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Abstract

This thesis deals with some cosmic aspects in the context of modified Gauss-Bonnet
gravity. Firstly, we explore static spherically symmetric wormhole solutions in galactic
halo region as well as using conformal Killing vectors technique. The effective energy-
momentum tensor leads to the violation of energy conditions while normal matter
satisfies these conditions. We use Navarro-Frenk-White energy density profile to
examine possible existence of traversable wormholes in galactic halo region. We find
physically acceptable wormhole solutions threaded by normal matter for all values of
r. We also investigate stability of the resulting wormhole solutions. For conformally
symmetric traversable wormholes, it is found that all shape functions satisfy flaring-
out condition except phantom case with non-static conformal symmetry.

Secondly, we study the dynamics of self-gravitating objects for spherical and axial
systems. We construct structure scalars through orthogonal splitting of the Riemann
tensor and deduce a complete set of equations governing the evolution of dissipative
anisotropic fluid in terms of these scalars. In spherically symmetric system, we in-
vestigate some particular fluid models according to various dynamical conditions and
find that our results are consistent with general relativity for constant f(G) model.
Any other choice of the model leads to irregular distribution of dark energy and devi-
ates from general relativity. We also explore different causes of density inhomogeneity
which turns out to be a necessary condition in the presence of dark sources.

In axially symmetric system with shear, it is found that dark sources affect ther-
modynamics of the system, evolution of kinematical quantities as well as density in-

homogeneity. For the shear-free case, we study both non-geodesic as well as geodesic

x1
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fluids with and without dissipation. The non-geodesic (non-dissipative) fluid gives
inhomogeneous expansion while geodesic fluid leads the system either to vorticity-
free or expansion-free. The vorticity-free non-dissipative geodesic fluid reduces the
axial system to FRW model with homogeneous distribution of dark sources while

expansion-free geodesic fluid does not exist even in the presence of dark sources.



Abbreviations

In this thesis, the metric signatures will be (—,+ +, +) and Greek indices will vary
from 0 to 3, if different it will be mentioned. Also, the unit system x? = % =1 will

be used, if not then it will be mentioned. We shall use the following abbreviations.

CKVs:  Conformal Killing Vectors
DE:  Dark Energy
GB:  Gauss-Bonnet
GR:  General Relativity
ACDM: A Cold Dark Matter
NEC:  Null Energy Condition
WEC:  Weak Energy Condition
EoS:  Equation of State
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Introduction

Cosmology deals with the origin, composition and evolution of the universe right
from the big-bang to today and onwards to the future. The fundamental theory
which generates a relation between geometry and matter contents is the theory of
general relativity. Cosmic models derived on the basis of this theory represent a
complete picture of the universe. Recent cosmological observations from Supernovae
type Ia [1] and its cross-comparison with foreground stellar galactic distributions
indicate that our universe is expanding at an accelerating rate with time. Other
observational evidences from cosmic microwave background, galaxy redshift surveys
and large scale structure [2] also favor this phenomenon. These cosmological surveys
proposed an obscure type of energy which is considered to be a pivotal constituent
for cosmic accelerated expansion. This is termed as DE possessing repulsive force
pushing various cosmic objects far away from each other against their gravitational
force.

The ACDM model is a straightforward explanation of DE in GR but it suffers
problems like cosmic coincidence and fine-tuning. This leads to two well-known ap-
proaches to modify GR. The first approach extends the matter part while the second
modifies the geometric part. Modified GB gravity or f(G) gravity is one of the mod-

ified versions of GR which is obtained by adding an arbitrary function f(G) of GB



quadratic invariant G
G = R* — 4R, R"™ + R, ,s R"", (0.0.1)

in the action [3]. This theory efficiently elucidates cosmic accelerated expansion and
transition phases of the universe from deceleration to acceleration [4]. The solar
system experiments are essential constrains on modified gravity that measure the
deviation of these theories from GR. A viable gravity model must satisfy these con-
straints and this theory passes all solar system tests [5]. This also avoids all possible
four types of finite time future singularities [6], explains black hole thermodynamics
[7] and studies DE as well as inflationary era [8].

Traversable wormholes are regarded as hypothetical paths (tunnels or bridges)
connecting two different regions of the same spacetime (intra-universe wormhole) or
two different spacetimes (inter-universe wormhole). These paths provide free passage
for observers from which they may traverse easily. The history of wormhole can be
traced back to 1916 when Flamm analyzed a newly described Schwarzschild solution
[9] and found that this solution represents wormhole. Later in 1935, Einstein and
Rosen presented wormhole type solutions known as Einstein-Rosen bridge [10]. In
the modern age, Morris and Thorne [11] brought back the idea of wormhole geom-
etry in 1988 which rekindled the researchers to study traversable wormholes. They
established wormhole solutions from the Einstein field equations as static spherically
symmetric metric and proposed that wormholes might be the objects of nature like
stars and black holes.

In GR, the violation of NEC is the necessary condition for wormhole solutions.
Its violation leads to exotic matter (having negative energy density) which allows two

way travel. The search for a realistic model supporting the energy conditions or to



minimize the utilization of exotic matter has a significant role in the wormhole history.
For this purpose, various strategies are adopted such as brane wormholes [12], gen-
eralized Chaplygin gas [13] as well as modified theories of gravity. These approaches
may cure the violation of energy conditions and lead to the realistic wormholes. In
fact, the effective energy-momentum tensor in these theories is responsible for energy
conditions violation (extra curvature terms or modified terms take part in the vio-
lation) while normal matter satisfies these conditions. Bohmer et al. [14] discussed
traversable wormholes using conformal symmetry. Rahaman et al. [15] described the
interior of a relativistic star using CKVs under dark effects of generalized telepar-
allel gravity. Sharif and Ikram [16] investigated wormholes by considering traceless,
barotropic as well as isotropic fluids in f(G) gravity and found physically accept-
able wormhole solutions. However, no remarkable work has been done in finding the
wormhole solutions using CKVs technique in modified theories of gravity.
Self-gravitation is one of the principal features of stellar structures in the universe
which keeps these structures together under the influence of their own gravity. In
the absence of self-gravitation, all celestial bodies like stars, galaxies and cluster of
galaxies will expand and vanish. Gravitational collapse is the source of energy behind
structure formation in the universe where over time, once vastly distributed matter
collapses to high density pockets ultimately leading to the hierarchy of all cosmological
structures like galaxies, black holes and all types of stars. Physical quantities like
pressure anisotropy, the Weyl tensor, energy density inhomogeneity and dissipation
characterize self-gravitating fluids in various evolving stellar bodies. The pressure
anisotropy is considered as an important parameter in the stellar evolution which has

significant effects in controlling hydrostatic equilibrium. Herrera and Santos [17] have



studied significant role of local pressure anisotropy in the evolution of self-gravitating
fluids. The physical relevances of density inhomogeneity, the Weyl tensor and heat
dissipation have been illustrated in [18].

Ellis [19] developed a set of equations comprising dynamical quantities (physical
as well as kinematical quantities) associated with evolving configuration. These equa-
tions govern the evolution and structure of astronomical objects. Herrera et al. [20]
formulated a set of equations governing the evolution of different spherically symmet-
ric self-gravitating systems. Di Prisco et al. [21] investigated the effects of charge on
the dissipative gravitational collapse by using dynamical equations. Sharif and Man-
zoor [22] explored self-gravitating fluid models in Brans-Dicke theory using spherical
as well as cylindrical symmetries. They deduced a set of governing equations to study
the dynamics of anisotropic dissipative fluids.

Scalar expressions with various combinations of physical quantities are known as
structure scalars which have individual physical meanings. These scalars can control
as well as simplify the complexities arising during evolution of the system. Herrera
et al. [23] studied spherically symmetric self-gravitating fluids using structure scalars
generated through orthogonal splitting of the Reimann tensor. Herrera et al. [24]
investigated the effects of electric charge and cosmological constant on the scalars
corresponding to a spherical configuration. Sharif and his collaborators [25] explored
the role of scalars in charged plane symmetry as well as f(R) gravity.

Generally, it is assumed that astrophysical objects are endowed with angular mo-
mentum, e.g., stellar compact objects (like white dwarfs, neutron stars) are in ro-
tational motion and can deviate from spherical symmetry. This deviation is likely

to be incidental rather than basic features of these systems which induces the idea



of axially symmetry for celestial objects. Some authors [26] studied the evolution
of axially symmetric self-gravitating fluids with perfect matter configurations. The
assumption of perfect fluid seems to be a stringent restriction for axially symmetric
sources even in static case [27, 28]. Herrera et al. [28] studied static interior solutions
of axially symmetric model through structure scalars by considering anisotropic fluid.
Sharif and Nasir [29] extended this work in f(R) gravity. Sharif et al. [30] explored
axial and reflection symmetric systems with anisotropic matter configurations in GR
as well as in self-interacting Brans-Dicke theory.

Stellar objects undergo various phases during their evolution due to different kine-
matical factors. Shear tensor ia one of these factors which measures distortion in
configuration preserving its volume. The role of shear tensor during the evolution
of stellar objects and the consequences emerging from its vanishing have attracted
many researchers. Glass [31] observed that shear-free condition leaves perfect fluid
irrotational if and only if magnetic part of the Weyl tensor vanishes. Collins and Wain-
wright [32] hypothesized that spherical system with perfect fluid transformed to FRW
universe during the collapse process under this condition. Tomimura and Nunes [33]
investigated a radiating collapse with heat flow of shear-free geodesic fluid. Herrera
et al. [34] studied stability of spherically symmetric anisotropic matter distribution
using this condition. Herrera and his collaborators [35] provided a comprehensive
analysis of shear-free rotating fluid in the presence of pressure anisotropy and heat
dissipation.

In this thesis, we investigate static spherically symmetric traversable wormholes
in galactic halo region as well as wormholes admitting conformal symmetry in the

background of f(G) gravity. We also explore some dynamical aspects of relativistic



self-gravitating models. The arrangement of the thesis is as follows.

e Chapter One presents an overview of basic concepts and definitions related to

this thesis.

e Chapter Two explores static spherically symmetric wormhole solutions in galac-

tic halo region as well as wormholes admitting conformal symmetry.

e Chapter Three studies the evolution of spherically symmetric self-gravitating
system in the presence of dark sources through f(G) gravity. We also develop
structure scalars and discuss density inhomogeneity as well as all static inho-

mogeneous solutions for anisotropic spherical models.

e Chapter Four investigates dynamics of axial and reflection symmetric system

in f(G) gravity with and without shear stress.

e Chapter Five provides summary of the results and gives some ideas for future

research.



Chapter 1

Preliminaries

This chapter provides some basic material about this thesis.

1.1 Modified Gauss-Bonnet Gravity

Modified theories of gravity have been the subject of great interest in modern cos-
mology that provide a convincing way for settling the issue of late cosmic accelerated
expansion. Such theories involve higher order derivatives that allow the field equations
to be higher than second order. The inclusion of a particular linear combination of the
Ricci scalar (R), Ricci (R),,) and Reimann (R,,,.,) tensors (Eq.(0.0.1)) in the action
gives rise to GB gravity. The corresponding action for higher dimensions (D > 5) is

given as
1

=3

/de[R+G]\/—_g+SM, (1.1.1)

where S, is the matter action. The term G in Eq.(0.0.1) is known as GB quadratic
invariant which is a topological term. This does not contribute to the field equations in
four-dimensional spacetime. In order to obtain non-trivial results in four-dimensional

spacetime, the scalar G in Eq.(1.1.1) is replaced by an arbitrary function f(G) and



the resulting action is named as modified GB gravity. The action for such theory is

given by [3]
1

573

/d4:c[R+f(G)]\/—_g+SM, (1.1.2)

Varying this action with respect to the metric tensor g,,, we obtain the modified

field equations as

1
Ry — §R9;w + 8[Rupvo + Bovgop — BooGup = Ruvgop + Ryuogup

1

+§R(9uugop - guagup)]vpvgfc + (ch - f)guu = T;wv (1-1-3)

where f, denotes derivative of f with respect to G and T},, is the energy-momentum
tensor. In terms of Einstein tensor, Eq.(1.1.3) can be written as
(eff) (m) (GB)

g;u/ = T;w = T;w + T ) (114)

where the notation (ef f) (shorten for effective) denotes combined effects of matter
(m)

and dark sources (GB terms), G, is the Einstein tensor, 7", is the energy-momentum

tensors for matter and

(GB)

T = 8[Ruwo + BovGou — RpoGuu — RywGop + RuoGup
1
+ §R(9uu90p - guagup)]vpvgfc + (ch - f)guw (1-1-5)

is the energy-momentum tensor contributing the gravitational effects due to f(G)
extra dark source terms.

In order to present f(G) as acceptable theory, one should consider viable f(G)
models. A viable model not only helps to shed light over current cosmic accelera-
tion but also obeys the requirements imposed by the solar system experiments with

relativistic background. A modified gravity model should avoid ghosts (instabilities)



to preserve precise cosmological dynamics. A ghost mode is a propagating degree
of freedom with a kinetic term in the action having opposite sign, i.e., there exist
particles which propagate with negative energy. Ghost often appears, while dealing
with modified gravity theories that indicates DE as a source behind current cosmic

acceleration. A viable f(G) model should satisfy the following conditions [5]
e f(G) and all of its derivatives (f., f.o» foce---) arve regular.
o f.. >0, VGand f,, — 0as |G| = +o0.
e The condition fG > () is required to avoid ghost.

We shall use two f(G) models in this thesis to discuss some cosmological aspects.

One of the f(G) models is [6]
f(G) = aG' (1 + BG™), (1.1.6)

where «, [, m and [ are arbitrary constants with [ > 0. This model satisfies the
above conditions and cures four types of finite-time future singularities. The other
model is [4]

f(G) = aG". (1.1.7)

This model satisfies all the required conditions to be viable. The model parameter n
has some significant effects on R + f(G) cosmology. For n < 0, this model describes
transition from non-phantom to phantom phases while 0 < n < % gives transition

from decelerated to accelerated universe.
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1.2 Wormbholes

A wormhole looks like a tunnel, bridge or tube with two open ends which may link
long (a billion light years or more) or short distances (a few meters) in time. Con-
ventionally, all known wormhole solutions belong to inter-universe wormholes and the
simplest example of such wormholes is the Schwarzschild wormhole. However, this is
not traversable as it possesses an anti-horizon (surface from which objects can come
out but cannot go in) which is unstable against small disturbances. Even when light
passes through such anti-horizon, it changes to a horizon thereby closing and even-
tually destroying the wormhole. In such situation, an object fails to link with other
end of wormhole.

