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Abstract: In this paper, the accountable factors are brought out for irregularity in energy density of spherically symmetric
radiating fluid in (G, T) gravity under electromagnetic field, where G is a Gauss—Bonnet term and T is the trace of the
energy—momentum tensor. The expressions by varying mass function are composed by taking its radial and temporal
derivatives. The relation between Weyl scalar, mass function, and modified field equations is developed, which would then
be used to obtain Ellis equations. The role of parameters of fluid, Weyl curvature, correction terms, and electromagnetic
field in the growth of inhomogeneity is explored by taking different types of realistic fluids. It is inferred that the
electromagnetic field is trying to produce hindrances in the emergence of inhomogeneous energy density from the

homogeneous one with f(G, T) terms.
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1. Introduction

The well-known general relativity (GR) is often regarded
as the most effective realistic theory for studying the
phenomena of gravitational interactions in self-gravitating
systems and related circumstances. Einstein proposed this
theory by considering the cosmos to be static. The inves-
tigation of its alternatives cannot be overlooked, which
comes from the current conflict that GR is facing [1-4].
The discovery of different phenomena, like dark energy
(DE), dark matter (DM), and universe expansion, urged
scientists to modify the theory of GR. To address such
issues many ideas have been proposed in the literature. The
modified theories are proposed for further experiments by
generalizing Einstein—Hilbert action with more general
functions in order to deal with the dark sector of the
COSMOsS.

The simplest framework in which one can easily ask the
general question of which modified version of gravitational
theories is permitted is f(R) theory of gravity [5-9]. This
modified version is obtained by replacing curvature scalar
with more general scalar invariant function. Santos et al.
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[10] discussed about the bounds urged by energy condi-
tions on f{(R) theory and calculated strong and null energy
conditions through Raychaudhuri equations. Sharif and
Yousaf [11] studied the dynamical instability of collapsing
fluid in cylindrical symmetric geometry under f(R) theory
of gravity by taking locally isotropic fluid with electro-
magnetic field and deducing that different features of fluids
like corrections terms, energy density, and pressure are
responsible for producing instability in the collapsing
system. Dynamical instability of the spherical self-gravi-
tating body was observed by Sharif and Yousaf [12] in the
framework of f{R) theory, where they assumed fluid to be
anisotropic with usable CDTT model. After evaluating the
useful expressions with a perturbation scheme, they con-
cluded that dynamical properties are affected by dark
sources coming from the CDTT model.

Then they [13] extend their work to evaluate dynamical
equations by adopting the same procedure and deduced that
charge is an additional term that affects the dynamical
behavior of spherical isotropic fluid in f(R) theory. The
structure of a family of spherically symmetric static
spacetimes formed by an anisotropic fluid and regulated by
fIR) gravity was investigated by Olmo and Garcia [14].
They discovered that such solutions represent black holes
with a limited-size wormhole in place of the center
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singularity for a range of physical parameters of interest.
Yousaf [15] explained the role of corrections terms and
matter quantities in the formation of structure scalar and
their growth through complexity factor. He concluded that
the significant impact of the scalar is the presence of
structural spherical effects resulting from the energy den-
sity inhomogeneity.

For more interesting results, a new theory was estab-
lished by considering the curvature quantities like Riemann
tensor (Rgys,), Ricei tensor (Rg,) and curvature scalar (R)
in the GR action named as, f(G) theory of gravity [16],
where G is the topological invariant and stands for Gauss—
Bonnet term. The primary benefit of G theory over others is
that applicable f(G) [17] models stay consistent under the
constraints of the solar system. Myrzakula [18] discovered
various cosmological solutions by taking Gauss—Bonnet
gravity and observed that f(G) theory can define ACDM
model. It can be used as a substitute for DE and can
reconstruct different kinds of solutions. Houndjo et al. [19]
proposed the formation of anisotropic compact cylindrical
systems in f(G) gravity and explained the remarkable
properties of the obtained compact star. Bamba ef al. [20]
developed the energy bounds for f(G) gravity by consid-
ering FLRW metric for perfect fluid. Silva and Rodrigues
[21] investigated the feasibility of generalizing GR solu-
tions of regular black holes through an electric charge for
the f(G) theory. Bhatti er al. [22] contributed in f(G)
gravity by claiming that pressure anisotropy, energy den-
sity, and f(G) terms affect the dynamical properties of self-
gravitating fluid with the use of dynamical equations for
curvature tensor. Mustafa et al. [23] inferred that gravita-
tional force in modified f(G) gravity is significantly
stronger than in GR.

Kanti et al. [24] devoted their research to the early
evolution of the cosmos, revealing that the Ricci scalar R is
sub-dominant to Gauss—Bonnet (GB) term and thus can be
ignored. They observed that during inflation, the scalar
field reduces exponentially, and the GB terms provide the
required potential for the field. Oikonomou [25] looked at
how the f(G) gravity behaved when a Type IV singularity
appear in the bouncing domain. They found that the f(G)
theory effectively captures singular bouncing cosmology
for the appropriate Hubble parameter. The (G, T?) theory
is a novel theory that allows Lagrangian to rely on some
analytical function of 72 along with the GB term. It is
plausible to assume that the 72 will only be important in
regions of high energy, such as the early-time universe or
black holes. Yousaf et al. [26, 27] studied how this new
gravitational model, the f(G, T5}'T(5;,) model, affect the
complexity of time-dependent non-radiating and radiating
spherical celestial structures. They revealed that the pres-
ence of GB and higher-order matter terms increases the

complexity, which leads to significant changes in the
gravitational source.

