)Jrlr:R and eZAilr:R = e2/\+|r:R’ (43)

where we have used the notations as ¢’R = 0,¢li=r, tr = H(R)
and fz = f(R). For the outer geometry, using equation (26) in
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equation (51), we find

B R = 2a + afify +2app+ $rRQR? + 4o — dafify — 8ajiy)
8R4

p.(R) +

— T [R4 —2a + aff} +2a[1 +

8R4

(=)
320'rM+R3(
+ R

IZSQ—M )
RZ\/W[ 3207r+R2( JT)]
X QR + 4a — dafify —

[ =)

where f7 = f*(R) represents the deformation function for
the outer spacetime at r = R. The 4D spacetime can be
defined as

dS [1 + (1 _ 1 + ]28(y7’M):|dt2
32am e

[ (1 _ Lt 128(v7TM ) n ﬂf*(r)]

+ r2dh? + sin?H2dp>

32(}7

(52)

(53)

All the above mentioned conditions are sufficient and necessary
for matching the MGD metric (8) to static spherically symmetric
exterior vacuum solution shown in (53). For the exterior geo-
metry, we must have f*(R) = 0 in (53). Consequently, we have

Bfx RY — 2a + af¥fy + 20, + (;5IRR(2R2 + da — dafify — 8aug))

where ) has the form as follows
¥ = rame (L + 2C(R? + 2a(=1 + 8)

+ C2(R* + 4R%a(—1 + B) — 4a2(—1 + B))

+ A2(81C2R® + 25602 + 6CRO(27 + 2Ca(21 — 583))
+ 32R*(—9 + 158 + 2Ca(~7 + 153))

+ R481 + 4C22(49 + a5B) + 12Ca(=3 + 358)))
+ 24(9C2R® — 160(1 + 2Ca(—1 + B) + B)

+ R2(9 + 28C2%a(—1 + ) — 4Ca(5 + 110))

— 2CR*(=9 + 2C(a + TaB))).

5. Analysis of solutions

In this section, we will analyze the physical characteristics of
the stellar model. For a better understanding of physical
properties, we will discuss the solution for both scenarios. i.e.,
EGB and MGD-+EGB. In figure 1, we have variations of
deformation function f(r) for two compact stars, named
LMCX — 4 and EXO1785 — 248. One can see that the
deformation function takes zero values at the core (r = 0) and
at the boundary (r = R) of compact stars. Moreover, it takes
the negative values throughout inside the star. The curves are
drawn against different values of decoupling parameters o
and (. For all values, it shows the same behavior.

F(R) = p,(R) +

P(R) = p,(R) — BOI(R) = 0. (55)

The compact star will be in equilibrium state only if the total
pressure at the surface of the star vanishes. Now we evaluate the

- =0, 54)

In the following subsections, we discuss TFS exact
solution and its minimally deformed counterpart, where we
rename ¢, P, and P, as follows

(tot) __ _ 0
constants B, C and M by using the conditions given in p*0 = 8me = 8m(p + B00), (59)
equations (43) and (49), and find the following expressions
pi = 87R = 8 (p, — PO}, (60)
\/ o R? W
I AR p!* = 8rP. = 8w (p, — B63). 61)
B= , (56)
1 + AR?
c_ 1= TAR — 1604 + J1 + 18AR? + 81A2R* — 64aA + 1920A2R? + 25602A2 57
2(ov — R? — AR* + 0AR?) ’
and
R - [—1 — 167 + 15AR? — 1447AR? + 256maA + 167rR2f]2 58)
1287« (1 — 15AR?)?
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5.1. EGB case

Here we will discuss the variation of physical stellar variables
for the case of EGB gravity i.e., 6 = 0. The variations of
energy density p“°” are given in figure 2, which are totally in
agreement with the physically accepted trend, i.e., maximum
at the center and possess monotonically decreasing behavior
towards the surface. The variation of radial pressure p,(°V and
transverse pressure p, Y is illustrated in figure 3, where cyan
and green curves describe the behavior of pressure compo-
nents in EGB gravity theory. As can be seen, these variations
are obtained by using two different values of a = 45 and
a = 48. It is observed that radial pressure decreases towards
the boundary of stellar objects and vanishes at the boundary
of the star. Similarly, transverse pressure decreases towards
the boundary but it behaves slightly differently at the surface
of the compact star for o = 45 as depicted in figure 3 (left
panels). Moreover, the anisotropic factor A" (see figure 4)
shows the expected behavior for a stellar structure as it is
positive throughout the stellar interior. This situation indicates
the repulsive nature of anisotropic source which adds to the
stability of the system by neutralizing the effects of gravita-
tional force.

5.2. EGB+MGD case

The deformation functions Ah(r) and f(r), given in
equations (19) and (20), control the radial and temporal
geometric deformations. For the MGD approach, we set h

(r) = 0 which means that the modification of anisotropic
solutions fully depends on the radial deformation function
f(r), and the temporal metric function remains unaltered.
Since, physical quantities such as tangential and radial pres-
sures, energy density, and the mass of compact objects
depend on the radial metric potential will also undergo a
change.