Morris and Thorne [11] presented the idea of traversable wormhole in a way that
a human may traverse from one side of the wormhole to the other. They generalized
Schwarzschild wormhole to eliminate the event horizon and proposed static spherically
symmetric spacetime representing wormhole geometry given by

2
ds? = —e*R)ge? 4+ ( drb
1 (r)

+ r2d#? + r? sin? 9d¢2> , (1.2.1)
where R(r) and b(r) are known as redshift and shape functions, respectively. The
redshift (or potential) function determines gravitational redshift of a light particle
(photon) and the shape function defines shape of the wormhole. The radial coordinate
r bears non-monotonical behavior as it goes down from infinity to the lowest value
of r which defines the wormhole throat r, (say) and then returns from throat to

infinity. Here we list some essential properties which need to be fulfilled by a spherical

symmetric traversable wormhole [11].

e A horizon prevents two-way travel through a wormhole. To avoid the horizon of
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wormbhole, the magnitude of redshift function must be finite everywhere. This
gives rise to no-horizon condition for a wormhole which is imposed on redshift

function.

e The shape function must satisfy the flaring-out condition on throat, i.e., to
have proper shape for a wormhole, the ratio of radial coordinate to the shape

function at that coordinate must be 1. This yields b(r,) = r, and V/(r,) < 1.

e The radial distance d(r) = £ [’ \/ffr_b, for » > r, should be finite throughout
0 -

the space. The + sign represents upper part of spacetime while — indicates the

lower one which are joined through the wormhole throat.

e At large distances, the asymptotic flatness should be accomplished by the space-

time, i.e., @ — 0 asr — oo.

Schwarzschild solution represents a particular type of wormhole which depends only
on the mass of wormhole while Morris-Thorne solution (1.2.1) represents a class of
wormbhole solutions for arbitrarily large number of redshift as well as shape function
satisfying the above conditions.

In order to keep wormhole throat open, the energy-momentum tensor must be
negative which enables one to traverse through it. In this case, NEC (sum of energy
density and pressure of matter) violates and the matter is termed as exotic (normal
matter satisfies this condition). In GR, the violation of this condition is the necessary
tool for the existence of wormholes. In order to minimize the usage of exotic matter
at throat region and thereby obtaining realistic wormhole, modified theories provide
the effective energy-momentum tensor which violates WEC.

Energy conditions (arising from the Raychaudhuri equation) are used to work out
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various important results in different physical scenarios, in particular, to describe
physically realistic matter configuration. In order to discuss NEC and WEC, we
assume the energy-momentum tensor 7),, = diag(p, p,, p,, p,), where p is the energy
density and p,, p,, p, denote pressures. The relationship between Raychaudhuri
equation and attractive nature of gravity with timelike vector U* yields the inequality
T, U*UY > 0 which defines WEC. In component form of the energy-momentum
tensor, we have p > 0, p+p, >0, ¢ = 1,2,3. In modified theories, the usual energy-

(eff)
momentum tensor becomes effective 7", and the corresponding matter components

(eff)  (eff) (eff)

as p, p,, p, and (p? The WEC implies NEC T),,k#*k” > 0 for any null vector k*,

eff (eff)

which gives p + p, > 0 and hence (,0) +p, =0

1.3 Galactic Halo Region

Galactic halo region is a large spheroidal region aggregating scattered stars, dust and
gas surrounding a galaxy. This is a much larger region (several times greater than
the mass of the rest of the galaxy) containing large amount of non-luminous (dark)
matter - also known as dark halo or extended halo. The plot of the velocity (orbital
speed) of stars in a galaxy versus radius (different distances from the center) gives the
galaxy rotation curves (also called velocity curves). It is usually provided graphically
as a plot, and data observed from each side of a spiral galaxy is generally asymmetric
so that data from each side is averaged to create the curve. A flat rotation curve is
one in which the velocity is constant over some range of radii which are observed in
galaxies with a central bulge in their disk (i.e. stars are observed to revolve around
the center of these galaxies at a constant speed over a large range of distances from

the center of galaxy). A flat rotation curve implies that mass continues to increase
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linearly with radius. The non-luminous matter (dark matter which does not interact
with normal matter and is detected only through its gravitational effects on visible
matter) is considered responsible for these flat rotation curves.

The N-body simulation is the simulation for a dynamical system comprising N-
particles, usually under physical forces (such as gravity). Navarro et al. [36] used
N-body simulations to confront the structure of dark halos in the standard ACDM

cosmology which led to the density profile

k

S — 1.3.1
L1+ £) (13.1)

p:

where k and r_ represent characteristic density and scale radius, respectively. This
density expression is known as Navarro-Frenk-White energy density. Rahaman et al.
[37] used this density profile to check the possible existence of wormholes with these
strange halos. They also discussed some characteristics of these galactic halos which

support wormhole geometry and checked the equilibrium condition for this geometry.

1.4 Conformal Symmetry

It is always difficult to find exact solutions of the Einstein field equations unless some
certain symmetry restrictions are imposed on spacetime geometry. These restrictions
are expressed in terms of isometries (Killing vectors) possessed by a spacetime metric.
Various symmetries arising from geometrical viewpoint are known as collineations
defined by

LD =0, (1.4.1)

where £ is the Lie derivative, £ is collineation (symmetry) vector, ® is tensor field

which can be g,,,, R, R]

s Be, T, and © is the tensor with same index symmetries as
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®. One can deduce the known collineations by substituting particular forms of ® and
O. Amongst them, CKVs are the best for deeper insight into spacetime geometry
which are obtained by replacing ® = g, and © = ¢g,, (¢ is an arbitrary function
(conformal factor)) in Eq.(1.4.1). This provides inheritance symmetry which helps to
find exact solutions from highly non-linear field equations. Suppose that the vector
field £ generates conformal symmetry so that metric tensor g, is conformally mapped

onto itself along &, then from Eq.(1.4.1), we obtain

ﬁfguu = PGuv, (142)

For ¢ = 0, this equation yields Killing vectors, ¢ = constant (real) gives homoth-
eties (homothetic vector field) and the general choice ¢ = ¢(t, X) produces CKVs.

Equation (1.4.2) can also be written as

gMVvaga + gaugi _l' gua&(/x = ngwﬁ (143)

1.5 Dynamical Quantities

During stellar evolution, a system bears various phases like it can expand or contract,
its shape can be distorted or it can take a rotation. Dynamical quantities play a
vital role in the description of the system in such situations. These quantities include

physical and kinematical variables given as follows.

1.5.1 Kinematical Quantities

Kinematical quantities describe the features of fluid motion comprising four acceler-

ation, expansion parameter, shear as well as vorticity tensors [19].
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(i) Four Acceleration

The combined effects of gravitational as well as inertial forces on the fluid can be
described by four acceleration which is the rate at which the four velocity (u,) of

matter changes with respect to time. It is given as

— v 2 _
a, = uy,u’, a® =a'a,, (1.5.1)

where the symbol ; denotes covariant derivative. It vanishes for fluid particles moving
with uniform velocity and the corresponding fluid is called geodesic fluid which plays

a significant role in the evolution of the system.

(ii) Expansion Parameter

The volume expansion and contraction of fluid can be measured by expansion param-
eter 9. It evaluates the rate of change of distance of neighboring fluid particles with

respect to time. It is a scalar quantity defined by

b
ﬂ—u;u.

(1.5.2)
The positive values of this parameter (9 > 0) define the expanding behavior of matter
(distance of neighboring fluid particles is increasing with time) and negative values

(¥ < 0) define the contracting behavior of matter (distance of neighboring fluid

particles is decreasing with time).

(iii) Shear Tensor

The shear tensor is a symmetric tensor which is used to evaluate distortion appearing

in the fluid due to motion defined as

1
Oy = Uy + Q) — gﬁhwj, (1.5.3)
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where () = %(uwnLu,W) is the symmetric part of four velocity and h,, = g, +u,u,
is the projection tensor. The trace of shear tensor is called shear scalar defined as

2

o° = %UWUW. The condition 0, = 0 & o = 0 defines a shear-free system which

provides interesting consequences for stellar evolution.

(iv) Vorticity Vector

The local spinning of the system is defined by the vorticity vector

1

Wy = §nuuaﬁuwauﬁ - §nuuocBQVauBa (154)
where 7,45 is the Levi-Civita tensor and
QHV = U] + AUy (1.5.5)

defines vorticity tensor. Here wj,,) = %(uw, — Uy,,) is the anti-symmetric part of the
four velocity. The trace of vorticity tensor is vorticity scalar defined as Q* = Q,, Q.

If the system exhibits non-spinning behavior, then

Q=0 & Q,=0 & w,=0. (1.5.6)

1.5.2 The Weyl Tensor

The Weyl tensor or the Weyl curvature tensor is the four indexed tensor described as
a combination of the Riemann tensor, Ricci tensor and Ricci scalar. It explains how

an object is distorted due to the effects of tidal force and is given as

1 1 1 1

1
Chov = Bl = 5R59p + 5 Rp00) = SR 05 + 5 RGp0 + S R(05 900 = 0/9p0)- (15.7)
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Its vanishing leads to conformally flatness condition of the fluid distribution. This

tensor can be decomposed into two parts, magnetic M, and electric E,, parts

(eff) o B (eff) 1 5 o A
E w = ua,,ﬁu u-, Mpz/ = inuag,ycMu u . (158)

Just analogous to electric and magnetic components of electromagnetic force, the
decomposition of the Weyl tensor into electric and magnetic parts is an attempt to

represent constituents of gravitational force in different directions.

1.5.3 Heat Dissipation

Heat dissipation (due to emission of photons or neutrinos which are massless particles)
during collapse cannot be overemphasized and is, indeed, a characteristic process
during stellar evolution. It is irreversible process in which energy of a system is
transformed from initial to final state so that the initial one has more capability to
do any mechanical work. For example, heat dissipation as it is a transformation of
energy from a hotter to cooler body. It plays an important role in the evolution and
formation of various astrophysical objects, e.g., dissipation due to neutrino emission
of gravitational binding energy leads to the formation of neutron stars or black holes
[38]. Gravitational collapse is a highly dissipative process which leads to structure

formation of the universe [39].

1.5.4 Density Inhomogeneity

The energy density inhomogeneity is indeed unavoidable during stellar evolution. The

homogeneous or non-homogeneous behavior of energy density depends upon deriva-

tive of density variable. If the derivative vanishes ((e,g)y = 0), there will be homogenous
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distribution of density, otherwise, there will be density inhomogeneity. The collec-
tion of dynamical variables which causes density inhomogeneity is known as density
inhomogeneity factors. The vanishing of such combination of dynamical variables is

necessary and sufficient for homogeneity of energy density [23].

1.5.5 Transport Equation

The heat transport equation elucidates dissipation process and propagation of thermal
energy inside the system. It controls the flow of radiation in fluid. The non-vanishing
value of time relaxation parameter 7 (a positive definite quantity having different
physical meaning) serves as a cardinal parameter in this equation which defines the
time interval in which the system returns to its steady state. Consequently, studying
transient regimes, e.g., the evolution between two steady states, the role of 7 cannot
be ignored. The heat transport equation for propagation of thermal perturbations is

given as

Thﬁqiu“ +¢* = —Kh*?(T 3+ Tag) — §KT2 (KT2) q°, (1.5.9)
0
where K is thermal conductivity parameter and T represents temperature parameter

which measures the quantity of heat (degree of hotness and coldness).

1.6 Structure Scalars and Evolution Equations

The scalar functions associated with fluid contents are termed as structure scalars. Bel
[40] introduced these quantities through orthogonal splitting of the Riemann tensor.
These scalars in turn are used to reduce complexity of analyzing various astrophysical

scenarios to describe structure and evolution of self-gravitating systems. The triplet
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of tensors are given as follows [23]

1 5 1

X = 57735R25V5u“’u . Y = Rusu®, 7, = énwagR:j‘?u“’ué, (1.6.1)
where R}, 5 = %naﬁﬁﬂ;Rﬂf . The tensors X, and Y}, are further written in the com-

bination of their trace and traceless parts as
1 1 1 1
X = gX:rhuv + X (upu, — ghw)v Y = gYThﬂV + Vi (wpu, — ghw)v (1.6.2)

where X, = X/, Y,

» = Y!' are the trace parts of the corresponding tensors and

X,p, Y, denote traceless parts of the respective tensors. The scalar function associ-
ated to the tensor Z,, is defined as Z = \/Z,,Z*. The quantities X, X,,, Y., ¥,
and Z are known as structure scalars (scalar functions). These scalars further consist
of dynamical variables and have individual physical meanings for the description of
several features of relativistic self-gravitating fluids. Some particular physical aspects

of these scalars are given as follows.

e X, is directly linked with the energy density of fluid.

The trace-free part X, controls density inhomogeneity (irregularity) in the

fluid configuration.

The trace part Y, describes the mass for a system in equilibrium.

The trace-free part Y, measures the effects of inhomogeneous density and

anisotropic pressure on the mass function.

The scalar Z describes the dissipative flux.

An equation (usually expressed in differential form) which explores various phases

of an evolving system by linking structure scalars is known as evolution equation.
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There is a complete set of evolution equations evoking the phenomenon of stellar
evolution. This set of equations comprises dynamical (conservation) equations, Ray-
chaudhuri equation for expansion parameter and evolution equations for shear as well
as the Weyl tensor. The dynamical equations evaluate conservation of total energy of
an evolving system obtained through Bianchi identities R84+ Ruvrya:s+Ruwsya = 0.
Raychaudhuri equation describes the evolution (expansion or contraction) equation
of expansion scalar which measures volume of the system. This equation is derived

from Ricci identity for four velocity
Ui — Uz = R;ﬁwauﬁa (1.6.3)

where wu,,, = a,u, + o + %ﬁhw. The evolution equation of shear tensor demon-
strates stellar deformation appearing during different phases of the evolution. The
evolution equations for the Weyl tensor are used to analyze factors causing density

inhomogeneity.



Chapter 2

Wormbhole Solutions

In this chapter, we explore static spherically symmetric wormhole solutions under the
dark effects of f(G) gravity. For this purpose, we construct field equations by taking
the effective energy-momentum tensor which contributes combined effects of matter
and dark sources. Firstly, we explore possible existence of wormhole in galactic halo
region either by assuming a viable f(G) model (1.1.6) to construct shape function or
deduce f(G) model by specifying the shape function. We also investigate stability
of the resulting wormhole solutions. Secondly, we study wormhole solutions with
conformal symmetry by taking two types of shape function and power-law f(G) model
(1.1.7). In both cases, we examine the behavior of WEC to deduce the nature of
matter threading the wormholes.

This chapter is organized in three sections. In section 2.1, we develop field equa-
tions for static spherically symmetric wormhole spacetime in the presence of dark
sources. Section 2.2 investigates possible existence of wormhole in galactic halo re-
gion. In section 2.3, we discuss wormhole solutions by imposing conformal symmetry.
Results of this chapter have been compiled in the form of two papers which have been

published separately [41, 42].