In the realm of string-inspired dilatonic Einstein-f(G)
gravity, Kanti et al. [28] examined the existence of
wormbhole solutions without using exotic matter or phan-
tom scalar fields, revealing that the f(G) terms are com-
pletely responsible for the stable models of wormholes. In
the realm of Einstein-scalar-f(G) theory, Antoniou er al.
[29] produced solutions for black holes and demonstrated
that the creation of these solutions is a generic feature of
this theory, and no-hair theorems may be conveniently
avoided. Avik De et al. [30] investigated the role of geo-
metrical constraints of (GR), spacetime in f(R, G) gravity.
They explored the weak, null, strong, and dominant energy
conditions in a generalized Ricci recurrent conformally flat
space-time and proposed that their assumed models are in
good agreement with current observational values. Anto-
niou et al. [31] supported the claims in [29] by analyzing
the presence of scalar hair black hole solutions by
enforcing a specific constraint and in a certain background.
They also calculated the corresponding cosmic solutions in
f(G) theory.

The (G, T) theory of gravity is a modified form of f(G)
theory, where T is the trace of the stress—energy tensor,
presented by Sharif and Ikram [32]. The work of Harko
et al. [33] in the building of (R, T) theory from f{R) gravity
inspired them the inclusion of T in the analysis of [16]. By
using power law and de sitter solutions Sharif and Ikram
[32] formulated the corresponding energy conditions in the
framework of (G, T) and obtained plausible constraints on
the free variables. The f(G,T) theory of gravity models
was utilized to reconstruct ACDM cosmology without the
usage of a cosmological constant [34] to obtain solutions
by taking Noether symmetry strategy. Yousaf [35, 36]
observed structure scalars in the light of f(G,T) theory of
gravity and found the behavior of scalars in this context.
The effect of f(G,T) on expanding star was studied by
Bhatti et al. [37]. By using energy conditions with physical
variables, they deduced that the compactness of a star
model’s core grows as the energy conditions hold. Ilyas
et al. [38] discussed the physical behavior of a charged
sphere using the f(G, T) formalism and studied the struc-
tures of realistic charged sphere. Maurya et al. [39] pre-
sented a spherical solution of a charged fluid by embedding
it in the f(G,T) formalism and the results suggested that
the solution obtained depicts a physically viable and
stable compact star. In f(G,T) theory, Yousaf et al. [40]
looked at the effect of charge on the complexity of a
considered static fluid and showed that complexity is
affected by charge and f(G, T) terms.

Gravitational collapse is a significant phenomenon in the
relativistic self-gravitating system when it experiences
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irregularity in the energy density. This phenomenon has
enforced numerous researchers to investigate the variables
that contribute to the appearance of inhomogeneity in the
initially regular radiating objects [41, 42]. Herrera [43]
discovered that any deviation from equilibrium (or quasi-
equilibrium) of a matter distribution is strongly governed
by changes in the Weyl curvature. Herrera and his col-
laborators [44] studied the expansion-free shearing distri-
bution of matter with constant energy density and by using
dust case they deduced that expansion-free condition
requires irregularity. Gravitational behavior of radiating
star in spherically symmetric geometry by taking geodesic
motion was explained by Thirukkanesh and Maharaj [45],
where they found different equations satisfying special and
elementary functions. Herrera et al. [46] looked at the
irregularity in LTB spacetimes for tilted congruence in
which they identified and defined the factor that con-
tributed to the existence of inhomogeneity and compared
their findings to those obtained by a non tilted observer.
Finally, they showed a strange circumstance in which the
non-tilted congruence may be unstable.

Herrera [47] observed the causes of collapsing fluid
inhomogeneity and homogeneity by taking different fea-
tures of considered fluid and concluded that the vanishing
of Weyl curvature with correction terms implies homo-
geneity. The role of irregularity in energy density and
anisotropy of pressure for collapsing phenomena was
studied by Sharma and Tikekar [48]. Govender et al. [49]
investigated how the collapse phenomenon reacts in the
existence of shear. They showed that shear causes an
increase in core temperature, underscoring the importance
of relaxations effects when a star exits hydrostatic equi-
librium. Herrera et al. [50] investigated the physical
infeasibility of the radiating geodesic dust and showed that
until the dissipative flow diminishes, a geodesic, rotational
radiating dust violates regularity criteria at the center of the
distribution. Yousaf and his colleagues [51-54] recently
investigated how (non)-tilted congruence influences the
dynamical features of a self-gravitating fluid in which he
looked at the stability of irregular energy density in the
setting of modified gravity.

It is quite interesting to start an investigation of the
charged self-gravitating systems. In this direction, Rosse-
land [55] began his research on the phenomenon of col-
lapse in charged radiating fluids. A lot of work has been
done to investigate the contribution of the electromagnetic
field in the evolution of self-gravitating systems [56-58]. In
the existence of cosmological constant, structure scalar is
investigated for charged radiating spherical sphere and dust
to understand the change in inhomogeneity by Herrera
et al. [59]. Pinheiro and Chan [60] studied the role of

charge in inhomogeneity by taking radiating fluids and
concluded that conformal flatness implies homogeneity. Di
Prisco et al. [61] studied the collapse of charged relativistic
spherical systems. They also calculated the impact of
electric charge in the formation of inhomogeneous energy
density by exploring the corresponding relation. The role of
electric charge has been observed by Nyonyi et al. [62] by
simulating a spherical sphere with a radiating matter dis-
tribution that dissipates in the heat and radiation density
mode. They found that their calculated charged models are
in fact the generalizations of conformally flat spacetime.
The significance of Palatini f{R) theory and electromag-
netic field in the energy density irregularity of plane-
symmetric anisotropic fluid was proposed by Bhatti and
Yousaf [63] with the results that charge and correction
terms try to keep the system homogeneous. Yousaf [64]
calculated the exact solution of radiating and non-radiating
fluid with the condition of conformal flatness and con-
cluded that dark source terms complicate the system but
they do not affect the temperature of the system.