1: The total energy density p = p + 309 also under-
goes a change with the addition of an anisotropic source
which clearly depends on the 3 and anisotropic source 6).
However, the variation of anisotropic source @) can be
entirely traced by observing the behavior of metric potential
function u(r), decoupling function f(r) along with their first
derivatives as in equation (25). For the under observation
mimicking constraint p, = 6}, the deformation functions are
described in figure 1. The figure shows an interesting beha-
vior of f(r) i.e. f(r) becomes null at the center (i.e. r = 0) and
on the boundary (i.e. » = R) of the compact entity. In figure 2,
it can be observed that we get more compact objects for
positive values of (.

2: By keeping the EGB coupling constant o same and
varying the MGD decoupling constant 3 i.e « 45,
6 =0.005 and 5 = — 0.0025, one can observe from figure 3
that p Y shows physically accepted behavior for different
values of (3, whereas the behavior of p,(°V slightly disturbs
near the boundary. It remains continuous, but it exhibits
behavior that deviates from regular trends for certain values of
« and 3. Usually, the tangential pressure follows a standard
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trend, i.e., it is maximum at the center and decreases mono-
tonically towards the boundary. However, for specific com-
binations of « and (3, this trend changes near the boundary,
leading to a departure from the usual monotonic decrease. It
occurs because for certain values of «, higher-order effects
produced by the additional curvature corrections, become
more significant and have a disproportionate impact on the
tangential pressure. By increasing the magnitude of «, the
observations are made and it was found that both quantities
take greater values at the core of the stellar entity. In this case,
p°Y and p,°Y show regular trends throughout in the stellar
interior.

3: The behavior of anisotropic factor A =
87 (p® — p'v) is illustrated in figure 4 which shows
positive anisotropy measure throughout in the stellar interior.
Further, it is noted that anisotropy is higher when o = 45 and

lower for o = 48, on the other hand, it increases for positive
values of § and decreases for negative values of (3. The
external gravitational source modifies the existing aniso-
tropies within the observed stellar system. These anisotropies
in the stellar interior enhance compactness and stability,
contributing to the prevention of gravitational collapse for
specific choices of parameters.

4: In standard General Relativity, the mass function is
derived from the metric potential by solving Einstein's field
equations. In the MGD approach, the deformation function
f(r) of the radial metric potential modifies the spacetime
structure, influencing the total energy-momentum content.
This modification can be seen as generating additional mass
or, in some cases, negative mass, depending on the sign of
f(r). If f(r) is negative, it leads to a reduction in the effective
mass of the system, weakening the gravitational field. In
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extreme cases, this reduction can give rise to negative mass,
resulting in repulsive gravitational behavior instead of
attraction. Such a reduction in mass can significantly alter the
gravitational field, especially near the boundary of the object.
However, the effects of the deformation function are con-
trolled by the parameter [, which regulates the degree of
deformation. By choosing appropriate values of 3, the issue
of the negative sign of f(r) can be managed, allowing for a
controlled adjustment of the mass generation process. The
total mass of the compact object in EGB gravity can be
directly calculated by integrating the field equation that
incorporates density. Now, using equation (21)
R

Meas(R) = 4 j; Pp(r)dr. (62)
The mass of the object is modified again when EGB gravity is
decoupled using the MGD approach, as can be calculated
from equation (25). Thus, we have

R

Myiep(R) = 4 fo r200(r)dr. (63)
The total mass of the object can be evaluated by adding both
masses given in equations (63) and (63) as follows

M (R) = Mggg(R) + Mygp(R). (64)

Figure 5 displays the variations in the mass function (left
panel) and the mass-radius ratio (right panel). It is observed
that both functions attain higher values for o = 48 and lower
values for oo = 45. However, the influence of the decoupling
parameter 3 on these variations is relatively insignificant.

10

6. Energy conditions

The physical properties known as energy conditions are
essential for studying actual scenarios related to matter con-
figurations. These constraints reflect the micro-scale char-
acteristics of matter and play a critical role in distinguishing
between the usual and unusual properties of matter in the
stellar models. They are widely recognized for their applic-
ability in addressing various cosmological issues. Energy
conditions are categorized into four types: null energy con-
dition (NEC), weak energy condition (WEC), strong energy
condition (SEC), and dominant energy condition (DEC).
These conditions are considered satisfied when the specified
limits are uniformly met throughout the entire sphere.
Mathematically, the conditions are expressed in the following
forms

NEC: p(tol) + pr(lot) >0, p(lot) + p[(tot) >0
WEC: p(tot)>0 p(tot) + p(tot) > 0 and p(tot) + pl(tot) > 0
’ T
: (tot) (tot)
SEC: p(tot) T prtot + 2pt ©) >
DEC: p(tot) _ p[(tot) > 0 and p(tot) _ pr(tot) >0

As illustrated in figures 2 and 3, NEC, WEC, and SEC are
satisfied for the studied configurations. These findings show
that the matter distributions in the models meet the
fundamental energy conditions necessary for the stability
and viability of the stellar structures. The behavior of DEC is
presented in figure 6. This figure highlights the fulfillment of
the DEC for the stars considered in this study. The DEC is
crucial for ensuring that the energy density is high enough for
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Figure 6. Variation of dominant energy conditions w.r.t. radial coordinate r for compact stars named as LMCX — 4 (upper row) and
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meaningful physical scenarios, confirming that the stellar 8. TOV equation

models maintain the necessary energy conditions throughout
their interiors.