21



22

2.1 Field Equations

For wormhole geometry (1.2.1), we matter distribution given as

T = (P +pt)uﬂu1j + D9 + (pr - pt)vuvuv (2-1-1)

where p_ and p, are radial and tangential components of pressure. The four ve-
locity u, and unit spacelike vector v, satisty the relations uw,u* = —1, v, 0" =
1 and u,v* = 0. The energy-momentum tensor can also be written as 7, =
diag(—p(r),p.(r),p,(r),p,(r)). Equation (1.1.3) yields the corresponding field equa-
tions as

b/ 4 / / "

o + ﬁ[(b —rb)(3b—2r)fL +2rb(r = b)fI] = Gf, + f =p, (2.1.2)
R b b 4R’ b

27(1 — ;) —5t (1-— ;)(Sb —2r)fl +Gf,— f=np, (2.1.3)
b R br—»b 1 2 b

(1-— ;)[R” +o R? — M(R’ + ;)] — ﬁ(l — ;)[27"(73” +R?)

x(r—b) =3R'(V'r = b)|f. — 4?(1 — g)zfg +Gf,— f=np,. (2.1.4)

The GB invariant (0.0.1) takes the form
4 / / 2 2 " b
GZF[R (3b—2r)(b'r —b) — 2r*b(R” + R )(1—;)] (2.1.5)

In order to check the possibility that wormhole might form without exotic matter, we
examine NEC by taking effective energy density and radial pressure from Eqs.(2.1.2)

and (2.1.3) as

e (& b,T—b 2R/ b
Gt 2R by
T T T

This implies that

/ o
2R _bort by

T 22 T

whose right hand side remains positive leading to the violation of NEC.
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2.2 Wormbhole in Galactic Halo Region

For a traversable wormhole, there should be no horizon and even no singularity which
is possible only if the redshift function R(r) is finite for all values of r. Thus we assume
redshift function as e2®(") = O r" [43], where h = 2(v?)2, v? is the rotational velocity
for flat rotational curves observed in galactic halo. This rotational velocity is nearly
constant through these rotational profiles and we let C, = (T,ic)h, the integrating

constant. Consequently, the field equations (2.1.2)-(2.1.4) and GB invariant (2.1.5)

become
% b= )30 20+ b B~ G+ f=p (22)
- S R D@ -2+ Gy~ f=p  (222)
(1- g)[%f _& Lfgib_rb; b)] - i—ff(l - g)[(h —1)
X(r—b) — oW B, — a1 DR Gl =p, (223)
G- %[2—};(35 o) (Hr —b) — Ma - g)]. (2.2.4)

These are the general expressions of matter contents in terms of b(r) and specific

f(G) model to thread the wormhole. Using Eq.(1.3.1) in (2.2.1), we obtain

b/+ 4[(b— V') (3b —2r)fL + 2rb(r — )| fi — G, +f—7kr3
sl Ve TR T e e T T gy

(2.2.5)
which consists of two unknowns f(G) and b(r). In order to discuss the wormhole
structure in galactic halo, we impose constraints on matter contents by examining

the validity of WEC. For this purpose, we adopt strategy of specifying (i) an arbitrary

f(G) model to construct b(r) and (ii) an expression of b(r) to deduce f(G) model.
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Figure 2.1: Plots of b(r) and @ versus r. (a) displays the shape function b(r) and

(b) shows @ Versus 7.

2.2.1 Wormbholes for a Viable f(G) Model

Using Eq.(1.1.6) in (2.2.5), we obtain differential equation for b(r) as

f—; + f—s[aGl—2G'((b —r¥)(3b—2r))(I(1 = 1) + B+ m)(I +m — 1)G™)

+2r2b(1 — 2)(@[([ — DG -2)G7'G? + G + aB(l+m)(I +m — 1)
xGH 2 (14 m —2)G7'G? + G")] — aG (1 — 1+ B(l +m — 1)G™)
kr?

= (2.2.6)

where G is given in Eq.(2.2.4). This equation cannot be solved analytically, so we
solve it numerically for b(r). To check the behavior of shape function, we use graph-
ical analysis by incorporating the values of parameters as a = 0.001, g =1, k =
0.05, r, =10, [ = 0.0002 and m = —0.05 along with initial conditions b(1) = 0.5 and
b'(1) = 0.6. These are arbitrary constants which give us reasonable results. Any other
combination of these parameters change the results. Figure 2.1(a) shows increasing
behavior of b(r) versus r while Figure 2.1(b) indicates that 2 — 0 as r — oo leading
to an asymptotically flat universe. Also, it meets the condition 1 — % > (0. The throat
radius of wormhole is located at r = r, for which the plot of b(r) — r crosses the

radial axis. Figure 2.2(a) shows that the plot of b(r) — r meets the radial axis at
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Figure 2.2: Plot (a) shows the behavior of b(r) — r and (b) represents %(:) Versus 7.

r, ~ 1.1 which is the throat radius. Also, % < 1 for r, ~ 1.1 satisfying the essential
condition of shape function. The graph of % is shown in Figure 2.2(b) which depicts

B (1.1) ~0.49 < 1 (i.e., Z(r,) < 1) and hence the flaring-out condition is fulfilled.

We analyze the nature of matter that threads a wormhole via WEC for which the

energy density and pressure components are given as follows

o= L A G (b= ) (3 — 20)) (1= 1) + B+ m)(I + m — 1)G™)

rz = pd

+2r°b(1 — 2)(041(1 —~ DG (1 -2)G'G”+ G") + aB(l+m)(l+m —1)

G ((1+m —2)GT'G? + G")] — oGl (1 — 1+ (L +m — 1)G™),

h. b, b 2ha_, ., b
poo= pl-p)-mt e

;)(Bb —2r)(l(l—=1)+ B +m)(l +m —1)

x G™G 4+ aG(l—1+p(1+m—1)G™),

po= (= Dlger = TS - R Dl - 1) - 6) - 30 - )
x G721 -1+ BI+m)(I+m—1)G™G — i—g(l - 2)2(04[@ (=)

% G—lG/2 + Gl/)Gl—2 + Oéﬁ(l + m)(l +m— 1)Gl+m_2((l +m— Q)G—lGQ + G//))

+ aG'(l—1+B(l+m—1)G™).

The graphs of WEC (p, p+p, and p + p,) against r (2.2.6) are shown in Figure 2.3

using the same parametric values. Figure 2.3(a) indicates the behavior of energy
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Figure 2.3: Plots of WEC with specific f(G) model, (a) represents p versus r, (b)
represents p + p, versus r and (c) shows p + p, versus r.

density which is decreasing but remains positive for the whole range of r. The plot
in Figure 2.3(b) represents initially increasing then decreasing but positive behavior
of p+ p, for all values of r. The profile of p + p, in Figure 2.3(c) shows almost the
same behavior as Figure 2.3(a). Thus, the model and resulting shape function obey
WEC in the galactic halo region and hence accommodate the wormhole geometry

with ordinary matter.

2.2.2 Wormbholes for a Particular Shape Function

Here we assume a specific form of the shape function b(r) and construct f(G) model.

We consider the following particular form of the shape function as [44]

b(r) = rt(ri)'v, v <1 (2.2.7)

t
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Figure 2.4: Plot of f(r) against r.

where 7 is an arbitrary constant and r, is the throat radius. The expression for GB

invariant becomes

I

Using this equation and (2.2.7) in Eq.(2.2.5), we obtain the following differential

equation for f(G) in terms of r as

r 4 r r r G — G

ST 4 () (Br ()T = 2n) m(;)ﬂ% — (1= (Y
) G/f// - f/G// . f/ B ]{Z’f‘?

x2r rt(W)] — Ga +f= 7r(7’+r6)2'

We solve this equation numerically by choosing the values r, = 0.35 and v = 0.02 with
initial conditions f(1) = 0.25, f’(1) = 0.15. The function obtained from the above
equation is based on the Navarro-Frenk-White energy density profile and should be
sufficient to motivate researchers to look for wormholes in galactic halos observa-

tionally. Figure 2.4 shows that the function f(r) is positively decreasing against r.

To thread the wormhole solutions by normal matter, this function should satisfy
WEC. The graphs of p, p+p, and p+ p, are given in Figure 2.5 by taking the same

values of parameters. The graph of energy density in Figure 2.5(a) shows decreasing
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Figure 2.5: Plots of WEC (p, p+ p, and p + p,) versus r for specific shape function
b(r).

but positive behavior of p. The behavior of p+ p, in Figure 2.5(b) initially decreases
with positive values and then continuously increases after r ~ 2.35 while Figure
2.5(c) depicts the behavior of p + p, which is the same as that of p + p,_, thus WEC
is satisfied. This shows that physically acceptable wormholes exist in galactic halo

threaded by normal matter for all values of r.

2.2.3 Equilibrium Condition

Here, we check the equilibrium state of wormhole solutions for both cases. For this
purpose, we consider the generalized Tolman-Oppenheimer-Volkov equation [45] in

effective manner as

(eff)
dp, o) (o) 2 (eff)  (eff)
dr + 2 ( p p'r ) (p'r t )

=0,

for the metric ds? = diag(e"™), —e’™ —r? —r?sin® §). We rewrite this equation as
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Figure 2.6: Plots of three forces gravitational (red), hydrostatic (green) and
anisotropic (blue) acting on a fluid inside the galactic halo for both cases. (a) shows
the equilibrium state of wormholes for f(G) model and (b) represents the equilibrium
state for shape function.

(eff)

(eff) (eff) (eff)
M( p +0p ) p—v dp 2 (eff) (o)
— - — == 4+ Z(p, = p,)=0 2.2.8
fr,2 € 2 d’f’ + T(pt pr) ) ( )

(eff)

1,.2
where Ml = £°

2

e’ is the effective gravitational mass. Equation (2.2.8) describes
equilibrium state for wormhole supported by gravitational and hydrostatic forces
plus anisotropic force (force due to anisotropy in matter distribution). These forces,

respectively, are defined as

) () (eff) (eff)
P M(p +p,) B dp, P 2 (effy  (eff)
¢« =T =2 ¢7%> =T L =—(p, — D)

For a wormhole to be in equilibrium, these forces should satisfy the relation
F.+F,+F, =0.

Figure 2.6 shows three forces F,, F,, and F', for both cases taking the same values of
parameters. Both graphs indicate that the equilibrium state of wormhole solutions can
be attained through the combined effect of these forces. We can see that gravitational
force is much smaller (becomes zero) than the other two forces while hydrostatic and
anisotropic forces are opposite to each other. This balances the system and makes

the wormhole solutions in equilibrium state.
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2.3 Conformally Symmetric Traversable Wormbholes

Herrera and his collaborators [46] considered static symmetry vector £ and found
singular solutions for isotropic and anisotropic fluids at the center of stars. To over-
come this shortfall, Maartens and Maharaj [47] assumed static ¢ (conformal factor)
but non-static & and obtained singularity free solutions at the center of stars. Here,
we shall follow this later approach. It is mentioned here that singular solutions at
the center of stars are not problematic for wormhole geometries as there is no cen-
ter for wormholes. Thus we also consider phantom wormholes with static conformal

symmetry. The non-static conformal vector field is [47]
E=a(t,r)o + b(t,r)0,, (2.3.1)
and static conformal factor is ¢ = ¢(r). Equation (1.4.3) for (1.2.1) yields
@ = a+—, b==22,/1-21 (2.3.2)
p(r) = a\[1-="=, (2.3.3)

o) =]

where a,, a,, a, and ¢ are constants of integration. Using Eq.(2.3.2) in (2.3.1), we

(2.3.4)

= ar exp |——

have
B ct a,r b(r)
£ = ( ) O+ =\ 1= =70 (2.3.5)

Without any loss of generality, we may assign a, = 0 and a, = 1 [47] so that

£ = < )(% - —@&n, (2.3.6)

2
bir) = r(1—¢*(r)), (2.3.7)
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R(r) = (2.3.8)

1
Infa,r] — c/idr.
ry/1— %
Interestingly, the conformal factor in Eq.(2.3.7) reduces to zero at throat (i.e., ¢(r,) =

0 as b(r,) = r, at throat). Consequently, the field equations (2.1.2)-(2.1.4) and GB

invariant (2.1.5) in terms of conformal factor can be written as

p = %(1 — " = 2rpy) — 276[(4rcw’ — "+ &+ 6oy’ — Greg))]f], — 87”—@53
X (p—Of —Gf, + f, (2.3.9)
p = 53¢ 20— 1)+ 5@ie - )1~ + Cf, — (2310)
P = %(%@2 — 2ep + 2rp¢’ + ¢%) — 4T—S§2[3T<P<Pl — g —cp+ EIf] - i—f
x (p—Ofl+Gf, —f, (2.3.11)
G = %[T’(p(p,(ttp —1) — (¢ — @) (3re*p’ — cp + ¢)). (2.3.12)

Here we discuss some specific wormhole solutions by considering a particular f(G)
model (1.1.7) with parameters as & = 0.1, ¢ = 1.5, @w = 0.1 and initial conditions

b(0.5) =1, ¥'(0.5) = 0.1 for graphical analysis.

2.3.1 Some Specific Wormhole Solutions

We investigate wormhole solutions by assuming two types of shape functions and a
particular equation of state to deduce shape function. First, we consider two types

of shape functions [14].

i. b(r)=r,

The interesting feature of this constant shape function is that the energy density for

matter vanishes and we are left only with energy density of dark sources. Equation
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Figure 2.7: Plots of WEC p (red), p+p, (green) and p+p, (blue) for constant shape
function b(r) = 1o taking r, = 2, n = 2 (left) and n = 3 (right).

—2c
2R = a§r2 <2r — 1y +2ry/1— i—o ) .

The matter variables and GB invariant become

(2.3.4) leads to

4 /!
p = ﬁ[’f‘o(?ﬂ‘o—QT)fé—i—QT’FO(’F—’FO) G’—ch+f,

2r — 3r, 2¢ T, i oy 1_ C B ,
po= T 1 R s G - == =2
+ Gf, - T,
_ Ll 2 To _Toy_ 2 _Toy T -
po= = o2 1o - S e 26/ )
1 c ,
+ 3T0(__ )]fg_'_GfG_f?
TV =)

8 r T 3r T T T
_ 2l oy 2 T Loy - 1= Doy
G r4[2r(c r ) (27’ r +Cr)(c 7’)]

We examine the behavior of WEC by plotting their graphs which indicate that these
conditions are satisfied for even values of n but violated for odd range of n. Here, we
give one graph for n = 2 (Figure 2.7 (left), exemplifying the even range of n) and one
graph for n = 3 (Figure 2.7 (right) indicating the odd range of n) for the respective

case. The graph on left side shows the same decreasing but positive behavior for
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p (red), p+ p, (green) and p + p, (blue) representing the validity of WEC. Thus
the even values of n lead to physically realistic wormholes (i.e., wormholes threaded
by normal matter). The graph for odd values of n on the right side of Figure 2.7
shows increasing but negative behavior for p (red), p + p, (green) and p + p, (blue)
indicating the violation of WEC. This demonstrates that wormholes are supported
by exotic matter. In fact, here the effective energy-momentum tensor is responsible

for this violation with odd range of n.

For this shape function, Eq.(2.3.4) gives
2R = a r2(r + —r2).