We extend the work of Herrera [47] to understand the
energy-density irregularity of relativistic non-adiabatic
sphere using the f(G, T) theory of gravity under the effect
of an electromagnetic field. The following is how it is
organized: The distribution of a radiating compact charged
sphere, which is spherically symmetric and confined by X,
is described in Sect. 2. The kinematical variables, modified
and conservation equations, and f(G,T) terms will be
explored in the form of subsections of this section. The key
expressions of Sect. 3 are the mass function, dynamical
equations, modified differential equations for Weyl cur-
vature, and the associated heat flow transfer equation.
Using the updated (G, T) theory and various fluid features,
Sect. 4 investigates various reasons for the causes of
energy-density irregularity of the spherical system. Finally,
we talk about how our efforts have turned out.

2. Fluid distribution in f(G, T) theory of gravity

The generalization of Einstein—Hilbert action in f(G,T)
theory takes the form

Sy =5 | RHIGDIE ¢+ [ Loy '
m

where T, R, G and L,, represent trace of energy—momentum
tensor, curvature scalar, Gauss—Bonnet terms, and
Lagrangian matter density, respectively. The energy—
momentum tensor for the matter content can be described
as
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Ty = ——— «agﬁ )7 (2) K=y =30 =301+, V=10
(-g)? 8 (11)
which yields Equation (9) with Eq. (11) yields
20L,,
Té/ﬂ =——==7 1 géﬁﬁin- (3) s oX 2 1 2 ox\ 1
6 Oﬁ 2 = q° = R e = _ —_ 12
g d-ad=(5) (%) e (5)x 0
Using a variational strategy, Eq. (3) becomes
) and for expansion ®, we get
5T5/§ 20°L,, oL, 5g5ﬁ
= - sp = + L . 4 1 . :
Sgw  Ogwdgos SV 0gu " Bg W e—_L (criare), (13)

We assume a radiating collapsing charged fluid in
spacetime, which is spherically symmetric with comoving
coordinates in this paper. The general line element for a
spherical surface X is defined as

ds?> = Y2dr? — X2dr? + C?d0? + C?sin® 0d¢?, (5)

where the metric components are positive and coordinates
are demonstrated as x! =1, > =r, X¥* =0, x* = ¢. We
suppose that the geometry above is coupled with a locally
anisotropic charged fluid that is radiating in the form of
null radiations and heat under an electromagnetic field.

2.1. Matter stress—energy tensor

The following equation denotes the matter stress—energy
tensor

Té;;l) = (PL+w)VsVp+elsly + (=P + Pr)ysyp + a5 Vs
+ Pigop + Visqp,
(6)

L €, gy, P,, pand P, stand for unit four

7
vector, null radial vector, four velocity, null-fluid density,
heat flux, radial pressure, energy density, and tangential
pressure and are functions of r and t. The above factors
satisfy

v,

where y "

\4 ) )

Prs=1, VOVs = —1, gsV° =0, (7)

Pls =0, Vsl = —1, V51’ = 0. (8)

where ¢° = g°. The expansion scale (®) and acceleration
(as) of fluid are written as

@ZV 0y As = VﬁV5[g (9)

The form of shear tensor is

1
osp = aeVp) — §®h(5ﬁ + Vs (10)
where hsg = VgVs + gsp. We assume the considered
metric (5) is resting in a comoving reference frame.
Therefore

XyYc

using Eq. (11) in Eq. (10), we obtain scalar and nonzero
expressions of shear tensor as follows

2 1
o550’ = 5027 o= XYC(YC CY), (14)
20 044 o 5
Oy = T T2 15
=7V o =05y =3¢ (15)

2.2. Modified field equations in f(G, T) gravity

The field equations for the charged radiating fluid in
f(G,T) theory are written as

G()ﬁ — (mt) T(m) + E + Tég T)7

% (16)

in which the first term in right hand side is for matter part,
the second term denotes the presence of charge and the
third term is for modified gravity part.

2.3. Electromagnetic stress—energy tensor

The electromagnetic stress—energy tensor is given by

| - ,
Esp = o ( = P Fe gop "’F(s]Fﬁn)v (17)

where F,: is Maxwell field tensor, expressed as

Fsp=¢ps— sy and ¢5 = ¢35 , &y = (t,7r),

here ¢s and ¢ denote four and scalar potential,
respectively. E = &I is electric intensity of charge. The
Maxwell field equation, in which J % is four current, can be
written as

F = 4n)°. (18)
Equation (18) gives
o? Y 2C° X'\ 9¢
T AnXYiu, = | — 4+ — i . 19
62}’ T lu'O < Y + C + X ) ar ) ( )
o Y 2C X\0
To_ (Y 2€ X\ (20)
orot Y C 'X)or

Equation (19) becomes by taking A = ar
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6A 2 7 Y/ X/
+ (i__——)A :47‘CX,LL0Y2. (21)

or cC Y X
Its integration gives

XY

A:ECL

(22)
where q =4n [ 1yC*Ydr is an electric charge. The
independent components of (17) are

Ei = 2nE*X?,
E33 = 2’/[E2C2,

Ey = —2nE*Y?,

23
E44 = E33 Sil’l2 0. ( )

2.4. Modified stress—energy tensor

The modified version of stress—energy tensor in f(G,T)
gravity is

TET = el (G.T) — (@5 + T (6. )
+ 2[(2R(§[;M,Rw + 2R51R% — RRsp
— RopnR" )fg(G,T) + (2Rsy — Rgsp)Vf5 (G, T)
— 2R3V, Vfg(G.T) + RV;Vfg(G, T)
+285sR"'V,V fg(G, T) — ZR%V(5VJQ(Q7 T)
— 2R, V*V"f5(G, T)],
(24)

where d’Alembert operater is given by V2 =V;V?,
£r(6,7) = L0 and f5(G,T) = L&0,

In cosmology, DHOST theories can be incorporated into
a unified efficient description of modified gravity and dark
energy. The Lagrangian of DHOST theories contain scalar
and tensor terms [65], which causes instability in the
analysis of any system. It also raises extra degrees of
freedom which is not easy to tackle in normal circum-
stances. One may need to impose some extra conditions to
reduce the order of field equations because it is commonly
believed in recent studies that those Euler—Lagrangian
which results in second-order field equations are exempt
from extra degrees of freedom.