7. Square sound speeds and Herrerass cracking
condition

The perseverance of causality condition demands that the
sound speed should not exceed the speed of light, where the
components of sound speed in radial and transverse direction,
denoted by V> and V? respectively, are defined as

tot

Dy
d ptot !

tot

dp,

tot

dp

2:

V= g (65)

For a physically viable model of an anisotropic fluid
sphere, both the radial and transverse components of the
sound speed should be less than 1. The left panels of figure 7
show the variation of the radial component, which satisfies
the causality condition for both stars. The right panels illus-
trate that the transverse component meets the condition over a
large domain; however, it becomes negative near the
boundary for o = 45. In addition to the causality condition,
Herrera and his collaborators proposed the ‘cracking’ con-
cept, which states that a region is stable if
0 < |V? — V2 < 1. As seen in figure 7, the modulus value of
V2 — V? consistently falls within this range, confirming that
no cracking occurs in the compact model.

11

Compact stars are astrophysically expected to be in an equi-
librium state. The Tolman—Oppenheimer—Volkoff (TOV)
equation serves as a fundamental tool to analyze the equili-
brium of such compact systems. This equation states that the
sum of all forces acting on the system must be zero for it to
remain in equilibrium. In the present study, the TOV equation
is expressed in equation (16), where we can identify the
contributing forces explicitly as follows

Fo=p — B, (66)
Fy=(p+p)¢ + Be'(0) — 0)), (67)
2
a:;@fam—%m%f%x 68)

where Fy, F, and F), are known as hydrostatic, gravitational
and anisotropic forces, respectively. Here, the total sum of all
the mentioned forces must be zero, i.e.,

F,+ F,+ F,=0. (69)
The evolution of above described forces can be seen in
figure 8. It can be observed that the hydrostatic and aniso-
tropic forces have positive values, while the gravitational
force is negative. This indicates that the outward-directed
hydrostatic and anisotropic forces are counterbalanced by the
inward-directed gravitational force, maintaining equilibrium
within the system.
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9. Adiabatic index

The adiabatic index serves as a crucial tool for assessing the
stability of stellar models. For a static, spherically symmetric
stellar model to be stable, the value of the adiabatic index
must be greater than %. The radial and tangential adiabatic
indices, which provide insights into the stability against radial
perturbations, are defined by the following mathematical
expressions

tot )

d(logp,
L= toty
d(log p*")

d 1 tot
L (70)
d(log )

However, we will focus on the radial component since
gravitational collapse primarily occurs along the radial
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direction. Figure 9 illustrates the behavior of the radial adia-
batic index, I',. It is evident that I'; consistently exceeds the
value of %, satisfying the stability criterion required for the

model. On the other hand, the critical adiabatic index is
defined as

4 19
= - + —M,
21

3 (71)

1—‘critical

For stable stellar configuration, adiabatic index and critical
adiabatic index should satisfy the inequality, given by I', >
[ciitical- The bottom panel of figure 9 shows the variation of
[criticals, Which is clearly in accordance with the aforemen-
tioned relation between I, and I';car-
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Figure 9. Evaluation of adiabatic index I', for compact stars named LMCX — 4 (left panel) and EXO1785 — 248 (right panel) and critical
adiabatic index I'cjjca (bottom panel) w.r.t. radial coordinate r for both stars.

10. Concluding remarks

The study of self-gravitating compact objects such as NSs,
white dwarfs, and black holes is crucial for advancing
theoretical physics, especially when it comes to understanding
the Universe under extreme conditions. Investigating these
objects is essential for constructing physically realistic and
mathematically rigorous anisotropic solutions. Due to their
intense gravitational fields, these compact stars serve as nat-
ural laboratories for testing the viability of various gravita-
tional theories and exploring the fundamental properties of
matter in high-density environments. In this article, we pre-
sent a comprehensive model to investigate the anisotropic
structure of stellar objects in the framework of EGB gravity
theory. This gravitational theory is notable for avoiding ghost
instabilities, which can lead to undesirable irregularities in
theoretical models.

We have considered a novel MGD approach to address
the complexities of the presented model. This approach
effectively separates the internal anisotropic matter from the
externally imposed anisotropy through gravitational means.
Specifically, the MGD technique modifies only the radial
metric potential while keeping the temporal component
unchanged. Moreover, this approach enables the decoupling
of the gravitational source from the combined system of field
equations into two distinct parts: one representing an aniso-
tropic source corresponding to the standard system of field
equations in EGB gravity, while the other consisting of the
quasi-Einstein field equations associated with an external
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gravitational source. We achieve the desired results by sol-
ving the standard system using the known TFS anisotropic
solution. On the other hand, the quasi-Einstein system of field
equations is closed by applying a pressure-mimicking con-
straint, p, = 0}.