The field equations for this solution take the form

212 4 23
p = _T_fjtﬁ[r—;( —2r)fL 4+ 2rr, (r? —r)f] Gf,+ 1,
1 37‘5 2¢ 7"2—7"5 4 1 c 9
b, = S2-—g-———)+ 5 T—rg)(r =) 3rs = 2%) ]
+ Gf,—f,
1 2c4/12 — 12 4
p, = 762(2—i-c — O)—EN/TQ—7’5(7’3—7“2+cm/7"2—7"g)fé
4 1 C
- E(T—Toy(;— = )L+ Gl — f
0
with GB invariant
8 r? r2 — 2 r2—r2 rir2—r2  c(r? —r?)
R T A L]

Similar to the first case, WEC are valid only for even values of n. Figure 2.8 (left)

shows the behavior of WEC (p, p+ p,, p+ p,) for n = 2 (exemplifying the even
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Figure 2.8: Plots of WEC p (red), p+ p, (green) and p + p, (blue) for specific shape
7‘2
function b(r) = & using n = 2 (left) and n = 3 (right).

values of n). This shows the same behavior for p, p+p,, p+ p, slightly down to the
negative side but then goes along r-axis (zero) for r > 4. Hence physically realistic
wormholes are threaded by normal matter for » > 4 with even values of n. The
plot of WEC on the right side of Figure 2.8 shows negatively increasing behavior for
n = 3 (illustrating the odd range of n) which accomplishes the violation of energy
conditions leading to the wormholes threaded by exotic matter.

Figures 2.7 and 2.8 represent the behavior of energy conditions for shape functions
b(r) =r, and b(r) = @, respectively along with model (1.1.7) for which G is defined
in Eq.(2.3.12). The model parameter n can take the values 1,2,3,4,5 - - to draw
the graphs of WEC. On substituting the successive values of n, the WEC shows
negative behavior for n = 1,3,5- -+ depicting the violation of energy conditions. This
violation arises due to the effective energy-momentum tensor which logically leads to
the wormholes threaded by exotic matter. On the other hand, for n = 2,4,6,- - -,
WEC stays on positive side representing the validity of energy conditions leading to
physically realistic wormholes (threaded by normal matter). The graphical analysis

clearly shows that when n is even, matter terms become dominant over GB (DE)
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Figure 2.9: Plots of (a) b(r) and (b) @ versus r with n = 2 when EoS is p =
@(p, —p,).

terms. This leads to physically realistic state where the usage of exotic matter has
been minimized and wormholes could exist which can be threaded by normal matter.
When n is odd, DE terms become dominant over matter terms, i.e., the effective
energy-momentum tensor becomes pivotal which recommends exotic matter to thread

unrealistic wormholes.

iii. Specific Equation of State

An interesting EoS of the form p = w(p, — p,) (w is an arbitrary constant) was first
time studied by Bohmer et al. [14] which they used to evaluate shape function. Using
Eqgs.(2.1.2)-(2.1.4) in this EoS, we obtain

f—; - w(2§,(1 — g) - T—bg, —(1- 2)[72” - % +R? - 7;&__2) (R' + %)]) + [;‘5
% (3b — 2r) (b — ) — w(4§/(1 D)3~ 20)) + (1~ DR+ R~ )

SR/t — D)), + [ 52rb(r — )+ (1= P~ Gl f =0,

for which R is given in Eq.(2.3.8). This is a differential equation in terms of shape
function. We solve it numerically by inserting the values as stated above. The

behavior of shape function is shown in Figure (2.9a) which is an increasing function
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Figure 2.10: Plots of (a) b(r) — r and (b) %(:) versus 1 taking n = 2 for EoS p =
@(p, —1.)-

while Figure (2.9b) indicates that % — 0 as r — oo leading to an asymptotically flat
universe. The wormhole throat is located at r = r, where the graph b — r crosses
the radial axis and b(r) < r for r > r,, i.e., the graph of b — r is decreasingly cuts
the radial axis. According to this definition, Figure (2.10a) suggests throat radius
r, & 2.1 for which £ ~ 0.38 < 1 as shown in Figure (2.10b). This function satisfies

the flaring-out condition and hence called the shape function for wormhole geometry.

2.3.2 Phantom Wormbholes

Here we discuss traversable wormhole by using another interesting EoS, p. = wp in

phantom regime (w < —1) [48]. Using Eqgs.(2.1.2) and (2.1.3) with this EoS, we

obtain
1 oR' b, 4 b .8
(wrt! +b) = =1 = )+ = (3b = 2[R = =) —w(b =¥, + =
x(r—b)f! — (Gfs — f)w+1) =0, (2:3.13)

yielding a differential equation in terms of redshift and shape function. We solve this

equation for static and non-static conformal symmetries.
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Figure 2.11: Plots of (a) b(r) and (b) @ versus 1 choosing n = 2 for phantom
wormholes with static conformal symmetry.

i. Static Phantom Wormbholes

Static conformal symmetry implies the dependence of Eq.(2.3.1) only on radial coor-
dinate r which further implies that ¢ = 0 in Eqs.(2.3.6) and (2.3.8). With this choice
of ¢, Eq.(2.3.8) implies that

R(r) = In(a,r).

Inserting this value in Eq.(2.3.13), it follows that

Sl 0) = (0= ) 80— 200 ) 1l
x(r=0)f; —(Gfs — fllw+1) =0, (2.3.14)

which can be solved numerically for shape function b(r). The numerical solution for
shape function (with w = —3) is shown in Figure (2.11a) which indicates increasing
behavior while Figure (2.11b) represents 2 — 0 as r — oo which leads to asymp-
totically flat universe. Figure (2.12a) represents that b — r cuts the radial axis at

r, ~ 2.1 which is the throat radius and %|T0:(2'1) ~ 0.36 < 1 (Figure (2.12b). Hence,

the flaring-out condition is satisfied and gives the shape function for wormholes.
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Figure 2.12: Plots of (a) b(r) — r and (b) %(:) versus r with n = 2 for phantom
wormhole with static conformal symmetry.

Figure 2.13: Plot of b(r) versus r with n = 2 for phantom wormhole with non-static
conformal symmetry.

ii. Non-static Phantom Wormbholes

In this case, the energy density (2.1.2) and radial pressure (2.1.3) along with EoS lead

to the following equation

! —rb’
7ﬂ(cu—l—l 1—; 1——— + [—(1 +wr?)
b 12(b—rb’) , 1+2w7’) b, 4 b
><(1—;)7r3 + 8wr (b —rb') - (1 ;) —I—ﬁ(l—;)
4e(1—2 s de(r —r? —
X (2wr® + 2¢er — 3r + 3r* + 6) + ol - r)(1_§)§+ o Z 6)
r r r

x,/1_§]fg_(GfG+f)(w—1)=o (2.3.15)
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for shape function. Its numerical solution is shown in Figure 2.13 which depicts
constant behavior and does not satisfy the flaring-out condition, hence no wormhole

exists for this case.



Chapter 3

Spherically Symmetric
Self-Gravitating Fluid Models and
Structure Scalars

In this chapter, we explore self-gravitating spherically symmetric fluid models and
derive the set of scalar functions (structure scalars) in f(G) gravity. We develop a
set of equations governing the structure and evolution of the system. Using these
equations, we discuss some particular fluid models according to different dynamical
conditions. We construct structure scalars and rewrite the set of governing equations
in terms of these scalar functions. We also identify inhomogeneity factor and derive
static inhomogeneous anisotropic spherical solutions with the help of structure scalars.
The results of this chapter have been published in two papers [49, 50].

This chapter comprises two sections. Section 2.1 provides a comprehensive de-
scription of spherically symmetric self-gravitating fluid models through evolution
equations. Section 2.2 evaluates structure scalars for the system to determine den-
sity inhomogeneity factors and examines anisotropic inhomogeneous spheres in the

presence of dark sources.

40
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3.1 Spherically Symmetric Self-Gravitating Fluid

Models

This section formulates a set of equations which governs the evolution of self-gravitating
system through the Weyl tensor, shear tensor, expansion scalar, pressure anisotropy,

density inhomogeneity as well as heat dissipation in the presence of dark sources.

3.1.1 Field Equations and Dynamical Quantities

We first formulate the field equations and then evaluate dynamical quantities. The
general line element for non-static spherical configuration is given as
ds® = —A%dt* + B%dr® + C*(d6® + sin® 0d¢?), (3.1.1)

where A = A(t,r), B = B(t,r) and C = C(t,r) are functions of temporal (¢)
and radial (r) coordinates. For matter distribution, the energy-momentum tensor is

defined as

(m)
T = puytiy, + phyw + (p, — p)vuv, + q(vuu, + u,v,) + €yl (3.1.2)

where ¢ and e are dissipation (heat-flux) and radiation density, respectively. The

quantities u*, v* (unit four-vector) and {* (null four-vector) are defined as
ut = AT, vt =BT, 1t = ATl + BT,
satisfying the relations
wu, = -1, v, =1, v"u, =0, Mu,=-1, I*,=0, h,u" =0.
We can write Eq.(3.1.2) as

(m)
T = pupty + p, by + v, + Guu + Gy, (3.1.3)
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where p=p+¢, Il =p +p,, D, =p, +€ qu.=qV,, ¢ = q-+e. The corresponding

field equations are

™

D,

C 2§+€ _i QC_”+ g 2_2B/C/_ E i
A2C\ B C B? C C BC C

4 (p_,CC" BC® L BC* BCC i 4
A2B(C? B B2 A2 B2 ¢ A2B3(?
, . L. , A2C/C// A2B/C/2 , 4
<A2B+B’C2—2BCC+2 = —3 =2 )fc+m

A2C/2 . ,
<32 —A2—2C) " —Gf,+ f,

2 (Bor aC ¢ 4 [ (E) oy p
AB\ BC " AC C© ABC?2 A B @
4 . _CCr AC? _AC* _BC'CY 4
A2BC? <_A+2 1 Y A )t apee
. _C'c’ _BC?® BC* _ACC)
RN

i g Qé_g _2Q + Cl 2£+g _i_i_i
A2\C\ A C C B2C\ A C c?  A2C?

. 2 . .
"\ 2 C . 4 . CC  AC'C AC”
((3) ‘(z) 1>fG+A302<A2A T T

AC? . 4 1 Accr _Ac? O
>fG+ (A +— —2 -3 +

3 A? AB?C? A? A? B2 2 A e
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L(A(B ¢\ B _¢_ B\ 1w o 4w
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Cc' (A B 4 1 e < - 1
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12 o ) )
< 2 C) I+ 15 G (2B¢" - B'C + BC') - % (A'C" + A"C)

ABC
— o (ABO+ 4BC - ABC) 13 Ag;cl - 2ng> fi+ ﬁ;c
(Af " Bg/ B 1) fo~ a0 <Aj}l3§/ " if B é) 1%~
(ff + 2 C') ot Gfo ~ .

The expression for GB invariant is calculated as
8

AB B HQ N AB A" 0/2_1
ABC |\ B2C ' AC A? 220 " BC
1 [facr . ¢ (AC Bc (. AC
- E(m *BC>+2{ ( )* B2C<C—7>

. /2 .
+ ¢ (CB+CA>+ ¢ (C”

G =

12
B0 B A2BC *ABC ABC’ C

N B20" - 3 A’B/C’2+ABO2 A’C BC’
B2 C B4 A4 ABC’ A

Here dot and prime denote partial derivatives with respect to ¢t and r, respectively.

The four acceleration (1.5.1) and expansion parameter (1.5.2) are defined as

A A2 1 (B _C
Ay, = avy, a(l):Z’ a® = 15 19:2 §+25 .

Another form of shear tensor (1.5.3), its trace as well as non-zero components are

1 1 (B C 2 1
O =0 (UNUV - ghuu) , 0= A (E — E) 011 = 5032, 022 = —5002

and 033 = sin® foy. The magnetic part of the Weyl tensor (1.5.7) vanishes for spher-

ical symmetry. The non-zero components of the Weyl tensor and electric part (1.5.8)

in terms of four unit vector as well as projection tensor are given as

E,. =¢e(v,v, —

1 2 1
ghuy), EH = §6B2, EQQ = —5802, Egg = EQQ SiIl2 9, (314)
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_1 Q_E_(Q_E)g _|_i _C_//_l_(g_‘_g)c/ 1 (3.1.5)
*“3\c B ‘¢ Blc) T\ \e " B/Cc) 202 VT

is a scalar quantity of the electric part. The Misner-Sharp mass function calculates

the total energy of spherically symmetric system within the radius r = C' given as

. 2
1 1 C "\’

Now we calculate the variation of this mass function of radiating fluid inside the
sphere. For this purpose, we introduce two useful derivative operators with respect

to radial and proper time coordinates as

10 19

Pr=de0 P~ oo

and the relativistic velocity of the collapsing fluid turns out to be
U=D,C=——=—. (3.1.7)

Combining Egs.(3.1.6) and (3.1.7), we obtain

e , 2 \?
E_E_(Hu —EM) . (3.1.8)

Using Eqs.(1.1.4), (3.1.7) and (3.1.8), it follows that

DM I+ 28N us (6 29 e 3.1.9

T = 5 Pﬂrﬁu + 1= 3o }a (3.1.9)
C2 1 @B ~ 1 e\ Y

DM = 7{<P+ET00)+<Q‘@TM)E}' (3.1.10)

These equations represent the variation of mass inside the spherical surface of evolving
fluid. Equation (3.1.9) represents the effects of radial pressure, dissipation, relativis-

tic velocity and GB curvature terms on the proper derivative of mass function within
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spherically bounded region, while Eq.(3.1.10) indicates the combined effect of pres-
sure, dissipation, relativistic velocity and extra GB curvature terms on the variation

of mass distribution in radial direction. Equation (3.1.10) yields

, CC'((. 1@» _ 1 e\ U

A particular combination of radiating energy density, dissipation and f(G) correction

terms through mass function can be obtained using the above equation as
M 3 "o 1 ©p . 1 @\ Y
3@22—6'3/; C Cl{<p+ﬁToo) + (q—ET()l) E}dr (3111)

3.1.2 Evolution Equations

Here, we construct dynamical equations for dissipative spherically distributed self-
gravitating fluid for the model (1.1.7). The Riemann curvature tensor can be defined
as

1

1
§RZﬁyuu = Qo;[pUg) + Aalipy] T Oalgy] + g{ﬁ[uhma + Fhajpu - (3.1.12)

In the following, we formulate evolution equations like Raychaudhuri equation, propa-
gation equation of shear, constraint equation, evolution equations for the Weyl tensor
and dynamical equations.

(i) Raychaudhuri Equation

This equation describes the evolution of expansion and is obtained by contracting

Eq.(3.1.12) with «” and then indices v as well as a. It turns out to be

1
By .92 wo_ o v pp
U0 +319 + oo al, = —uu” Ry
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This equation along with Eq.(1.1.4) gives

1 2 1
ﬁ;uu“+§1§‘2+§a2—af2: —§(ﬁ+3@). (3.1.13)

We note that Raychaudhuri equation for f(G) gravity is the same as for GR [20],
i.e., GB terms have no contribution in Raychaudhuri equation. This is the evolution
equation for expansion and hence measures the expansion rate of self-gravitating

relativistic fluid for GR as well as f(G) cosmology.

(ii) Propagation Equation of Shear

This equation is obtained by contracting Eq.(3.1.12) with uﬁh,‘;‘hg as follows

1

uﬁuuRZBVhf:hg = WSS (aam — Oavpu”) — ayas — ul, by (o4 + 319h75)
1
= ghauhos. (3.1.14)
Again contracting with v, v° and using Eq.(1.1.4), we obtain
1
uﬁuuRZBVh?; gv'yvé = &g— 51_[ + 2noz[—Rf)’qu“v¢ — R, 0" + gopRay
1
X V" — Raov,v” + §RUPVU]VPV”G". (3.1.15)

This is the propagation equation of shear in f(G) gravity with some other dynamical
variables which yields the effects of GB terms in the shearing motion of evolving

self-gravitating spherical objects.