Further, fiR) and f(G) gravity could be taken as inter-
esting gravitation models for the description of DE and
relativistic fluid in a systematic way. Such theories can be
made ghost free and thus could be useful in describing
various aspects such as inflation, deceleration-to-accelera-
tion phase, and current cosmic dynamics. It specifies the
role of matter and curvature terms exclusively, to under-
stand the mutual effects of matter and curvature at a large
gravitational scale, it could be worthwhile to take f(G,T)
into consideration. Due to this coupling, test particles

experience an extra force, which is discovered to be
orthogonal to the four velocities, causing the motion to
become non-geodesic. This non-geodesic motion under
f(G,T) gravity indicates the acceleratory nature of the
cosmos. Moreover, it effectively deals with various astro-
physical issues such as late-time expansion, inflation, and
current cosmological behavior.

To invoke the curvature terms of the f(G,T) gravity,
separate formulations for the functions G and T might be
utilized. As a result, we choose a model of the type (G, T)
shown below [36]

(G, T) = fo(T) + £1(9).

These types of models are thought to be possible
corrections in f(G) theory. The models above might be
used as toy models to learn more about the universe’s dark
area. We use linear f>o(T) to investigate the role of
curvature terms deriving from f(G) gravity on the
dynamics of a spherical star in this work. As a result, we
have

(G, T) =iT + £i(9),

where A is regarded as constant. For Gauss—Bonnet terms
now we take model of f(G) as

fi(G) = aG* + G,
where « is any fixed real number. As a result, we may write

f(G,T) = G+ AT + aG>.

(25)

(26)

(27)

By using this form of the model, we explored interesting
results for various forms of fluids. The curvature defining
term G reacts differently on the dynamical stability and
existence of the considered system for different kinds of
spacetime. The spacetime symmetry determines the effect
of G on the stability; for example, it is seen that for the
stability analysis of wormhole [66], the role of G is sig-
nificant for different spacetime such as it has no effect on
the stability of planar symmetric wormholes. However, it
destabilized the wormhole in spherical symmetry but sta-
bilized the wormhole for hyperbolical symmetry. Similarly
in our case, the role of G is significant. We explored the
role of this curvature term for spherical symmetric non-
static spacetime, in which it rises as a function of r and ¢. It
is clear from the observation that coupling of this term with
T affects the system at a large scale and curvature terms
along with matter make the system irregular, i.e., for
spherical symmetry G produces irregularity and leads the
system to collapse region for making new objects. Conse-
quently, the results that are provided in the influence of G
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terms reveal a better way to understand the evolution of the
spherical structures at a high curvature epoch.

In the assumed model, the o and 4 are regarded as
constants, which are used here in a general form. From
further formulations, one can be seen that these constants
define the existence of inhomogeneity. It is obvious from
our findings that, all the results reduce to GR if we assume
o =4 =0, which indicate the significance of these

parameters.
In Eq. (24) Osp is given by
0Ty,
Osp = Gy 7 28
f 8o ag&ﬁ ( )
Equations (28) and (4) provide
oL
Osp = gspLlm — 2Tsp — 28" — 29
o8 = 8op = 28" 5 S g (29)

We can take the Lagrangian density of considered matter as
L, = —P [33]. Thus Eq. (29) becomes

O, = —2T,, — Pgy,.

Equations (5), (6), (11), (23), and (24) yield us to
independent components of modified form of Einstein’s
field equations

(18 + B+ 1§7) = i1+ 2) - P

(GHAT +4G)
Y AN AL SR
2x2 0 x2 ' x2
[y o2 L
TA\YCc Cv?r ocyr  c?
2YC N Cc?
X2YC  X2c2)’
(30)
(T 4 Eyy + T = P, (1 4 2) + JP
+(Q+iT+ocQZ)
2
o 099 W o
+2<2Y2+ v Ty nE)
_[2XC 2c* 2C
TA\X3C X2 X2C
N c? 1 +2C’X’
c2y?2 C? ' cxy?)’
(31)
(m) (G.T)y _ ~ 207, B ZYC/
(T, + 15 )——61(1+/1)+W— <Y2XC
(32)

20X 2C
X2cy Xxyc )’

m + AT + aG?
(T + E + TSy = PL (14 2) + 7P L GHATToG) 5 9)
Zz ZzOCg OCZ; 2
B c YC XC N Y
- CX? CY? Crx> cx3 vx2
N X" N XY N xc Xy yc
Xy?  vx3 ' cxy: Xxy’ cy:)’
(33)
m s g + /lT + O{gz
(T 4 By + TOD) = P (14 2) + 2P +(—2)
Zz ZQO(g O(Z; 2)
+2 + + nE
(202 sin@  C2sin>0  C?sin’ 6
B 1 ¢ ¢ YC XC N Y
T osin?@\CX2 CY?'crxt cx? YXx2
L (X XY XC XV yc
sinf 0 \ XyY2  YX3 CXY? Xy’ C(CY3
(34)

where P, =P, +¢€, =q+e¢, fi=pu+e and the quan-
tities yp, %5, X1» X1+ Z2, Zi and Z3 are for modified parts
and their values are given in “Appendix.”