A vital part of our findings is the matching of TFS inner
spacetime with Bolware—Deser outer spacetime, guaranteeing
the smooth transition between the internal and external
spacetime solutions. This matching is crucial for the mathe-
matical reliability and physical feasibility of the stellar
structure. The thermodynamic properties of the stellar model
are thoroughly examined, focusing on the total energy density
(p™"), total radial pressure (pr“’t) and total tangential pressure
(p'"). The evolution of total energy density (p'*) is observed
to be positive throughout the inner stellar distribution,
reaching its maximum at the core of the compact star. Simi-
larly, total radial pressure (p'*) and total tangential pressure
(pt“") also demonstrate positive values within the stellar dis-
tribution, attaining their highest values at the star's core. The
first two quantities exhibit regular and continuous behavior
for all the selected parameters. However the total tangential
pressure remains continuous, but it shows deviations from the
expected trends near the boundary for certain values of «
and S.

Moreover, the anisotropy factor of the stellar structure is
scrutinized. The anisotropic factor in figure 4 remains positive
throughout the stellar interior. The anisotropy is more pro-
nounced at o = 45 compared to o = 48, and it increases with
positive values of § while decreasing with negative values.
The external gravitational source influences the existing
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anisotropies within the stellar system. We thoroughly exam-
ined the stability of the stellar model by imposing causality
condition and Herrera's cracking criterion. Since there is no
sign change in the term V2 — V?2, acting as the stability
indicator, affirms that there is no cracking in the model. The
examination of the energy conditions, the TOV equation, and
the adiabatic index further reinforces the physical stability of
the stellar model.

In conclusion, this work not only develops our under-
standing of anisotropic structures in the field of compact stars
through a novel model within EGB gravity but also demon-
strates that MGD technique facilitates precise and physically
meaningful solutions. The analyses provide valuable insights
into the physical properties and stability of these stellar
models, enriching our understanding of theoretical physics
and opening new avenues for future research in modified
gravitational theories and the modeling of compact objects.

Acknowledgments

The work of M Zubair has been partially supported by the
National Natural Science Foundation of China under Grant
No. 11988101. He is also grateful to the Compact Object and
Diffused Medium Research Group at NAOC, led by Professor
Jin Lin Han, for the excellent hospitality and friendly
environment.

ORCID iDs

M Zubair @ https: //orcid.org/0000-0003-2227-788X

References

[1] Birrell N D and Davies P C W 1982 Cambridge Quantum
Fields in Curved Space (Cambridge: Cambridge University
Press)

Lanczos C 1938 One application of the quantized
electromagnetic field outside the high-dimensional static
Gauss—Bonnet black holes Ann. Math. 39 842

Lovelock D 1971 The Einstein tensor and its generalizations
J. Math. Phys. 12 498

Lovelock D 1972 The four-dimensionality of space and the
Einstein tensor J. Math. Phys. 13 874

Zwiebach B 1985 Curvature squared terms and string theories
Phys. Lett. B 156 315

Zumino B 1986 Gravity theories in more than four dimensions
Phys. Rep. 137 109

Wiltshire D L 1986 Spherically symmetric solutions of
Einstein-Maxwell theory with a Gauss—Bonnet term Phys.
Lett. B 169 36

Wheeler ] T 1986 Symmetric solutions to the Gauss—Bonnet
extended Einstein equations Nucl. Phys. B 268 737

Charmousis C 2009 Higher order gravity theories and their
black hole solutions Lect. Notes Phys. 769 299

Boulware D G and Deser S 1985 String-generated gravity
models Phys. Rev. Lett. 55 2656

Rubiera-Garcia D 2015 Gauss—Bonnet black holes supported
by a nonlinear electromagnetic field Phys. Rev. D 91 064065

(2]

(3]
(4]
(5]
(61
(7]

(8]
(91
[10]

[11]

14

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Xu W, Wang J and Meng he 2015 Entropy relations and the
application of black holes with the cosmological constant
and Gauss—Bonnet term Phys. Lett. B 742 225

Giacomini A, Oliva J and Vera A 2015 Black strings in Gauss—
Bonnet theory are unstable Phys. Rev. D 91 104033

Aranguiz L, Kuang X M and Miskovic O 2016 Topological
black holes in pure Gauss—Bonnet gravity and phase
transitions Phys. Rev. D 93 064039

Ghosh S G, Amir M and Maharaj S D 2017 Quintessence
background for 5D Einstein—-Gauss—Bonnet black holes Eur.
Phys. J. C 77 530

Maeda H 2006 Final fate of spherically symmetric gravitational
collapse of a dust cloud in Einstein—-Gauss—Bonnet gravity
Phys. Rev. D 73 104004

Jhingan S and Ghosh S G 2010 Inhomogeneous dust collapse
in D-5 Einstein—Gauss—Bonnet gravity Phys. Rev. D 81
024010

Zhou K, Yang Z Y, Zou D C and Yue R H 2011 Spherically
symmetric gravitational collapse of a dust cloud in Einstein—
Gauss—Bonnet gravity Mod. Phys. Lett. A 26 2135

Abbas G and Zubair M 2015 Dynamics of anisotropic
collapsing spheres in Einstein—-Gauss—Bonnet gravity Mod.
Phys. Lett. A 30 1550038