(iii) Constraint Equation

We obtain this equation from Eq.(3.1.12) by contracting a and v and then contracting
with APy, as

2 .
Rguuhaﬁ = hg(afy“’ — gﬁ’ﬁ) +0“Pag,
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which gives

2 5 (0% ~ QO « Q,
hg (ol — 519’5) +0%ag = —qu* + 2nal—u,h* R 5 + gopu,h® R
1
+ ughf R + < RhGu,| VPV G, (3.1.16)

8

This equation directly relates shear tensor, expansion scalar, heat flux and modified
terms of GB gravity.
(iv) Evolution Equations for the Weyl Tensor
Bainchi identities can also be written as
- 1
Caﬁ'y;n = R'Y[OC?B] - ggv[aRﬂ}' (3117)

This is the relation between Weyl and Ricci tensors which can also be written in

terms of the Weyl and effective energy-momentum tensors by using Eq.(1.1.4) as

n (eff) 1 (eff)
Copym = Trlass) — G T g (3.1.18)
We can write
uﬁCZﬁvm - u;ﬁncgﬁv = VBay + ' Baqy — tyinEe, — u B, (3.1.19)

where u?Clp.s = Eayus — Easu,. After contraction with hfjhﬂuﬁv“v”, Eq.(3.1.19)

gives
4
h/‘jh;’uﬁv“v”Cme = gﬁEuyv“U” — Uy B0 + uﬁEm;ﬁhZ‘h;’v“v”
+h,, 0 PR, gotv” — oVEj v v — o EJvt " (3.1.20)

Furthermore, the effective energy-momentum tensor provides

apy 85 apy ﬁ(m) apy ﬁ(GB)
huh,,u Tva;g = huhl,u T’ya;ﬁ_l_h,uhuu T-ya;g
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= (pt>7ﬁh/»“’uﬁ + (vaa);ﬁhfihluﬁ + quay + quay
+ 8na [hfjh,“juﬁwa;g + hfjhwuﬁRm;g — h,wuﬁ
X Rpop— hghzuﬁgapra;ﬂ + huphZ“ﬁRva;ﬁ}

x VPVIG", (3.1.21)

(eff) (GB)

BT e = ORI T g+ BERGP T -
w'ty VB wu'v VB u'ty 1B
1
3
- qohjv, + 8na [hﬁhluﬁngg;a + hfjhwuﬁRPB;a

= (p, = §) (0 + s0huw) + Mgulv vg o RIU

— BRI Gop R0 + RO, R, 0] VPV GT, (3.1.22)
apy, B G2 1 apy, B <t apy, B G2
h’,uh'zxu Gy[o T B8l — 5 huh’uu o T B h’,uh’z/u 98 T o
1 ~
:§m+m—mwm—m%wmw¢%M
x VPV7G". (3.1.23)

Feeding back Eqs.(3.1.20)-(3.1.23) into (3.1.18), we have

1
Y (‘(ﬁ “'ﬁr)huv + EW) + UB(EOW - Haw);ﬁhﬁhz +(E+p “'@-)UW

3
4 1
+§p,ﬁughwj — Hgy(oﬁ — g

+9opltyja;p| VIVIG" — no‘[hghwuBRp[a;ﬁ] - h/wuBRpo;B + huphzuﬁ

OR) = Gy = Qv — el hu’ (R oo

X Ry — hyhlu, Rg.a]VIVIG™ = 0. (3.1.24)
Similarly, we obtain

1 1 . .
gﬁhl) + ghﬁ(_zﬂ +2p, +p.)p—a'll,

+a,(—p+p,) + uﬁhfjda;ﬁ + dnauu” [Bopacip — Byppoia + Gopltypia

heBay + @ B + (0 +

_Q(Rv[ago}p);ﬁ} VAVIG" + dnau’ 2uoRajps + Gplota) Rs] VIVIG"

1
+nou u? [Rypac — GpjaRay | VIVI(G™) 5 + u5[§naRu[aga]p + upy
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1
X Ry, VPV (G™) 5 + 5oé(n — Dua?(G™) 5 — 4na[Rps.0 + Ryt

1
xu® + Uy Up Ry — §h0pR7a]VpVUG" — 4na[u7uBRw50 + uBuJRpg
1 1
Shep RV (GM) o + 50(n — 1)

4 1
X(G").o = gnalRog + Rgop = 5R(49ap = 0p0)],sVIVIG" = 8nal Ry

+R,. — u'yuﬁg(,pRvg +uu,Rye —

1 1
+Rgop — §R(4gap — 0,0)| VPV (G") g+ §oz(n —1)(G")z=0. (3.1.25)

Equations (3.1.24) and (3.1.25) are the evolution equations for the Weyl tensor. These
represent the relationship between the Weyl tensor, dynamical variables (heat flux,
anisotropic parameter, density, shear and projection tensors etc) and modified terms

due to f(G) gravity.

(v) Dynamical Equations

These equations describe the conservation of total energy of the evolving star obtained

through Bianch identities as

(m) (GB) (m) (GB)

(T +T")u, =0, (T +T" )0, =0, (3.1.26)

where the first equation represents equation of continuity while the second is the

equation of motion. Both equations yield

!

. L 2 . .
puut +9(p+p,) — (o + I+ g 0"+ 2¢ ( + a) + 8nalRyy

3 BC
— R o, ], VPV G 4 8na{(ug RS — 0¥ Ry )y + T (RYSY — Ropg™)
Xty + T% (uy R — 0 Ry )[VPVIG" = 0, (3.1.27)

- L. c 2
p, 0" +alp+p,)+ QHB—C +q 0"+ gq(a +29) + 8na[—R" g,

+RY], 0, VPVIG™ + 8nal(ve R — v Rye + REOY) , + T8 (RIS + R

X 02)0, + TV (0, R) + 07 R,y )| VPV G = 0, (3.1.28)
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representing the effects of GB terms in the evolution of energy density and pressure.

3.1.3 Some Self-Gravitating Fluid Models

In this section, we study governing equations for some specific self-gravitating fluid

models under the influence of f(G) gravity and give their comparison with GR [20].

(i) Geodesic Non-dissipative Isotropic Fluids

If the fluid particles are moving along geodesics, then a* = 0 and the fluid is geodesic
for which ggg = constant. Thus for locally isotropic (radial and tangential pressures
are same, i.e., [l = 0), non-dissipative (vanishing heat flux and radiation density, i.e.,
g = € = 0) and geodesic fluids, we obtain the governing equations under the effects

of f(G) gravity as follows

uﬁuuRZBVhf:hgﬂv‘S =ec+ 2n0z[—Ri’WU“U¢ — Ry v"vg 4 gopRapv®

XU — Rapuv® + %RUPUJ]V‘SV"G", (3.1.29)
0 (5004 2w + B ) + 0P gl + 6+ 4 2. )0 + g0

Xy, — Anah WUl (R pasia) + Gop Roasa] VIV G™ = nalhhye Rpjais)

xt” — hyyt’ Rygig + huphlUP Ryas — BRI, R0, VPVIG™ = 0, (3.1.30)
%hﬁ(_Qp)ﬁ +dnauu” [wa;ﬁ — Ryppoia = 2(Ry(a001p);s

+9opRyp.a) VIVIG" + Inau® [2ufo Rajpip + Gplotta) Ro) VIV

<GP 4 ARG B = 1R ]9V (6, 4+ o ey +

X Rujags1,) VIV (G™) g + %a(n — Dugt®(G™) g — 4R poia + Rppiatic

xu? + UyUp R0 — %nahUpR;a]VVV”G" — 4na[u”uBRW,ga + uPu,
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1 1
XRpﬁ + Rpo - UVUBQUPRVB + U’YUPR«/O— o §hopR]Vﬁ/vo(Gn)7a * §a

4 1
X(n - 1)(Gn),a - gna[Rpa + Rgap - iR(4gUp - 5p0)]75vpVUGn —8n

1 1
xRy + Rgop — §R(4g0p — 0,0)| VPV (G") g+ ga(n - 1)
x(G") 5 =0, (3.1.31)
(p,) V" + 8na[REY — R* g50v, VPVIG™ + 8nal(ve Ry — v" Ry
+RESY) A+ T (R6) + R0 v, + T (Vo R) + 07 Ry )| VIV

xG" = 0. (3.1.32)

This case represents dust fluid model (pressureless fluid) in GR while the conformally
flatness condition (¢ = 0) implies shear-free condition (o = 0) and vice versa [20].
In the scenario of f(G) gravity, the equation of motion (3.1.32) depends upon the
gradient of pressure and extra curvature terms (GB terms). The choice f(G) =
constant (i.e., f, = 0) corresponds to the cosmological constant and the standard
results can be imitated. For this type of fluid model, pressure gradient vanishes which
consequently gives p. = constant. In this case, matter particles will exert equal
pressure at each point of evolving relativistic spherically distributed self-gravitating
fluid. Thus geodesic fluids with isotropy and non-dissipation exert constant (non-
zero) pressure (no dust) in f(G) cosmology. For constant to be zero, this yields dust.
Equations (3.1.29) and (3.1.30) represent that conformally flatness and shear-free
conditions rely on GB terms. Thus conformally flatness condition does not imply
shear-free condition. Equation (3.1.31) indicates that energy density inhomogeneity
depends upon GB terms as well as the Weyl tensor. If the Weyl tensor vanishes, then

GB terms are totally responsible for energy density inhomogeneity.
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(ii) Geodesic Non-dissipative Anisotropic Fluids

Here we take geodesic fluid with locally anisotropy (different radial and tangential
pressures, i.e., II # 0) and non-dissipation for which the governing equations are as

follows

1
uﬁuuRZﬁyh‘;‘hEU%‘s =€ — 51_[ + 2na[—Rﬁwv”v¢ — R, 0" + gop

1
X R 00" — Roov,0" + §RUPUU]V6V"G", (3.1.33)

1
Y <§(p + P )y + EW) + uﬁ(EM - Hav);ﬁhfjhz +(E+p+D,)0w

+§p7guﬁ — 1, (ol — %ﬂhﬁ)hw — Anah W)U’ [Rypiacis) + Yoo Rojaisl]

X VPV G" — nalhShue Roaisu” — Ryt Rogis + by

X h)UP Ryays — B huy Ry VAVIG = 0, (3.1.34)
)+ P 5 + 40 [Reparss — R — 2R )
+0opRypia) VIVIG™ + dnan” 2upy Rajps + Gplotia) Ris) VIV

xG™ + dnau v’ (R pae — Gpla Ry )VIVI(G") g + u’ [uje Ragp + %na

X Rujags1,) VIV (G") g + %a(n — 1)uau5(G")75 — 4[R50 + Rppiatis

xu? + UyUp R0 — %nahopR;a]V“’V"G” — 4na[u'yuﬁR7p50 + WPu,

X Ry5 + Rpo — WGy, Rp + uu, Ry — %hUpR]VVVU(G")A + %a
X (n — 1)(G") o — %na[ﬁ’po + Ry, — %R(Zlgop — 5,0)|aVPVOG" — 8n
<Ry + Ry — %R(Zlggp 5, VIV(GM)  + %a(n 1)

x(G") 5 =0, (3.1.35)
puut +9(p+p,)— %(a + NI+ 8na[RyY — R*™ g,,],u, V'V G"

+8naf(us Ry —u"Ryy), + T (R)6) — Rpog™ Ju, + Ty (us R) — u?
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X R, ) [VPVoG™ =0, (3.1.36)

CB
—V"Rpe + RESY) » + T (R)0) + R0, v, + 1y (ve ) + VR, )]

(p,), 0" + 210 + 8nalRiy — R" 45,],,0, VPV G" + 8na(v, R

xVPVIG" = 0. (3.1.37)

The geometry for this type of fluid revolves around a physical quantity of matter, i.e.,
pressure anisotropy. In GR, pressure gradient, shear-free and conformally flatness
conditions are linked with pressure anisotropy while density inhomogeneity depends
on the Weyl tensor as well as pressure anisotropy. The f(G) theory affects these
relations by the inclusion of GB terms. In the absence of Weyl tensor, Eq.(3.1.34)
shows that density inhomogeneity is caused by pressure anisotropy as well as GB

terms.

(iii) Non-geodesic Non-dissipative Isotropic Fluids

In this case, we obtain the following set of governing equations
al By 219;& aBa. =9 hob e hoB RE heR?
G(oT — 3 )+ 0% ag = 2nal—u, o T Gopliy i+ ughy RY

+%thuU]VpV“G", (3.1.38)

1 2
.y Y Z
hal€)s + 3

_Q(Rv[agff}p);ﬁ} VIVIG" + dnau’ 2ufoRajpis + Gplotia) R s VIVIG"

hgp,ﬁ + 4nouu” [R“/pao;ﬁ — Rypgosa + GopFRypia

1
+4nouw v’ (R pae — GplaRoly ] VPVI(G™) 5 + nou’ [u, Ry + 5 R

1
X4 VOV7(G") 5+ S0ln = Ditau(G") 5 — Analugs’ By +
1
XUpRyoia + Rpoia — ihng;a]V'YV”G" — 4na[u“’uﬁRﬁ,pgo + uﬁungg

1 1
+Rpp — u”uﬁgapr +uwu, Ry — §h0pR]VpV"(G"),a + §a(n —1)
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4 1
X(G").a = gnalBog + Rgop = 5R(495p = 0p0)],sVIVIG" = 8nal Ry

1 1
+Rgop — 5R(4gap — 0,0)| VPV (G") g + goz(n —1)(G") =0, (3.1.39)

In GR, shear-free condition provides expansion free condition for such fluid while con-
formal flatness condition implies irregularities (inhomogeneity) in energy density and
vice-versa. For modified GB gravity, we see from Eq.(3.1.39) that conformal flatness
condition depends upon inhomogeneity of energy density as well as GB terms. If the
fluid is conformally flat, the dependence of energy density inhomogeneity depends
on GB terms, hence GB terms are responsible for density inhomogeneity. Equation
(3.1.38) indicates that shear-free condition does not imply expansion-free fluid due to

GB terms.

(iv) Non-geodesic Non-dissipative Anisotropic Fluids

Here we take non-dissipative (¢ = ¢ = 0) and anisotropic (I # 0) fluids. For this

case, we have

1 2
ghg(g - H),ﬁ + ghgp,ﬁ + dnouu” [R'ypacr;ﬁ — Rypsoia + GopFypia

~2(Bfabolp)is] VOVIG" + dnaw[2ugy Rajs + Gpiota) R s] VI VIG" + 4

1
xnau u? [Rypac — 9pjaRaly|VIVI(G") g + nau” [ufo Rayp + iRu[agU]p]

1
xVPVI(G") g+ §a(n — Dugu’(G™) g — dnafu,u’ Rpp.a + Rpgia + Uy

1
XUp R0 — §h0pR;a]V7V”G" — 4na[u7uﬁR7pgo + uﬁuoRpg + R,o

1 1 4

—u”uﬁgngw +uup Ry — §hUpR]VpVU(Gn)7a + Ea(n —1)(G") 0 — 3
1 1

xno|Rye + Rgop — §R(4gop —0,0)] sVPVIG" — 8nalR,, + Rgs)p — §R

X (49, — 5,0)]VOV7 (G) 5 + %a(n ~ (G 5= 0. (3.1.40)
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In GR, this relates energy density inhomogeneity, the Weyl tensor and anisotropy.
This equation clearly shows that energy density inhomogeneity is linked with the

Weyl tensor, anisotropy and GB terms.