3. Dynamical equations and Ellis equations

In the influence of charge, mass [67] function is described
as

C 7 XYcC
m= 51%332 +55= 8n*CE? + {T
2 » (35)
ycc. xcct| 1
2 2 | Xy’
The radial and proper time derivatives are
10 10
Dp = —— =__. 36
CT oo T X (36)
The velocity of charged radiating fluid is
U=x"'C. (37)
Equation (35) now becomes
(o4 2
57:\/—?"% U? + 1+ 8n2C3E2. (38)

The variation in Eq. (35) tells us about the role of different
variables on mass function and change is given by
considering Egs. (30)—(32) as
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. AT + 0G?
+2<2X;2+£2ag
5 207 (39)
%Xz 2 oLy
—=—n1nF U M) ——— |E
v g )) +<< ) XY)
82 . .
—;(SCEZ—FZEEC)}
AT + oG
Dcmzcz{ﬂ(lJrz)—z,P—w
012G
2
* <2X2+ X2
71 2 - 207, U 81’ )
E 1+ 2)— — E
tp T >+<q(+) XY) C,(3C
+2EE’C)].
(40)
Integration of latter equation yields
r AT 2
m:/ C’Cz[/j(l—f—,l) _ip_w
0
+2<2X2+Mg
207, \ U (1)
_ 2 71 J) j— a 1 J—
+2 +nE>+ (q(l-ﬁ-/n) 7 ) c

87’
+ & (3C'E* + 2EE C)}

where m(0) = 0 for regular charged fluid distribution is
taken. The integrating of Eq. (41) gives

3 1/ o
C—"; (1 +,1)—5/ C3[Dc,u(1+/L)
3)P  3(GH+ T + aG?)

C 2C

6 110G oyl > 3U (.
——= —+nE" | ——{4(1
C<2X2+ tptn ol g1+ 1)

20z, ) 242

Xy ) cc
(3C'E* + 2EE’C)} C'dr.
(42)

In f(G,T) theory, the nonzero divergence of Eq. (24) is
expressed as

fT(g7 T) m N 1 n

1 .
+ V6®(5ﬁ — Eg(;/,»v"T].

VOTs5 =

whose nonzero components are

2q(xC)
Yc

T .
(7'1+2P1710713),

) ¢ 4 c
(1+3;v){u+q7+ +(ﬁ+Pr);+(2ﬁ+zm)g}:

(44)

. [2C 2Y S '¢ cx o ouX]

(l+3i){q+q<?+7>+(u+P,)7+2HE+(P,) ?}7
_(T'X  2P'XJ "
oy + Y +h+1 ),

(45)

where the expressions for ly, [, {; and [ are present in
“Appendix.” The above equations that are evaluated are
referred as dynamical equations. These will be utilized to
comprehend irregularity in energy density of the charged
spherical system.

The Weyl tensor is made up of magnetic and electric
components. In a system, which is spherically symmetric
the first component is zero. The electric component [68] is
listed below.

Esp = Cesupy V'V, (46)

that can be shown as

1
Esp = 5(%5%;; - ghéﬁ)- (47)
The independent components are
28Y? £c?
Ey» = 3 Ey = — 5 Eyy = E335in* 0, (48)

here £ is Weyl scalar, given by
)

5_[C_/2+E+£C+EC_”YYYZ_C
21¢C* YC C C C c?
r21i
_Z_Cz}_
(49)

The link between the Weyl scalar, field equations, mass
function, and charge can be described by taking Egs. (30),
(31), and (33) with Egs. (35) and (49) as



1928

Z Yousaf et al.

6
25+é§-%#yf(u M) + (i— T — P).
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In the context of f(G,T) gravity, the set of equations
defining the development of self-gravitating matter
distribution with anisotropic stresses is employed and
utilized to conduct a study on the behavior of such systems.
These two differential equations for the Weyl curvature are
called Ellis equations, which are significant in our study.
They were initially discovered by Ellis [69]. Now, we
reconstructed them by using the approach described in
[70], in which they emphasized their attention to the
relation between the pressure anisotropy, Weyl tensor,
shear tensor, and inhomogeneity. They also exhibited some
solutions to explain the required discussion in the arena of
GR. Here, we have used the same approach to develop the
equations which specify link between Weyl curvature and
matter variables by adding extra factors. With the help of
this relation, we studied the inhomogeneity of the system
and concluded that the evolutionary behavior of the system
under investigation will be homogeneous if the Weyl scalar
vanishes with curvature terms. The form of the obtained
equations are

(G + AT + aG?)
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The corresponding heat flow transport equation [71, 72] is
stated as,

. . . 1 V15
Vg, + ¢ = —kh® <T.o‘ + Ta5> — KT ( : ) 4’
;0

(52)

2 KkT?
(53)

where T, T and « indicate temperature, relaxation time, and
thermal conductivity. Its independent component is written
as

: K aE-
qr{?(TX) +Xq+—r®+2KqT ( TZ)}

(54)
The truncated version of Eq. (53) is obtained in the absence
of last term

it =~ (Xa+ y xry) (55)

4. Regularity and irregularity in the energy density

Now, we analyze the irregular behavior of the system under
f(G, T) gravity and observe that the obtained results are
different from GR and other modified gravity, such dif-
ferences appear due to the coupling between matter and
curvature. To highlight the effects of modified corrections,
we study a specific type of f(G,T) model taken as,
F(G, T) =£1(G) + f2(T). In comparison with f(G) gravity,
we use the linear version f, = AT and obtained distinct
conclusions based on a nontrivial coupling. This linear
term corresponds to GR for proper rescaling of 1. By using
this form of the model, we explore interesting results for
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various forms of fluids. This section is devoted to the major
goal of our efforts, in which we will use various fluid
properties in the following subsections to better understand
the functions of various components in the existence and
departure of irregularity of the spherically symmetric
charged fluids.