Tangphati T, Pradhan A, Errehymy A and Banerjee A 2021
Anisotropic quark stars in Einstein—-Gauss—Bonnet theory
Phys. Lett. B 819 136423

Glavan D and Lin C 2020 Einstein—Gauss—Bonnet gravity in
four-dimensional spacetime Phys. Rev. Lett. 124 081301

Woodard R P 2015 Ostrogradsky's theorem on Hamiltonian
instability Scholarpedia 10 32243

Ghosh S G and Kumar R 2020 Generating black holes in 4D
Einstein—-Gauss—Bonnet gravity Class. Quant. Grav. 37
245008

Konoplya R A and Zhidenko A 2020 Instability of black holes
in the 4D Einstein—Gauss—Bonnet and Einstein-Lovelock
gravities Phys. Dark Univ. 30 100697

Singh D V and Siwach S 2020 Thermodynamics and P-v
criticality of Bardeen-AdS black hole in 4D Einstein—
Gauss—Bonnet gravity Phys. Lett. B 808 135658

Hosseini Mansoori S A 2021 Thermodynamic geometry of the
novel 4D Gauss—Bonnet AdS Black Hole Phys. Dark Univ.
31 100776

Singh D V, Ghosh S G and Maharaj S D 2020 Clouds of
strings in 4D Einstein—-Gauss—Bonnet black holes Phys.
Dark Univ. 30 100730

Wei S W and Liu Y X 2020 Extended thermodynamics and
microstructures of four-dimensional charged Gauss—Bonnet
black hole in AdS space Phys. Rev. D 101 104018

Yang K, Gu B M, Wei S W and Liu Y X 2020 BornInfeld
black holes in 4D Einstein—-Gauss—Bonnet gravity Eur.
Phys. J. C 80 662

Fernandes P G S 2020 Charged black holes in AdS spaces in
4D Einstein—Gauss—Bonnet gravity Phys. Lett. B 805
135468

Zhang C Y, Li P C and Guo M 2020 Superradiance and
stability of the regularized 4D charged Einstein—Gauss—
Bonnet black hole J. High Energy Phys. 2008 105

Jusufi K 2020 Nonlinear magnetically charged black holes
in 4D Einstein—Gauss—Bonnet gravity Ann. Phys 421
168285

Abdujabbarov A, Rayimbaev J, Turimov B and Atamurotov F
2020 Dynamics of magnetized particles around 4D Einstein—
Gauss—Bonnet black hole Phys. Dark Univ. 30 100715

Wang D and Mota D 2021 4D Gauss—Bonnet gravity:
cosmological constraints, H tension and large scale
structure Phys. Dark Univ. 32 100813

Feng J X, Gu B M and Shu F W 2021 Theoretical and
observational constraints on regularized 4D Einstein—Gauss—
Bonnet gravity Phys. Rev. D 103 064002


https://orcid.org/0000-0003-2227-788X
https://orcid.org/0000-0003-2227-788X
https://orcid.org/0000-0003-2227-788X
https://orcid.org/0000-0003-2227-788X
https://doi.org/10.2307/1968467
https://doi.org/10.1063/1.1665613
https://doi.org/10.1063/1.1666069
https://doi.org/10.1016/0370-2693(85)91616-8
https://doi.org/10.1016/0370-1573(86)90076-1
https://doi.org/10.1016/0370-2693(86)90681-7
https://doi.org/10.1016/0550-3213(86)90268-3
https://doi.org/10.1103/PhysRevLett.55.2656
https://doi.org/10.1103/PhysRevD.91.064065
https://doi.org/10.1016/j.physletb.2015.01.018
https://doi.org/10.1103/PhysRevD.91.104033
https://doi.org/10.1103/PhysRevD.93.064039
https://doi.org/10.1140/epjc/s10052-017-5099-8
https://doi.org/10.1103/PhysRevD.73.104004
https://doi.org/10.1103/PhysRevD.81.024010
https://doi.org/10.1103/PhysRevD.81.024010
https://doi.org/10.1142/S0217732311036449
https://doi.org/10.1142/S0217732315500388
https://doi.org/10.1016/j.physletb.2021.136423
https://doi.org/10.1103/PhysRevLett.124.081301
https://doi.org/10.4249/scholarpedia.32243
https://doi.org/10.1088/1361-6382/abc134
https://doi.org/10.1088/1361-6382/abc134
https://doi.org/10.1016/j.dark.2020.100697
https://doi.org/10.1016/j.physletb.2020.135658
https://doi.org/10.1016/j.dark.2021.100776
https://doi.org/10.1016/j.dark.2020.100730
https://doi.org/10.1103/PhysRevD.101.104018
https://doi.org/10.1140/epjc/s10052-020-8246-6
https://doi.org/10.1016/j.physletb.2020.135468
https://doi.org/10.1016/j.physletb.2020.135468
https://doi.org/10.1007/JHEP08(2020)105
https://doi.org/10.1016/j.aop.2020.168285
https://doi.org/10.1016/j.aop.2020.168285
https://doi.org/10.1016/j.dark.2020.100715
https://doi.org/10.1016/j.dark.2021.100813
https://doi.org/10.1103/PhysRevD.103.064002