(v) Non-geodesic Dissipative Anisotropic Fluids

This is a more general case with the presence of dissipation g # 0 (¢ = 0 for simplicity)

and anisotropy (II # 0). From Eq.(3.1.25), we have

1 1
gﬁhl) + ghﬁ(—% +3p, + )5+ au(—p+p.)

—a Ty + W Gass + 400 u” [Ropasis — Ropsoia — 2(Rjagolo)is + 9op

heEo\ + @ B + ¢, (o) +

X Rog.0) VOVIG™ + dna?[2ug, Rajps + Gpotia R g) VPV G™ + dnauu”
mn 1 o
X [Rfypag — gp[aRgh]VpVU(G ),5 + nau® [U[oRa]p + §Ru[agg]p]V”V
1
(G") g+ §a(n — l)uauﬁ(G"),a — 4na[uau6Rp5;a + Rypia + UytpRygi

1 (e n
—§hopR;a]V’)V G" — 4n0z[u7uﬁRw50 + uﬁuURpg + R,y — u'yuﬁgop

XRyg+uu,Ry; — %hapR]VpVU(G")@ + %an —1(G") o — %na[RpU
1 1
_'_Rgo'p - §R(4g0’p - 5pg)]7gvpVUG” — SHOC[RPO— + Rgo—p - §R(4g0—p
1
—0,0) VPV (G™) o + ga(n —1)(G") 5 =0. (3.1.41)

This equation represents the link of dark source (GB) terms with the Weyl tensor and
other dynamical quantities. This represents that the tidal force that an object feels
while moving along a geodesic is affected by dynamical quantities as well as GB terms.
This also shows that inhomogeneity of energy density as well as dark source terms
are not affected by the absence of shear and expansion parameters. This indicates
that inhomogeneity of energy density not only depend upon dark source terms but

also on other dynamical variables, so its homogeneity does not alter inhomogeneity
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of energy density. The transport equation (1.5.9) gives

7l(p,) v + (p+p,)a+ 2155 + GB] — K[T,u® + aT]
T U+ IR —59) + tutr, — fut K, — 2ueT,]

, (3.1.42)
where

GB = 8nalR)) — R"g,,|, v, VVIG" + 8na(v, R, — v R,e + RY
X 6y) .+ T (Ry0) + Ry, v, + Ty (v R) + 07 R, ) [VIVIG™.

Inserting Eq.(3.1.42) in (3.1.41), we obtain a relation between density inhomogeneity

and thermodynamics variables.

3.2 Structure Scalars for Spherically Symmetric
Self-Gravitating System

In this section, we investigate spherically symmetric self-gravitating system by con-
structing structure scalars in the background of f(G) gravity. We then rewrite the set
of governing equations in terms of these scalars. We also obtain inhomogeneity fac-
tors and static inhomogeneous anisotropic spherical solutions by using these structure

scalars.

3.2.1 Modified Structure Scalars

Here we develop structure scalars by splitting the Reimman curvature tensor orthog-

onally. From Eq.(1.5.7), we can write

1 1 1 1 1
R, =Ch  + §Rf,‘gpl, — §Rp05ff + §Rp,,5fj — §Rffgpo — ER(ég‘gp,, + 65 0,0).

pov pov
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This equation can be written for Eq.(1.1.4) as

(cff)
Rl = C1 + 2T, 60 + T (35{;57 - 5[[55;;]) (3.2.1)

We decompose the Riemann curvature tensor into five parts as

(1I1) (I11) (v) (V)

R““/ RM’Y 6_|_RM’Y 6+RM’Y 6_|_RM’Y 6+RM’Y

which are defined using Eq.(3.2.1) as

) 1
Ry = 2 (ﬁuwumgf + pth{g(sgﬁ) + (—p + 3p, +10) (5555;3 - 5[[5531}) (3.2.2)

()
R¥,s = 2 (Hv[ﬂv[yégf + ol 6] + Qu[“v[y5(;y]}> , (3.2.3)

(T11)

RY s = dulu,E] — e, 5B, (3.2.4)

]
(1v)

R, = 8 [RL*; WOa + Rypdlo)] — Ryooo)l — 6,300 RIEGY + g, RS

1
b R (020l — a3 | VPV S + GF - DG, (529)

(V)
ROy = (82Rp — Ryp] V"V [+ Gf, — f) (gf;ﬁ—ﬁ{ﬁd&) (3.2.6)

Using Eqs.(3.2.2)-(3.2.6) in (1.6.1) along with (1.1.7), we obtain

(m) (GB)

X = X+ X

1 1
= D+ STl — 1) — Sh (4 3p, + T1) ~ By + nal5B,,
X O — 2R pe + 10R7U kg — 2R, 0y — 2R§uHuAggp5W - R

1
X uuunépu - Rpuuuua + 9R/u/gap + QRM)\U,,U)\QUP + §R(3.gapgul/ + Gov
X O + 2gopuuuy)]V”V”G”_1 + a(n — 1)G"(4hy,, + 40, + u,u,)

1
- 3nha (8[2Ry0 — Rgpo]VPVIG™ ™ + a(n — 1)G™) (g + ), (3.2.7)

(m) (GB)

Yiw = Yu+Yu
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1 . 2, .
= _huu (p - D — H'Uu'UV + g(_p + Bpt + H)) + Euw (328)

where the notation (m) and (GB) in superscript respectively show matter and GB
parts of the relevant tensor. We note from Eq.(3.2.8) that the variable Y, does not
contain GB terms. Hence GB terms do not affect this variable.

We can write these tensors as the combination of their trace and traceless parts
in the following way. From Eqs.(3.2.7) and (3.2.8), we have

(m) (GB) (m)

X, =Tr(X)=X,+X,, Y. =TrY)=Y,

T T T

where

X, = p (3.2.9)
2 1 v A DK 1
X, = —§Oz[n(74Rp(7 + 6u”u, ), + 18u,u” RYgop + 3uqu, Ry + 3

X R(8,0 — 2505,))V’VIG"1 —73(n — 1)G"], (3.2.10)
(m) 1
Y, = 5(p+3p, - 21). (3.2.11)

Moreover, their corresponding traceless parts are found as

(m) 1 (GB) 1
X<l“’> = XTF(UMUV - ghlw) + XT (_ghlw)>

(m) 1
Yv@“’) = YTF (UHUV - gh,uu)a

where T'F' in subscript represents traceless part of the relevant tensor and

(m) 1
Xep = —(e=50), (3.2.12)
(GB) 1

X, = ina(IQRiu,{u)‘ggp — 55Rg,,)V/VIG" ! — 22a(n — 1)G", (3.2.13)

(m)
Y., = €+

TF

1
511 (3.2.14)
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(m) (GB) (m) (GB) (m) (m)

The six quantities X, X, X,.., X, ., Y, and Y, are scalar functions (structure

TF? TF) T

scalars) in f(G) gravity.
Now we briefly discuss physical aspects of these structure scalars in this gravity

that have a direct correspondence with the dynamics of spherical systems. We note

(m) (m) (m)
that X evidently represents the energy density. The scalar variables X . and Y,

play a crucial role in the physical interpretation of fluid. Both scalars combine the
Weyl tensor with pressure anisotropy. Their sum indicates local anisotropy while
their difference provides the effects of tidal force. With local isotropy (IT = 0), they

behave like
(m) (m)
X =

TF _YTF
while in the absence of the Weyl tensor (conformally flat condition), both are same

(m) (m)
X,p =Y,

TF TF*

We observe that local isotropy and conformally flatness condition contradict each
other. This means that spherical system is either isotropic or conformally flat or
it preserves local anisotropy as well as conformal flat condition. Furthermore, the

combination

1 @ (m)  (m) o (m) 3

_§XT + XTF + YT + YTF = §p7‘
. . (m)  (GB)

describes the radial pressure and the sum X, + X demonstrates that matter energy

(m) (m) (GB)

density is connected with dark source terms. The combination X, + Y, + X,

makes spherical system conformally flat and indicates that pressure anisotropy is

controlled by dark source terms due to f(G) gravity. The unification of scalars as
(m) (m) (GB)

Y, . — X,, + X, shows that conformal flatness of fluid is controlled by GB terms.

TF
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3.2.2 Evolution Equations in terms of Structure Scalars

A set of governing equations can be deduced in terms of kinematical variables to
describe the self-gravitating system. Here we rewrite this set of equations in terms of

modified structure scalars in the realm of f(G) gravity.

e Raychaudhuri equation: Equation (3.1.13) defines Raychaudhuri equation
for expansion of self-gravitating relativistic system which in terms of scalar
function becomes

(3.2.15)

(m)
We observe from this relation that GB terms have no contribution and Y. has

an extreme role in measuring the expansion rate of self-gravitating fluid in GR

as well as f(G) cosmology.

e Propagation equation of shear: This equation describes the shear evolution
of self-gravitating system given in Eq.(3.1.15) which in terms of modified scalar

variables reduces to

1 2 C’ (m) 2 (GB)
a," +a* — o ut — 502 — 5019 —aps = —Y,. + ﬁnaXTF + 22a(n — 1)G"

(3.2.16)
showing the importance of GB correction terms in the shearing motion of the

evolving self-gravitating system.

e Constraint equation: A direct relation among shear tensor, expansion scalar,
heat flux and dark source terms due to f(G) gravity is obtained through con-
straint equation (3.1.16) which in terms of scalar variables becomes

RS, \VPVT ) ¢
PU) fG_'_m TF

1 3C’ 3
(0 + =0) o0 = -5l

1
2 ~28c° 287 gl
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3 ©» 7407
- =X, - — — " 2.1
32XT 929 a(n—1)G (3.2.17)

e Dynamical equations: These equations describe the conservation of total
energy of the evolving star given in Eqs.(3.1.27) and (3.1.28) and in terms of

scalar variables, these become

~ 1 (m) (m) (m) 2 (m) (m) C’
p7ﬂuu+§(XT+YT_XTF_YTF)ﬁ_'_g(X +Y )+2q BC+a

1 ©» 11
+q 0" — £3 — (X ) pu” — Ea(n — 1)(G") u” =0, (3.2.18)
- (m) (m) (m) (m) (m) m 920" " 2
b, v +a(XT+YT _XTF _YTF)_'_(X _'_YTF)BC —|—q“U + 3(]

(GB) 11

X(o+20) — = (X,,) 0" — —a(n—1)(G") ,v" =0, (3.2.19)

58 29

which show that the rate of change of energy density and radial pressure depend

on scalar functions of matter and dark source terms.

e Evolution equations for the Weyl tensor: These equations represent the
relationship between the Weyl tensor, dynamical variables and extra dark source

terms as (3.1.24) and (3.1.25). In terms of scalar functions, these become

1 1 ) (m) (m) (m) 9 1 1 (m)
(— X+X p Yo Y ) oM ) (0 + so) + (X - X, )

3 2C 2

+ 3¢ q-+ 1na[vpvg(R su’ — R )] VPVIGT! 4 1nOz(Rvpvo)V”V”
2BC ’ 4

x((G™™) gu? — (G™) ™) + ina(Rupuo),guBVpVUG"_l + B%noz

X (R ) VPV (GP) gul? (;()G(B) + o s o) ot %f(n 1)

xa(G™) gu’ =0, (3.2.20)

1._ o (m) o 3C" ) _ 1 o
(ip)@ﬂ) - (XTF),QU - BCXTF - q(ﬁ + §O-> - E(XTF),QU - %

xa(n —1)(G") 4v* = 0. (3.2.21)
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The above two equations relate the effects of tidal force with fluid parame-
ters as well as GB terms. Equation (3.2.21) shows the dependence of density

(m) (GB)

inhomogeneity on two scalars X, ,, X, .,

dissipation and f(G) model.

TF)

Now, we figure out density inhomogeneity factor on the surface of spherical system
under the influence of f(G) gravity. In a collapsing system, the surface of celestial
object suffers density inhomogeneity caused by some specific quantities or specific
relations of dynamical and geometrical variables. The vanishing of these quantities
or relations assures density homogeneity [23]. The dissipation and scalar variable of
matter X, , lead to density inhomogeneity for spherical system in GR. It is evident
from Eq.(3.2.21) that if we neglect dissipation and matter variable )ém) we obtain

TF)

1 5 (GB) 61

(iﬁ)ﬂva ~ 116 X, p) al® — %a(n —1)(G") v = 0.

We are left with density inhomogeneity and GB terms which suggest that density
(GB)
inhomogeneity is controlled by GB terms. Furthermore, if X, = 0 and f(G) =

constant, we have

(50)a =0, (3.2.22)

which reveals that f(G) model remains homogeneous and constant during the evo-
lution. However, a viable and realistic f(G) model cannot be a constant and hence

scalar functions do not vanish which leads to inhomogeneous (irregular) distribution

of fluid.

3.2.3 The Weyl tensor with Mass Function and GB Terms

This relation can be obtained by using Eqgs.(1.1.4), (1.5.7) and (3.1.6) as

1 1
30—/\? =p—I—e— gna[2Rgpg + 3RO, |VIVIG"T + 604(” - 1G"
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In terms of scalar functions, it turns out to be

3 1 (m) 1 (@B 219
M == XTF — nOé[Répo]vaan_l + @a(n — 1)Gn (3223)

o Tt T ety

3.2.4 Anisotropic Inhomogeneous Spherical Models

In this section, we restrict ourselves to the static case and modify the line element
(3.1.1) in terms of scalar functions. The resulting line element can yield static spheri-
cal solutions with inhomogeneity and anisotropy in f(G) gravity. We consider C' = r
for static configuration for which ¢ = ¢ = 0. Three possible alternative forms are

given as follows.

(i) First Alternative Form

It can directly be seen from Eq.(3.1.6) that Misner-Sharp mass function for static
case becomes
2 1

which gives

2r2 (1 o (m) 1 ©» o rm—1
B = 1— — §XT — XTF + @XTF — na[R(;pU]VpV G

+ @a(n - 1)G”))_é. (3.2.25)

Next, using Eqgs.(3.1.13) and (3.1.15) with (1.5.7) for static case, we obtain

A’ 1 (m) (m) 9 (GB)
AB = gBT[YT + YTF - 6_YTF

— 22a(n — 1)G™], (3.2.26)
which after integration gives

2r2 (1 m (m) 1 @B
A = Aexp] / g (1 - % <§XT — Xpp + = Xy — 0[RS, VYOG
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219 -1 (m) (m) 92 (GB)
TN~ 1>G")) (Y, + Y, = X — 220(n— 1)G")dr], (3.2.27)

where \; is a constant of integration. In this case, the line element (3.1.1) becomes

for Eqgs.(3.2.25) and (3.2.27) as

22 /1 (m) (m) 1 (cB)
d32 = —[)\1 exp[/g (1 — % (5 T XTF + gXTF — nOé[R(;pU]VPVU
219 1w w9 @B

x G''4 @a(n -1) ")) Y, +Y,.. — EXTF —22a(n —1)
2r2 (1 (m) 1 (@©B)

x  G™)dr])?dt* + (1 — % <§XT - X,p+ §XTF — na[R),,|VPV°

n—1 219 n - 2 2 2 : .2 2
x G"T+ 5Eoz(n— 1)G dr® + r*(d6* + sin” 0d¢~).