4.1. Non-dissipative pressureless charged fluid

To begin, we consider charged non-dissipative geodesic
pressureless fluid with P, =g=P, =0 and X =1 in an
increasing order. As a result, Equations (51) and (52) have
the form

+ T + 0G? y B
B 100G o Za | oG 2
- e e = —=+3nE
272 Y2 Y2 2c? C? JrC2Jr
3C
i Y-
+ C{ u

Z Z,0G  oZ
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C

— 247 F?
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4.

(59

The Weyl curvature, f(G,T) terms, and charge are all
responsible for energy density inhomogeneity, according to
Eq. (57). Using Egs. (14) and (44) in Eq. (56), we now
have

(57)

6C
26+ &5 = —oputqo+ [x&o + A& — on)], (58)

where
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Due to modified components, Eq. (58) demonstrates the
fascinating fact that shear free condition and conformal
flatness do not entail each other. The solution of Eq. (58),
where £(0, r) = 0 is the specified integration function, has
the form

~ JoouC® - JiaoC®
E=— 203 dr + 203 dr (59)
| oo + 25— awlC®

23

In Eq. (59), the terms on the right side describe the con-
sequences of GR [47], effects of charge, role of f(G) terms
[73], and f(T) constituents, respectively. The contribution
of modified terms in the density inhomogeneity can be
recognized by assuming the role of parameters o and /.
Now, we would like to discuss this result in detail as

If we take 4 =0, then Eq. (59) will describe the con-
sequences of GR and f(G) terms (a&,) along with the
impact of the charge. Thereby, the influence of f{T) terms
would vanish in this scenario. On the other hand, if we
choose o = 0, then the significant role of AT) corrections
has been observed explicitly. In this case, the factor A(&; —
ou) >0 is regarded as the additional source to induce
inhomogeneity of the system by mean of f{T) influence.
Therefore, it is concluded that the Weyl scalar including
the effects of charge on the grounds of fiG, T) gravity
increases the inhomogeneity of the system. This result
could be recovered in GR [47] when o = 0 = A and in the
absence of charge. Consequently, the system will be
deformed under shearing motion only.

4.2. Non-radiating charged fluid

In this scenario, we are dealing with a locally isotropic
charged fluid, which is non-radiating in nature. For this, we
shall use I =¢=0,P, =P = P,. Equations (51) and
(52)
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As in the preceding situation, these equations indicate that
energy-density inhomogeneity is not caused solely by the
Weyl tensor. We get the following equation by combining
Egs. (14) and (44) in Eq. (60)

26+ 5%C = —X(u+P) + qo+ 461 + A(E — oX(u+ P))],

(62)
where
019 v w9 b Z

— 2 L= __“_____
<= [(2){2 + A R S I I PTee

G Z* '

+F+CZ)
L9 G 6C( Jg L B B

200 2 2X2%0 X2 20C?  C?

LB\ _2%C
c) ryc |

. (1+2) b(1+hHT 1 T
é'_[ 1+34 1437 EHP tHi=3) 3]

[S]leN

whose solution has following form

c fO O'X ,u + P) fO qO d
2C3 2C3 (63)
(&) + A(E] — oX(u+ P))|C
+ Jole ]2C3 dt.

The integration function is specified as £(0,r) = 0. We
take the shear-free situation without taking into account
conformal flatness since neither the shear-free condition
implies to conformal flatness nor the vanishing of the Weyl
curvature corresponds shear-free. As a result we get

gt b, | Jd +AIC (64

C3 2C3 2C3
where F(r) is chosen at random to fulfill F(0) = 0. All the
above-mentioned consequences would also be observed in
this scenario of isotropic non-radiating fluid. Also, the
conformal flatness is observed under shear-free and charge-
free configurations along with the zero contribution of the
dark source influences as presented in Eq. (64). However,
just ¢ = 0 does not encourage the vanishing of the Weyl
scalar as the correction terms and charge have a remarkable
influence to induce the irregularity in the system. This
demonstrates the significance of f(G, T) gravity. Thus, the
Weyl tensor does not vanish at any time ¢ for a given initial
homogeneous configuration, i.e., £(0,r) = 0, according to
Eq. (64).

4.3. Non-radiating locally anisotropic charged fluid

Now we look at the role of pressure anisotropy in a non-
radiating locally anisotropic charged fluid, for which

(IT £ 0,4 =0). Equations (51) and (52) can then be
written as
AT + oG
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Equations (14) and (44) in Eq. (65) are used to obtain the
evolution equation, which is the equation for irregularity-
causing elements. Thus we obtain

[T+ 26 +w= ~(u+ P)Xo + o
+ {“51+/1<5T—(M+Pr)XU— (67)

(0-5))]

The emerging quantity [IT + 2£] in Eq. (67) is referred as
structure scalar [74]. It was defined by following tensor

) 1 €€ px
Xop =" Ry,p,V'V" = 51 5 Rizp, V'V, (68)

where Rjg,, = %neéng% and 7¢,, indicates the Levi-Civita
tensor. Equation (68) turns out to be

1 1
Xsp = ngh(;ﬁ + X7r <}{5%/} — §h5ﬂ> , (69)

The trace and trace-free segment of Eq. (68) are contained
in Eq. (69). The required form of structure scalar is given
by applying modified equations and Egs. (46), (47) and
Eq. (49), we obtain

Xop = —T1 — &. (70)

In terms of X7r, the evolution equation (67) is represented
as

In this case, the inhomogeneity of the system is determined
through the scalar X7r as presented in Eq. (72). It is
inferred that the first term in the aforesaid equation corre-
sponds to the consequences of GR, demonstrating the
influence of anisotropy on the inhomogeneity under
shearing motion. If we choose the parameter 4 = 0, the
corresponding outcome would be reduced in f(G) gravity.
This reveals the impact of «&; term, however, the system’s
inhomogeneity would be decreased. Similarly, we may
analyze the impact of f{T) terms explicitly by selecting

x=0. Hence, the term A[¢f — (u+ P,)Xo — (I1+
H—CC)} > 0 reduce the system irregularity under f{7T) scenario.