Commun. Theor. Phys. 77 (2025) 065401

H Azmat et al

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]
[51]
[52]
(53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

Clifton T, Carrilho P, Fernandes P G S and Mulryne D J 2020
Observational Constraints on the Regularized 4D Einstein—
Gauss—Bonnet Theory of Gravity Phys. Rev. D 102
084005

Tsujikawa S 2022 Instability of hairy black holes in regularized
four-dimensional Einstein-Gauss—Bonnet gravity Phys. Lett.
B 833 137329

Ai W'Y 2020 A note on the novel 4D Einstein—Gauss—Bonnet
gravity Commun. Theor. Phys. 72 095402

Fernandes P G S, Carrilho P, Clifton T and Mulryne D J 2022
The 4D Einstein—Gauss—Bonnet theory of gravity: a review
Class. Quantum Gravity 39 063001

Arrechea J, Delhom A and Jimnez-Cano A 2021
Inconsistencies in four-dimensional Einstein—Gauss—Bonnet
gravity Chin. Phys. C 45 013107

Arrechea J, Delhom A and Jimnez-Cano A 2020 Comment on
Einstein—Gauss—Bonnet Gravity in four-dimensional
spacetime Phys. Rev. Lett. 125 149002

Mahapatra S 2020 A note on the total action of 4D Gauss—
Bonnet theory Eur. Phys. J. C 80 992

Giirses M, Sisman T C and Tekin B 2020 Is there a novel
Einstein—-Gauss—Bonnet theory in four dimensions? Eur.
Phys. J. C 80 647

Giirses M, Sisman T C and Tekin B 2020 Comment on
Einstein—Gauss—Bonnet gravity in four-dimensional
spacetime Phys. Rev. Lett. 125 149001

Fernandes P G S, Carrilho P, Clifton T and Mulryne D J 2020
Derivation of regularized field equations for the Einstein—
Gauss—Bonnet theory in four dimensions Phys. Rev. D 102
024025

Hennigar R A, Kubiznak D, Mann R B and Pollack C 2020 On
taking the D — 4 limit of Gauss—Bonnet gravity: theory and
solutions J. High Energy Phys. 07 027

Lu H and Pang Y 2020 Horndeski Gravity as D — 4 limit of
Gauss—Bonnet Phys. Lett. B 809 135717

Kobayashi T 2020 Effective scalar-tensor description of
regularized Lovelock gravity in four dimensions J. Cosmol.
Astropart. Phys. 013

Aoki K, Gorji M A and Mukohyama S 2020 A consistent
theory of D — 4 Einstein—Gauss—Bonnet gravity Phys. Lett.
B 810 135843

Lematre G 1933 The expanding universe Ann. Soc. Sci. Brux.
A 5351

Bowers R L and Liang E P T 1974 Anisotropic spheres in
general relativity Astrophys. J. 188 657

Ruderman R 1972 Pulsars: structure and Dynamics Annu. Rev.
Astron. Astrophys. 10 427

Herrera L and Santos N O 1997 Local anisotropy in self-
gravitating systems Phys. Rep. 286 53

Schunck F E and Mielke E W 2003 General relativistic boson
stars Class. Quant. Grav. 20 R301

Cattoen C, Faber T and Visser M 2005 Gravastars must have
anisotropic pressures Class. Quant. Grav. 22 4189

Heintzmann H and Hillebrandt W 1975 Neutron stars with an
anisotropic equation of state: mass, redshift and stability
Astron. Astrophys. 38 51

Harko T and Lobo F S N 2011 Einsteins gravitational field
approach to dark matter and dark energy geometric particle
decay into the vacuum energy generating Higgs Boson and
heavy quark mass Phys. Rev. D 83 124051

Silva H O, Macedo C F B, Berti E and Crispino L C B 2015
Slowly rotating anisotropic neutron stars in general
relativity and scalartensor theory Class. Quant. Grav.

32 145008

Isayev A A 2017 General relativistic polytropes in anisotropic
stars Phys. Rev. D 96 083007

Herrera L and Barreto W 2013 Newtonian polytropes for
anisotropic matter: general framework and applications
Phys. Rev. D 87 087303

15

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

[80]

[81]

[82]

[83]

[84]

Abellan G, Fuenmayor E, Contreras E and Herrera L 2020 The
general relativistic double polytrope for anisotropic matter
Phys. Dark Univ. 30 100632

Ivanov B V 2010 Evolving spheres of shear-free anisotropic
fluid Int. J. Mod. Phys. A 25 3975

Maurya S K, Banerjee A, Jasim M K, Kumar J, Prasad A K and
Pradhan A 2019 Anisotropic compact stars in the Buchdahl
model: a comprehensive study Phys. Rev. D 99 044029

Horvat D, Ilijic S and Marunovic A 2011 Radial pulsations and
stability of anisotropic stars with quasi-local equation of
state Class. Quant. Grav. 28 025009

Ovalle J 2008 Searching exact solutions for compact stars in
braneworld: a conjecture Mod. Phys. Lett. A 23 3247