A singularity seems to appear if

2r2 1 1 ©» 219
L Xpp = 0[RS, )VPVG" 4 a(n = 1)G") = 1.

(m)  (m)  (GB) (m) (m)
By inserting the values of five scalar functions X, X .., X, ., Y, and Y, ., we can

22X — —
3 g% Xt g

T

obtain all possible inhomogeneous static anisotropic spherical solutions.

(ii) Second Alternative Form

Using Egs.(3.1.11), (3.2.9) and (3.2.23), we obtain the relation

3 M 377 (GB
M="—-X — X
TSM 7a2 TF + 87(29) TF)

which implies after integration that

(m) 377 (cB)
M = 7”3 (/(XTF — WXTF)CZT -+ >\2) s

where \s is another integration constant. Using this equation in (3.2.24), we have

(m) 377 (GB) -

D=
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Combining Eqgs.(3.2.26) and (3.2.28), it follows that

1 9 (m) 377 (©B) -1 (m) (m)
A = )\3 eXp[g/ ]_ — 2T /(XTF — WX )dT + )\2 T[YT ‘l— YTF

92 (GB)
— §X — 22a(n — 1)G"|dr], (3.2.29)

A3 is another constant of integration. The line element (3.1.1) takes the following

form for Eqs.(3.2.28) and (3.2.29) as

1 (m) 377 (@B 1 (my
d82 = —[>\3 exp[g /7” (1 — 27”2 (/(XTF - mXTF)dT + )\2)) [YT
m 92 (GB) . ) ) (m)
b Vi - Xy 22000 — )@ P + (12 /(XTF
377 (©®

-1
— WX L )dr + >\2)) dr® + r*(d6* + sin® 0d¢?).

(m)
In this case, singularity can appear if 272 (f(XTF 85’(722 X )dr + )\2) =1 and all

spherical inhomogeneous static anisotropic solutions can be obtained by inserting the
(m) (m) (GB) (m) (m)

values of five scalars X, X,., X, ., Y, and Y,

TF) TF) T

(iii) Third Alternative Form

Equation (3.1.5) reduces to

1 1 B 1
=—|-+= )] - —. 3.2.30
2B2%r (7’ * B) 2r2 ( )

Alternatively, Eq.(3.2.30) can be rearranged as follows

, 1 3 1 (m) (m)
B ‘l—;B:B ;+2T(YTF_XTF) 5

(M)
where e =Y, — X . This is the Bernoulli’s differential equation which gives

(SIS

, [1 D\
B=|—4r ;(YTF — X, )dr + 1+ M\ . (3.2.31)
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Using Eq.(3.2.31) in (3.2.26), it follows that

>\5 9 1 (m) (m) 9 -1 (m) (m)
A = —exp[/r —4r /;(YTF — X, )dr + 1+ \gr Y, +Y,.

3
2 (GB)
— g Xre 22a(n — 1)G"]dr]. (3.2.32)

The corresponding form of the line element (3.1.1) becomes

5 s o [ 1,0 (m) ) 1w
ds® = —[3 exp[/r —Ar /;(YTF — X, )dr + 14+ M\r Y, +Y,..

2 (@B 119 1.0 o [1, ™ (m)
— EXTF — 22a(n — 1)G"|dr]*dt* + | —4r /;(YTF — X, )dr+1

+ >\47‘2) dr® + r?(d6? + sin® 0d¢?),

m m)
where singularity might appear if —4r? [ X(Y,, — X, )dr + 1 + \r? = 0. In this

alternative form of static inhomogeneous sphere with anisotropy, all solutions depend
(m) (GB) (m) (m)

upon four scalars X, ., X,., Y, and Y.

TF) TF)



Chapter 4

Dynamics of Axially Symmetric
System and Structure Scalars

This chapter explores dynamics of axially symmetric collapsing fluid under the dark
effects of f(G) gravity. It also investigates the effects of shear-free condition on the
dynamics of the system. The results of this chapter have been divided into two parts.
The first part with shear stress has been published in [51] and the other with shear-
free condition has been published in [52]. The format of this chapter is as follows. The
next section discusses evolution of axially symmetric system in the presence of shear

stress while section 4.2 explores the effects of shear-free condition on this evolution.

4.1 Evolution of Axially Symmetric Systems

In this section, we study evolution of dissipative axially symmetric collapsing fluid by

developing a set of governing equations in terms of structure scalars.
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4.1.1 Axial System and Kinematical Variables

The line element for axial and reflection symmetric system is [53]
ds® = —A%(t,r,0)dt*+ B%(t,r,0)(dr* +r2d0*)+2E(t,r, 0)dtdd+C?(t,r, 0)dp?. (4.1.1)

The energy distribution of respective fluid observed by an observer with four velocity

u' (u* = (A7,0,0,0) and u, = (—A,0,£,0)) can be represented by the energy-

momentum tensor given by

(eff) (m) (GB) (eff) (eff)

Tw=Tw+Tuw=0p+ p)“u“v+(

off) (eff) (eff)

(eff)
PG+ W+ ¢ u,+ g u, (412)

where the effective energy density, isotropic pressure, anisotropic tensor and heat flux,

respectively are defined as

(eff) . (m) (GB) (eff) . (m) (GB)
- pv p pvo - pv p uvo
(eff) (m) (GB) (eff) (m) (GB)
MV:HMV+HMV7 9, 49w q -

We obtain these effective quantities from Eq.(4.1.2) as

(eff) (eff) (m) 3

= Tu'v =T, u'"u" + §[Rng]VpVUfG - Gf, + f, (4.1.3)
(e;)u _ _(elg)uu _ (cjfpwuy _ _(eg)uu B (%)MVUV _ %[Rgpauu]vpvafg
+ (Gfe = Plug, (4.1.4)
S %h“”(?)w _ %W(?W n 4[%Rg,w ¥ Ruyy — hy] VPV S,
+ 3(Gfs— ) (4.1.5)
M = AT oo = Thos) = B P = Phos) + 8 R
+ gRgapuuu,, + %Rg,,ph,w + %Rhwupu,, + %Rugupuuu,, — Rhyohp)

11

X VIV Lo (G = )G+ ) + 4h [

Rgpo + Rupuo - hpo]
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x VPVOf,+3h,(Gf, — f). (4.1.6)
The spacelike unit four-vectors are defined as

1
vu= B, s,= (LB + )35, k=05,

which satisfy the relations

By — gy — _ghg — M — _
utu, = —v'v, = —st's, = —k"'k, = —1,

By — obe — ol — e — ol — e —
uv, = u's, = ul'k, = v's, = vk, = ks, = 0.

The pressure anisotropic parameter has significant effects in controlling hydro-
static equilibrium. The physical phenomena like mixture of two fluids and phase
transition cause pressure anisotropy in the stellar models [54]. Some other prominent
sources for pressure anisotropy are the magnetic field present in the compact objects
(such as neutron stars and white dwarfs), magnetized strange quark stars, magnetic
field acting on a Fermi gas, viscosity present in neutron stars as well as in highly
densed matter [55]. For the sake of convenience, we convert the anisotropic tensor

(4.1.6) in terms of scalar quantities as follows

(eff) 1 () (M) 1 1 () (o) 1 (eff)
11 w = 5(21_[1 + Hz)(v;ﬂ)u - ghuu) + §(2H2 + Hl)(susu - gh/u/) +211 vsU(uSv), (417)
where
(eff) (eff) (eff) (eff)
My = v T, 11, = (200" — s's” — K'E) T s (4.1.8)
(eff) (eff)
M, = (25"s" — K"k — ") T . (4.1.9)
(off) (o) (eff)

Equations (4.1.8) and (4.1.9) indicate that anisotropy scalars II ¢, II, and II, depend

on matter as well as dark sources. Hence the inhomogeneous distribution of dark
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sources generate pressure anisotropy in collapsing fluid. Dissipation of heat flux (due
to emission of photons or neutrinos which are massless particle) during collapse cannot
be overemphasized. Indeed, it is a characteristic process during stellar evolution.
Dissipation due to neutrino emission of gravitational binding energy leads to the
formation of neutron stars or black holes [56]. The field equations along with ¢*u, = 0

give Ths = 0 which implies that

(eff) (eff) (eff)
=0 0.+ T s (4.1.10)
Here
. . (eff) o e (o)
@ =gt = T ut, Q) =gl = T us. (4.1.11)

These equations indicate that inhomogeneous distribution of matter and dark sources
generate heat dissipation.
The characteristics of self-gravitating collapsing fluid depend upon the behavior

of kinematical variables. The four acceleration (1.5.1) is given as

A (A E\E A
auzalvu+a28u: (0,2, <_Z+E> ﬁ—f‘z,(]) , (4112)

where 6 indicates derivative with respect to theta coordinate. The expansion scalar

2§+€ 2_|_ é_é+§+g E—2
B C)" B A ETC)AB

(1.5.2) is

A’B?

0= >
A2B2 4 12

(4.1.13)

The non-zero components of the shear tensor (1.5.3) are

(CBB— 9) A2B%r? — (ﬁ +é L 9) E?

011 =

C
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B2
4.1.14
* 3A(AZB%? + B?) (4.1.14)
(B ¢\ b, (A B 206 ¢\ )1
[ B ¢\ L., (20 B B A,
L 02

. 411
X 3A(APBY? 1 E2) (4.1.16)

The alternative form of shear tensor (1.5.3) in terms of two scalar functions o,, o, is

1 1 1
Ouv = §(201 + 02)(UMUV - _hMV) + _(202 + 01)(SMSV -

1
—h,,). 4.1.17

3

Equations (4.1.14)-(4.1.16) imply that

B C\3

B C A E C)\ E? 3
2 === 4B - |5 - = - = — . (4.1.19
7% (B C’) r (A B 0) 1| ey Y
The vorticity scalar function 2 is given as
B(E 24
Q= Qs,v, — 50,), Q= (g~ %) - (4.1.20)
2B(A2B%r?2 + E?)z

Equations (1.5.4) and (4.1.20) yield w, = —Qk,. It can be seen from Eq.(4.1.20) that
2 = 0 if and only if £ = 0, i.e., the system becomes vorticity free (spinless) if and
only if reflection symmetric term (F) is zero. The expressions of kinematical variables
show that they are metric (geometric terms) dependent, there is no contribution from
energy terms.

The Weyl tensor (1.5.7) and Eq.(1.1.4) yield a link between the Weyl tensor and
effective energy terms through Riemann/Ricci tensors and Ricci scalar. In this way,

the Weyl tensor is also associated with the dynamics of dark sources and defines the
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effects of tidal forces due to gravitational as well as repulsive gravitational forces.
There are three non-zero components for electric part while two for the magnetic

part. These components can be written in terms of scalar functions as

(eff) 1 ey (o) 1 1 ey (o) 1
E.n = §(251 + &, ) (Vv — ghwf) + §(252 + &, )(Susy — ghuu)
+  eus(Vusy +0u5,), (4.1.21)
(eff) (eff) (eff)
M,, = M (kv +kov,)+ M, (kys, + kys,). (4.1.22)

4.1.2 Structure Scalars and Evolution Equations

Here we construct a set of structure scalars (scalar functions) that help to write down
the set of governing equations in simpler form. We decompose the Riemann tensor
into energy terms with the help of Eqgs.(1.1.4) and (1.5.8) as

(®) @ (E) (M)

7 2 Y12 % iz Nz inZ
RY = R™ + R + R™ 1 R,

where

() 2 (o) (ff) RAC)

Ry = s(p +3p)u[ﬂu[ah;]+§ p b, (4.1.23)
(Q)V v] (eff)
R = —2ulhl'qy, (4.1.24)
(E)

vo_ (ef 0] lup(ef ]
Ry, = dulu BG4 an B (4.1.25)
(M) (eff) (eff)
RS = —2¢™Tu M gy — 2eqp,ul M (4.1.26)

€y = Npuyt”, the notations in top F' (density and pressure), @ (heat dissipation),
E (electric part of the Weyl tensor) and M (magnetic part of the Weyl tensor) show
decomposed parts of the Riemann curvature tensor relating to various aspects of

fluid and carry the effects of dark sources. Using Eqs.(1.5.8) and (4.1.23)-(4.1.26), we
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obtain

(eff) 1 (eff) 1 (eff) (eff) (eff) (eff)

1 1
Y wro = gYTh;w + §(2YTF1 + YTF2)(,UNUV - ghlﬂf) + §(2YTF2 + YTFl)

(eff)

1
XSSy — ghuy) + Yis(vusy +vu8,).

Here the subscript T stands for the trace part while the components with notation
TF1, TF?2 and vs in subscript represent trace-free parts of the corresponding tensor.
The scalar quantities

B 1 (e (eff) (eff) (effy 1M (eff) ey LM @) gy ] (e
YT:§(p +3p)> YTF1: & _§H1> YTF2: &, _§H2a USZEUS__HUS>
(eff)
are the set of scalar functions associated with the tensor Y ,,. Likewise, the set of
(eff)
scalar functions associated with the tensor X ,, are given by

(eff) (eff) (eff) (eff) 1 (eff) (eff) (eff) ]_ (eff) (eff) (eff) ]_ (eff)

XT: P, TF1 51_5 19 XTF2: 62_5 29 vs:_gvs_i VS

(eff)

Inserting Eqs.(1.5.8), (4.1.23)-(4.1.26) in the expression of Z

., We obtain

(eff) (eff) 1 (C‘?

or equivalently,
(eff) (eff) (eff) (eff) (eff)

Zy = 2,0k + Zyvky + Zysuky + Z, sk,

Here
(eff) (eff) 1 (eff) (eff) (eff) 1 (eff)
Zl = (M1_§q2>7 ZQZ(M1+_q2>7
(eff) (eff) 1 (em (eff) (eff) 1 (em
Z3 = (M2_§q1>7 Z4:(M2+_Q1>7

2

(eff)
are the structure scalars related to Z,,,.

We briefly discuss dynamical aspects of scalar quantities under the dark effects

of f(G) gravity. The set of scalar functions describe contribution of matter as well
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as dark sources in the evolution of axially symmetric self-gravitating systems. The

(eff)
scalar X1 expresses total energy density of matter and dark sources of the system.

(eff) (eff) (eff)

Three scalars X,,,, X,,, as well as X, indicate combine effects of anisotropy and

TF2
(eff)

electric part of the Weyl tensor in one and the same direction. Another scalar Yy

represents sum of energy density and pressure (total energy) of the system. The

(eff) (eff) (eff)
scalars Y, .., Y,.., as well as Y,; provide combine effects of anisotropy and electric part

(efl) (eff) (eff) (cff)
of the Weyl tensor in opposite directions. The set of scalar functions Z,, Z,, Z,, Z,

represent various combinations of heat dissipation and magnetic parts of the Weyl
tensor. We note that matter as well as dark sources take part in the dynamics of
any axial system. If we neglect matter contributions, then dark sources become
responsible for the dynamics of the system.