Thereby, the system’s initial regular behavior has been
affected by anisotropy and f(G) and f{T) terms explicitly.

4.4. Dissipative charged pressureless fluid

Finally, we will investigate the impact of dissipation in the
growth of irregularity by using geodesic radiating charged
dust. As a result, in this situation, we consider X = 1 and
P, =0 = P,. Thus Egs. (51) and (52) have the form

AT + oG
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Equation (74) may be written as
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Here, 1/ = 0 if and only if ¥ = 0, according to equation
(75). Equation (73) yields an evolution equation for ¥ by
combining Egs. (14) and (44), we get
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with

has the form
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The inhomogeneity in this case is determined by the factor
Y as shown in Eq. (77). This factor includes the influence
of dissipation, charge as well as f(G, T) constituents under
the shearing motion of the system. The combined effects of
f(G) and f(T) corrections are the additional sources that
increase the irregularity. The same behavior would be
observed for f(G) and AT) gravity provided A =0 and
o = 0. Subsequently, this outcome reveals the significance
of the parameters o and A under f(G, T) scenario.

The above expression can be further modified by
expressing Eq. (45) as

GRS
1= y2c2 " coy2 O

v

rephrased as

- 9(r)

9= Y2C?’ (78)
where

. (h+ 5 +55)

1 +34

The irregular energy density of charged radiating
pressureless fluid is dependent on radiating terms,
correction terms, shear, and electromagnetic field, as
shown by Eq. (77). Taking ¢ =0, for which Eq. (14)
implies that C = rY, to study the impact of these quantities.
Then using Eqgs. (78) and (77) becomes
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Now we study how 7 has influenced the evolution of V. In
the diffusion approximation (e = 0), we have § = ¢ and
[ = p. As a result, Eq. (45) can be written as

. S ;
Q+4Tq:_£2- (80)
With Eq. (55), we obtain
(&t —«T'r)

q:<—4§®+1>c. (81)

Now by considering Eq. (78), we get
16C? kC3T'

r2(4§®+1> r<4§®+1>

If we insert Eq. (82) into Eq. (79), we can see the effect of
7 on ¥ in Maxwell-f(G,T) theory. The collapse and
development of the self-gravitating fluid are greatly influ-
enced by the charge. Thus, we can consider it a vital
ingredient in the structure formation whose emergence
influence the dynamics of the considered system. From the
four proposed cases, it can be seen easily that charge plays
a crucial role in density inhomogeneity. In the first case, the
positive values of charge are increasing the inhomogeneity
of the system. The next case depicts the same behavior of
the charge. For the third case, Eq. (75) reveals that the
density of the system is decreasing under the positive
effects of charge. Lastly, we can observe the same nature of
charge as in the first two cases. All of the above results
reduce to GR in the limit of f(G,T) = 0 [47].

®(r) = (82)

5. Conclusions

GR is thought to be the best choice for describing the
phenomena of gravity. In the universe, it may explain a
wide range of gravitational events, from microscopic to
large structures. Further, it successfully satisfies the usual
solar system tests. Despite multiple important advance-
ments in astronomical research, GR remains insufficient to
reflect the evolving process of our cosmos. Thus, a number
of open problems motivate researchers to extend it. It is
possible to consider f{R) and f(G) gravity, which exclu-
sively discusses curvature and matter, as intriguing gravi-
tational models for the systematic explanation of DE and
relativistic fluid. These theories can be rendered ghost-free,
making them suitable for understanding a variety of

phenomena, including inflation, and the accelerating
dynamic phase of the cosmos. It might be beneficial to take
f(G,T) into consideration to comprehend the mutual
effects of matter curvature. The acceleration of the cosmos
under f(G,T) gravity is indicated by the non-geodesic
motion. Additionally, it addresses a number of astrophys-
ical difficulties like inflation and late-time expansion in a
more precise way. In this paper, we investigated the col-
lapse process in the context of Maxwell-f(G, T) theory. By
systematic formulations, we found that the formation of
inhomogeneity is strongly influenced by f(G, T), which can
be viewed as a replacement for DE. Thus, in our system of
study, the contribution of f(G,T) theory is significant as
through this we can observe the role of DM and DE on the
evolution of a spherical star. It explains that mutual effects
increase the inhomogeneity in the system, which leads the
system to collapse. Thus, we may say that the construction
of the considered system under this theory is more
impacting than other hypotheses.

In a self-gravitating fluid, the density distribution can be
utilized to characterize the collapsing process. Moreover,
the collapse process becomes more intriguing under the
impact of the charge. Hence, it is needed to point out the
factors that cause irregularity. The impact of Maxwell-
f(G,T) gravity on the relativistic fluid which describes the
dynamics of the considered spherical system is examined
in this study. We used the nonzero divergence of the stress—
energy tensor to calculate the corresponding dynamical
expressions. The Ellis equations are developed to specify
the link between charge, Weyl curvature, and matter
variables by adding extra factors that correspond to dark
source terms. This type of study is indeed important to
understand the instabilities in relativistic stars which is the
cause of the gravitational collapse.