Ovalle J 2010 Braneworld Stars: Anisotropy Minimally
Projected onto the Brane Gravitation and Astrophysics
(ICGA9) ed J Luo (Singapore: World Scientific) pp 173-82

Ovalle J and Linares F 2013 Tolman IV solution in the
Randall-Sundrum Brane-world Phys. Rev. D 88 104026

Casadio R, Ovalle J and Da Rocha R 2015 Classical tests of
general relativity: Brane-world Sun from minimal geometric
deformation Europhys. Lett. 110 40003

Ovalle J 2016 Extending the geometric deformation: new black
hole solutions Int. J. Mod. Phys. Conf. Ser. 41 1660132

Ovalle J 2017 Decoupling gravitational sources in general
relativity: from perfect to anisotropic fluids Phys. Rev. D 95
104019

Ovalle J, Casadio R, Da Rocha R and Sotomayor A 2018
Anisotropic solutions by gravitational decoupling Eur. Phys.
J.C78 122

Gabbanelli L, Rincén A and Rubio C 2018 Gravitational
decoupled anisotropies in compact stars Eur. Phys. J. C
78 370

Las Heras C and Le6n P 2018 Using MGD gravitational
decoupling to extend the isotropic solutions of Einstein
equations to the anisotropical domain Fortschr. Phys. 66
1800036

Ovalle J and Sotomayor A 2018 A simple method to generate
exact physically acceptable anisotropic solutions in general
relativity Eur. Phys. J. Plus 133 428

Ovalle J, Casadio R, Da Rocha R, Sotomayor A and Stuchlik Z
2018 Einstein-Klein-Gordon by gravitational decoupling
Europhys. Lett. 124 20004

Estrada M and Tello-Ortiz F 2018 A new family of analytical
anisotropic solutions by gravitational decoupling Eur. Phys.
J. Plus 133 453

Morales E and Tello-Ortiz F 2018 Compact anisotropic models
in general relativity by gravitational decoupling Eur. Phys. J.
C 78 841

Torres-Sdnchez V A and Contreras E 2019 Anisotropic neutron
stars by gravitational decoupling Eur. Phys. J. C 79 829

Estrada M and Prado R 2019 The gravitational decoupling
method: the higher-dimensional case to find new analytic
solutions Eur. Phys. J. Plus 134 168

Tello-Ortiz F, Malaver M, Rincn A and Gomez-Leyton Y 2020
Relativistic anisotropic fluid spheres satisfying a non-linear
equation of state Eur. Phys. J. C 80 371

Tello-Ortiz F 2020 Minimally deformed anisotropic dark stars
in the framework of gravitational decoupling Eur. Phys. J. C
80 413

Abelldn G, Rincén A, Fuenmayor E and Contreras E 2020
Anisotropic interior solution by gravitational decoupling
based on a non-standard anisotropy Eur. Phys. J. Plus
135 606

Rincon A, Gabbanelli L, Contreras E and Tello-Ortiz F 2019
Minimal geometric deformation in a Reissner Nordstrm
background Eur. Phys. J. C 79 873

Tello-Ortiz F, Rincn A, Bhar P and Gomez-Leyton Y 2020
Durgapal IV model considering the minimal geometric
deformation approach Chin. Phys. C 44 105102


https://doi.org/10.1103/PhysRevD.102.084005
https://doi.org/10.1103/PhysRevD.102.084005
https://doi.org/10.1016/j.physletb.2022.137329
https://doi.org/10.1088/1572-9494/aba242
https://doi.org/10.1088/1361-6382/ac500a
https://doi.org/10.1088/1674-1137/abc1d4
https://doi.org/10.1103/PhysRevLett.125.149002
https://doi.org/10.1140/epjc/s10052-020-08568-6
https://doi.org/10.1140/epjc/s10052-020-8200-7
https://doi.org/10.1103/PhysRevLett.125.149001
https://doi.org/10.1103/PhysRevD.102.024025
https://doi.org/10.1103/PhysRevD.102.024025
https://doi.org/10.1007/JHEP07(2020)027
https://doi.org/10.1016/j.physletb.2020.135717
https://ui.adsabs.harvard.edu/abs//abstract
https://doi.org/10.1016/j.physletb.2020.135843
https://doi.org/10.1086/152760
https://doi.org/10.1146/annurev.aa.10.090172.002235
https://doi.org/10.1016/S0370-1573(96)00042-7
https://doi.org/10.1088/0264-9381/20/20/201
https://doi.org/10.1088/0264-9381/22/20/002
https://doi.org/10.1103/PhysRevD.83.124051
https://doi.org/10.1088/0264-9381/32/14/145008
https://doi.org/10.1088/0264-9381/32/14/145008
https://doi.org/10.1103/PhysRevD.96.083007
https://doi.org/10.1103/PhysRevD.87.087303
https://doi.org/10.1016/j.dark.2020.100632
https://doi.org/10.1142/S0217751X10050202
https://doi.org/10.1103/PhysRevD.99.044029
https://doi.org/10.1088/0264-9381/28/2/025009
https://doi.org/10.1142/S0217732308027011
https://doi.org/10.1103/PhysRevD.88.104026
https://doi.org/10.1209/0295-5075/110/40003
https://doi.org/10.1142/S2010194516601320
https://doi.org/10.1103/PhysRevD.95.104019
https://doi.org/10.1103/PhysRevD.95.104019
https://doi.org/10.1140/epjc/s10052-018-5606-6
https://doi.org/10.1140/epjc/s10052-018-5865-2
https://doi.org/10.1002/prop.201800036
https://doi.org/10.1002/prop.201800036
https://doi.org/10.1140/epjp/i2018-12291-7
https://doi.org/10.1209/0295-5075/124/20004
https://doi.org/10.1140/epjp/i2018-12249-9
https://doi.org/10.1140/epjc/s10052-018-6319-6
https://doi.org/10.1140/epjc/s10052-019-7341-z
https://doi.org/10.1140/epjp/i2019-12555-8
https://doi.org/10.1140/epjc/s10052-020-7956-0
https://doi.org/10.1140/epjc/s10052-020-7995-6
https://doi.org/10.1140/epjp/s13360-020-00589-0
https://doi.org/10.1140/epjc/s10052-019-7397-9
https://doi.org/10.1088/1674-1137/aba5f7

Commun. Theor. Phys. 77 (2025) 065401

H Azmat et al

(85]

(86]

(87]

(88]
(89]
[90]

[91]

[92]

Da Rocha R 2020 Minimal geometric deformation of Yang—
Mills-Dirac stellar configurations Phys. Rev. D 102 024011

Maurya S K and Tello-Ortiz F 2020 Anisotropic fluid spheres
in the framework of f(RmT) gravity theory Ann. Phys. 414
168070

Maurya S K and Tello-Ortiz F 2020 Decoupling gravitational
sources by MGD approach in Rastall gravity Phys. Dark
Univ. 29 100577

Tello-Ortiz F, Maurya S K and Gémez-Leyton Y 2020 Class I
approach as MGD generator Eur. Phys. J. C 80 324

Contreras E 2018 Minimal geometric deformation: the inverse
problem Eur. Phys. J. C 78 678

Ovalle J 2019 Decoupling gravitational sources in general
relativity: the extended case Phys. Lett. B 788 213

Ovalle J, Casadio R, Da Rocha R, Sotomayor A and Stuchlik Z
2018 Black holes by gravitational decoupling Eur. Phys. J.
C 78 960

Contreras E and Barguefio P 2018 Minimal geometric
deformation in asymptotically (A-)dS space-times and the

16

[93]

[94]

[95]

[96]

[971

[98]

isotropic sector for a polytropic black hole Eur. Phys. J. C
78 985

Contreras E 2019 Gravitational decoupling in 2+1 dimensional
space-times with cosmological term Class. Quant. Grav. 36
095004

Tello-Ortiz F, Avalos R, Gémez-Leyton Y and Contreras E
2024 Charged black holes by gravitational decoupling
satisfying a non-local Phys. Dark Univ. 46 101547

Contreras E, Ovalle J and Casadio R 2021 Gravitational
decoupling for axially symmetric systems and rotating black
holes Phys. Rev. D 103 044020

Ovalle J, Contreras E and Stuchlik Z 2021 Kerr de Sitter black
hole revisited Phys. Rev. D 103 084016

Richarte M and Simeone C 2007 Thin-shell wormholes
supported by ordinary matter in Einstein—-Gauss—Bonnet
gravity Phys. Rev. D 76 087502

Davis S C 2003 Generalized Israel junction conditions
for a Gauss—Bonnet brane world Phys. Rev. D 67
024030


https://doi.org/10.1103/PhysRevD.102.024011
https://doi.org/10.1016/j.aop.2020.168070
https://doi.org/10.1016/j.aop.2020.168070
https://doi.org/10.1016/j.dark.2020.100577
https://doi.org/10.1140/epjc/s10052-020-7882-1
https://doi.org/10.1140/epjc/s10052-018-6168-3
https://doi.org/10.1016/j.physletb.2018.11.029
https://doi.org/10.1140/epjc/s10052-018-6450-4
https://doi.org/10.1140/epjc/s10052-018-6472-y
https://doi.org/10.1088/1361-6382/ab11e6
https://doi.org/10.1088/1361-6382/ab11e6
https://doi.org/10.1016/j.dark.2024.101547
https://doi.org/10.1103/PhysRevD.103.044020
https://doi.org/10.1103/PhysRevD.103.084016
https://doi.org/10.1103/PhysRevD.76.087502
https://doi.org/10.1103/PhysRevD.67.024030
https://doi.org/10.1103/PhysRevD.67.024030

	1. Introduction
	2. EGB gravitational field equations
	3. GD via the MGD approach
	3.1. Minimally deformed solution in 4D EGB gravity
	3.2. Mimicking of pressure constraint i.e. pr=θ11 and deformation function

	4. Exterior spacetime and junction conditions for TFS solution
	5. Analysis of solutions
	5.1. EGB case
	5.2. EGB+MGD case

	6. Energy conditions
	7. Square sound speeds and Herrera's cracking condition
	8. TOV equation
	9. Adiabatic index
	10. Concluding remarks
	Acknowledgments
	References