We have considered different forms of fluid such as
isotropic, anisotropic, and pressureless fluids, to draw
conclusions under various circumstances. These cases are
taken to understand the emergence of inhomogeneity for
different configurations of fluid under Maxwell-f(G,T)
theory by considering the model f(G,T) = G + AT + aG>.
In this model, the term 7T referred to the trace of the stress—
energy tensor, and its value is found to be
T =—u+ P, — P,. This term behaves differently under
various fluid cases for the case of dust and isotropy it turns
out to be T = —yu, for anisotropic fluid, it remains the
same. It shows that T does not remain the same when the
pressure of the fluid or gas changes, its expression changes
accordingly. In our calculations, we have used the symbol
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T but it does not mean that it is the same for all the cases, it
changes its form. We use it to make it easier for us to
understand the results and compare them with [47] in a
more effective way. After examining specific fluid cases,
we obtained our intended factors for inhomogeneity. These
cases revealed that modified terms and matter variables
influence inhomogeneity. The following points summarize
our results

1. It has been observed in the case of pressureless non-
dissipative fluid and non-radiating locally isotropic
fluid that irregularity is controlled by conformal tensor,
f(G,T) terms, and charge. Charge and modified terms
from the f(G,T) theory affect conformal flatness and
the vanishing of the Weyl curvature.

2. In the case of anisotropic charged fluid, we have
discovered the quantity (known as structure scalar)
plays its role in inhomogeneity along with other
factors. After solving the corresponding evolution
equation, it is noticed that pressure anisotropy, charge,
and shear also affect the regularity of the spherical
relativistic fluids.

3. Finally, we looked at how an electromagnetic field
affects dissipative pressureless charged fluid. For the
quantities responsible for inhomogeneity, we inves-
tigated the role of charge and the evolution equation.
The relaxation effects are also revealed in the
evolution of W (which indicates the presence of
energy-density irregularity) in this case.

We can see the fact that few variables explored in this
paper have an impact on the existence of energy-density
irregularity, but a single specific form of these variables
is still unknown. In fact, in order to obtain the stability
of homogeneity, we can consider scenarios in which any
of the variables listed above, as well as their combina-
tions, vanish. We focused our attention in this paper on
inhomogeneity in the arena of f(G,T) gravity. Inhomo-
geneity is the key quantity in structure formation, where
structure development is an effort to simulate how these
structures are formed by gravitational instability of small
early variations in the density. Pressure anisotropy and
inhomogeneity influence the collapse process, demon-
strating that these parameters have a significant impact
on the formation of the universe.

Gravitational collapse is the most exciting process, in
which new stellar bodies such as clusters, stellar black holes,
galaxies, and quasars form as a result of pressure deficiency
in the burning star. In a self-gravitating fluid, the density
distribution can be utilized to characterize the collapsing
process. Pressure anisotropy and inhomogeneity contribute
to this phenomenon. The process of gravitational collapse is
thought to be highly dissipative [75]. As a result, inhomo-
geneity has an effect on the universe dynamics, which
becomes more obvious as structure formation develops. In
this work, we studied the phenomenon of collapse in the
arena of f(G,T) theory and electromagnetic field. This
hypothesis is based on the non-conservative energy—mo-
mentum tensor and is an essential aspect of the cosmos’
dynamics. In our study using systematic formulations, we
discovered that f(G, T), which can be considered as a sub-
stitute for DE, has a considerable impact on the emergence of
inhomogeneity. The collapse and development of the self-
gravitating fluid are greatly influenced by the electromag-
netic field. Since inhomogeneity and anisotropy are extre-
mely appealing in the collapse process, therefore, we may
conclude that inhomogeneity, charge, curvature terms, and
anisotropy all have a significant impact on the formation of
the universe’s structure. In the limit of f(G,T) =0 our
results reduce to GR [47].

One may assert that this theory is not the standard gravity,
as a higher-order gravity. But this assertion is rather naive
because of the fact that the same argument could be made for
the explanation of stellar structures in Newtonian gravity
(NG) and the (further) general relativistic one. If someone
halts on the basic concept of NG, then the data describes that
many astronomical systems cannot be aptly explained by
NG. Further, GR, for which the NG is just a weak field
approximation, eloquently analyze various interesting phe-
nomenon, like medium mass compact stars, etc. Therefore,
an extension of NG, i.e., GR, is what actually diligently
explains medium-mass neutron stars. Thus, a GR extension,
namely f(G, T) theory, may be a more applicable hypothesis
accurately describing an inhomogeneous state of compact
objects and accurately describing their evolution for a wide
range of parametric regions. In the case of G, T) description
of compact objects, gravity still describes the hydrostatic
equilibrium of spherical matter content, in contrast to the
strange star hypothesis.
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Appendix

The estimated values of y; and y; in Eq. (30) are written as
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The term Z; in Eq. (32) is given by

~ on e
7ty (SN g TS
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R 2
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e T T T
CX'C'gd Y!C2X'G  CYY(
TTx T T )

In Eqs. (33)-(34) Z, and Z; are of the form
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X'yYc2 x'xy' 20C’ ¥YC? Y2
vk Ty Ty T e
Y 2CCY 2CxCY
Tyt T xp
202X 2C"CX  2CXC'Y'  C?XY
T T xrer T xp X
XY 202 2072y2 2X?C2 4AC'C'Y 4X'CC
I AT Xy y3 Xy? >
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2Ty \ 2x? 2Xx3 2X2Y? 2X?
ccYyg ccy'g
To2xt T arxr
2CY2cG 26Cg  CYcG CYc cCyYcx'g
X T x2  ax e 2XY3
ox'cg’ C'X'CYG CXcY'g CYYCG CYYCXG
T orx 2YX3 WX axd e
YCCX'G  CXCG" CYXCYG CXCY'G  C:XY*G
Wy 20 o ax x
cXc'g x'ccG x'cc'g XYCCG XYCCG
R ) 2 2XY3
YCCYG YC'CG XYCY:G XycC'g
T ooxt 2YX2 2X5Y  2X3Y
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cx:  cr? X x3  cxt
cig  Ccgg
cxr x?
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X3 X
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T xy? x> O xt v )

The evaluated values of Iy, [, /; and [} in Egs. (44) and
(45) are expressed as
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