By contracting Eq.(1.5.9) with s, and using Eqs.(4.1.12) and (4.1.20), we obtain

. . K ( —ET + AT KT? Z
@D+ AT + G = = <( s ] —AT%> e (Tu ) :

A A\ (A?B%*r? + E? 2 KT?)
(4.1.27)
Similarly, the contraction of Eq.(1.5.9) with v, gives
2 H
Tatern — APy 4 e _K T &+ BTa.) — KTq (7u¥ 4.1.9
J AT+ = ) - S5 (Frg) o a1

These two equations describe the effective thermal energy transport (thermal trans-
port due to matter as well as dark sources) in the presence of vorticity (spinning
configuration). The set of evolution equations depending upon dynamical variables
give the dynamics of collapsing stellar configuration. In the following, we formulate

these equations in the presence of dark sources under the effects of f(G) gravity.
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(i) Conservation Equations and Thermodynamical Aspect of the System

(eff)
From the conservation law, T*,., = 0, we obtain two conservation equations in terms

of scalar quantities as

(eff) (eff)

c 1
Xy +20(Yr = D)+ + ¢"a + (20, + 0,)TL + (0, +20,)1L,] = 0, (4.1.29)

©) o) (eff) (eff) (eff)

1
2au(YT — P ) + hZ(g(QYT — XT)

(eff)

v _'_ Hal/;a + q V;aua)

(eff)

1
+(5 0 + O+ W) " =0, (4.1.30)

The first is the continuity equation and the second is named as the Euler equation.
In order to explore thermodynamical effects, we use Eqs.(1.5.9)-(4.1.28) and (4.1.30).
The combination of Eqgs.(1.5.9) and (4.1.30) leads to effective inertial mass while
Eqgs.(4.1.27) and (4.1.28) provide the relation between thermodynamics and vorticity.
Just analogous to inertial mass defined in classical dynamics (Newton’s second law),
a similar concept also exists in instantaneous rest-frame in relativistic theory. Since
in instantaneous rest-frame, the acceleration is parallel (proportional) to the applied
force, so the inertial mass behaves as a factor of proportionality among them [57].
However, in some cases when there is no interaction between particles, this factor of
proportionality does not represent mass of the particles. In such a case, this factor of
proportionality is referred as to effective inertial mass.

The value of effective inertial mass of a particle moving through a solid body (like
crystal) may differ from the value calculated for the same particle moving in free
space under the same force [58]. In the present case, the combination of Egs.(1.5.9)
and (4.1.30) gives

(eff) (e KT

1 (eff) (eff)
20Yr—p) -

= D" — L2V~ XD), — (o



76

e K 1 5,1 7
+WW)C]V + ?hw]rﬂj + |i; - 6’19 + §Dt (ln(ﬁ)ﬂ qM’ (4131)

where D, f = f,u”. The expression on the right hand side contains some extra terms
other than dissipative terms which represent hydrodynamic force acting upon fluid
and dark sources. The factor multiplying with four acceleration on the left side depicts

effective inertial mass density given as

(eff) (eff) (eff)

20Yp — p)(1—- V),

with ¥ = %@»)' When the system deviates from thermal equilibrium state, the
27(Yr —p

(eff)
effective inertial mass density of dissipative fluid is diminished by a factor (1 — ¥).

(eff) (eff)
It disappears for ¥ = 1 or even becomes negative for ¥ > 1. It can be observed

(eff) (eff)
that the factor ¥ depends upon the values of temperature, the scalar Y as well as

pressure in the presence of matter and dark sources. It is mentioned here that in GR,

(m)

the effective inertial mass density of the dissipative fluid is given by (p + (]r;)) which is

KT

- For f(G) gravity, the generalized effective inertial
(Cp'+p)

reduced by a factor ¥ =

mass density becomes

) (o) m ()

2(Yr = p) =2(Yr = p) + [TRgpe + 4Ruptio — 4] VIV fi + 2(G [, = f),

which is the sum of matter and dark source terms. In the absence of dark sources,
this reduces to 2(38;;) - (}f)f)) = 2&?) - (}n))). Thus the dark source terms affect thermo-
dynamics of dissipative collapsing system.

Now we check the relationship between thermodynamics and vorticity given in
Eqgs.(4.1.27) and (4.1.28). For this purpose, we consider the system is in thermody-

namic equilibrium in ¢ direction and assume (c_C]? = 0 with constant (corresponding)

temperature. Under these considerations, Eq.(4.1.27) gives

(cf) (eff)

(g,)r=—AQyq,
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showing the spinning configuration (vorticity) or heat flux of matter in r-direction
which controls the vanishing of time propagation of meridional flow (thermal equi-
librium in 6 direction). Inversely, under the same type of assumption in Eq.(4.1.28),
((ccsz))ﬂg = AQ((}? shows that time propagation of the vanishing of radial heat flux at
initial time will depend upon the values of vorticity and meridional heat flux. From
the above discussion, we note that dark sources along with matter terms take part

in time propagation of thermal equilibrium in either direction (r and #). In GR, it

depends only on matter and vorticity.

(ii) Ricci Evolutionary Equations and Kinematic Variables

We discuss the evolution of kinematical quantities and effects of dark sources through
Ricci evolutionary equations. The time propagation equation of expansion scalar is
derived by contracting Ricci identities for four velocity given by

(eff)

1
0. ut + §192 +2(0* =) —al, + Y7 =0, (4.1.32)

where 0? = 5,,,0". We note from this equation that for axial system, the evolution
of expansion parameter depends upon shear, voticity and the scalar (Yf';) in geodesic
as well as non-geodesic cases. In the absence of matter, dark sources control the
evolution of expansion scalar.

The propagation equation of shear tensor is obtained by contracting Ricci identi-

ties with four velocity as well as combination of projection tensor and unit four-vectors

given by

2 1

hl‘i‘hfaaﬁwuV + 0,00 + gﬁau,, — 5(202 + 02 — al )b, +w,w, — aua,
s (eff) 1 (o)

—hu ) ass + B — B I, =0.
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Additionally, contracting this equation with ss, vv and vs, respectively, it follows

that

(eff)

1
o2,u" + 0, (0, +20) — (20° + Q* — al,) — 3(s"s ap + a2) + Y, = 0, (4.1.33)

3
1 (off)
o1 u’ + 3% (0, +20) — (207 + Q* — a2,) — 3(v*v%aga + a,) + Y, =0, (4.1.34)
1 (eff)
5(01 —0,)0 —a,a, — v®Pags + Y, = 0.(4.1.35)

Equations (4.1.33) and (4.1.34) demonstrate that the evolution of shear depends on
(off) _(eff)

vorticity and scalars Y, , Y, .,

If we consider geodesic fluid with vorticity-free
(eff) (o)

condition, then expansion parameter and scalars Y, Y,

e Y, Will control the evolution

(eff) (eff)

of shear scalars. Since Y. and Y

. = contain pressure anisotropy and electric part

of the Weyl tensor, therefore these scalars will affect the shearing collapsing fluid.
(eff)

Equation (4.1.35) in geodesic case with vorticity-free condition gives Y,; = 0.

Constraint equations are obtained as

v 2 «a «a v (eff)
hy, (519;,, —0pat Qy;a) + (0w + Qu)a” = "q,, (4.1.36)
« BrIY (o)
QQU(HCL,,) + h(uhV)ﬁ(O-Oé’Y + Qaw);gn Up = M/W‘ (4.1.37)

The contraction of Eq.(4.1.36) with v and s gives the following scalar equations

2 1 1
3—319' — Q05 + Q(s,,5070" — SBB) +ga10, = a,() — galgava
1 1 e
—320, 4 0)(0h = ) = 50, +20) (s005%s" — 2) =7, (41.39)
1 1 2F .
g(EI2 + AZB2T2)§ (214'[90 ‘l— 719) + 023a2 ‘l‘ W;ava ‘l‘ Q('Ui;
B,V 1 a 1 a v a,
+570"s,.3) + Qay — 30208 + 5(02 +20,)(Sp:a8"s" — 3)
1 o a (eff)
_§(01 +20,)(s%, — 32) =q,. (4.1.39)
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Similarly, contraction of Eq.(4.1.37) with vk and sk provide

(eff)

1 (0% (0%
—Qa, — 5 (v*kg + k%vg) (0as + Qas)., 0 = M, (4.1.40)
1 a a (o)
—Qa, — 5 (s%ks + k%s5) (0as + Qas)., 0 = M,. (4.1.41)
Equation (4.1.38) demonstrates that effective dissipation scalar rules the propagation
of vorticity in the case of shear and expansion-free geodesic fluid. In this way, dark
sources affect the vorticity of fluid. Equations (4.1.38)-(4.1.41) exhibit the relations
©) ) opy (e
between M, M,, (qff), (qz), shear and vorticity. Thus these relations also affect the
evolution of expansion scalar. The time propagation equation for the vorticity tensor

can be derived from the Ricci identity by contracting it with the combination of

projection tensor and four velocity vector as [27]

2
ho RS Qagau” + V0w + 200,02 — h} oy = 0. (4.1.42)

B

Contraction of the above equation with vs yields
o 1 i ]
Qu + §(219 + o0, +0,)Q+v"s"a,, =0, (4.1.43)

which expresses the evolution of vorticity. We note that it does not depend on dark
term even in the presence of dark sources due to f(G) gravity. Hence for general

fluid, vorticity is not affected by dark sources.

(iii) Bianchi Evolutionary Equations and Density Inhomogeneity

The Weyl tensor usually narrates effects of gravity due to tidal force in the universe. In
our case, it describes both attractive (gravity) as well as repulsive gravitational effects
due to the coupling of tidal force with dark sources. Evolution equations calculated

for various components of the Weyl tensor establish relations among structur scalars,
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dark sources and tidal force. These equations evaluate inhomogeneity (irregularity)
factors in the system. The collection of dynamical variables which causes density
inhomogeneity is known as density inhomogeneity factor. The vanishing of such
combination of dynamical variables is the necessary and sufficient for homogeneity of
energy density (h;(?y = 0). The Weyl equations are derived by using Eqgs.(1.1.4)

and (1.5.7) in Bianchi identities given as

8 (eff) (eff) (eff) (eff) Sk (eff)
Oéh, Eaﬁ,’yuw_'_ﬁE“V—i_h“yEaﬁa SE +h?ﬂ’r]ﬁ/ u(SM’\/CMK
(eff) (eff()x . 1 (eff) (ff) 1 (eff) N

—E 6(“9 ) 2M (MnV)&X'iuéa = 5( p+p )Uuu - 629 1 pv §h hﬁ

(eff) 1 m 1 (e e 1D (o)
d a «
X Haﬁ;gu — 50'(1(“1_[ v) — iﬁ(u 11 va — A q ) + =

(eff) off)

o 1 a (
+0% )y = SHGH) T g (4.1.44)

o V(eff) . (eff) (eff) L (eff) 1 . (eff)
hoh™ B o — nfﬁ UsO Y M oy + 3M yw” = Bhu P — §huh T e
1 .
- ( i +3Q”) 7, (4.1.45)

(cff) (eff) (eff) 1 (off) (off)

(0,5, + 30,5, ) e +aﬁMﬁ — M™_hg, = 5( p o+ D)

Llen 99 084 8y | e
o [ @+ Lanloy +80) ) €27, (4.1.46)
(eff) s (Cﬁg 9 (ef) (eff) 5 (CH()S
2a, E et — E Mhﬂ Y+ B sl + 319Mm + M550’ R o — M,
(cff& y (CH();V ].(eff) y
X 06k + Qs) + (006 + Qus) M MenadyL + 19M Mena 75 6 J
1 Ceff) 3 o 1 reem (eff) w
by T B2 4 5 [0 0+ D s+ Qs +3900) | (4.1.47)

The two Weyl equations are obtained by contracting Eq.(4.1.45) with v, s and using

scalar functions as

1 (em (eff) 1, e (eft) 1

_gXTFl,uUV — Xpsp8” — 3 ~(2X oy + X)) (0], — agv’) — gsa;ys”vo‘
(cff) (cfh) (eff) 1 (ef) (efh)
(XTFl + 2XTF2) - X’Us (Sa;l/vavy + Szju - al/sy) - _Mz (01 + 202) - BQMl

3
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lemy , lem (eff)
=3P = s (20 —0,) +4Qg,, (4.1.48)
1 em R N (cf) , , 1 (e (eff)
§XTF2VS - Xvs,uv - g(XTFl + 2XTF2)(S;V — ays ) - §(2XTF1 + XTFZ)
(eff) 1 (eff) (eff)

XV 8 V" — X (Vo s™s” + 0, — a,v”) + §M1(201 +0,) — 3QM,

(eff)
1 € e
_ §<;§>st 409 - %(219 —0,), (4.1.49)

(eff) (eff) (eff) (eff) (eff) (eff) (eff)

where the scalars X, X,,,, Xus, Z,, Z,, Z, and Z, generate energy density
inhomogeneity.

In order to investigate the role of dark sources in energy density inhomogeneity,
we suppose that matter contribution is almost absent which leaves only dark source
terms. This indicates dark sources as agent of energy density inhomogeneity. In the
absence of f(G) terms, magnetic part of the Weyl tensor produces irregularity in the
respective region. Hence, the inhomogeneous distribution of dark sources causes heat

dissipation and repulsive gravitational effects in the interstellar region to produce

energy density inhomogeneity.

4.2 Shear-Free Axial System

In this section, we study the effects of shear-free condition on axial system in the
presence of dark sources (for f(G) model (1.1.7)) for non-geodesic (as well as geodesic)

dissipative (as well as non-dissipative) cases.



82

4.2.1 Non-Geodesic Condition

We assume that the evolution of non-geodesic dissipative fluid is shear-free (o,5 =

0 =0, = 0,). Under this assumption, Eqs.(4.1.18) and (4.1.19) yield
C(t,r,0) = B(t,r,0)R, (r,0), E(t,r,0)=A(t,r,0)B(t,r,0)R,(r,0), (4.2.1)

where R, (r,60), R,(r,0) are functions of integration with respect to temporal coordi-
nate t. These functions must satisfy R,(0,60) = R,(0,0) = 0 to be compatible with
regular condition at the origin. Equation (4.1.37) provides

2Weqaps + Vowss = (e]\?ag. (4.2.2)
Here V,wg = hhwg,, and angled brackets indicate symmetric and trace-free part.
The above equation implies that under shear-free condition, the effective magnetic
part of the Weyl tensor depends upon the rotational parameter and for w, = 0, we

(eff) (eff)

have M .53 = 0. Inversely, M ,3 = 0 in Eq.(4.2.2) yields
Vo = —2a,w". (4.2.3)
However, Eqgs.(1.5.3) and (1.5.4) in the shear-free condition yield the identity
Vw = a,we. (4.2.4)

Equations (4.2.3) and (4.2.4) imply that w, = 0 which further gives Q,3 = 0
(eff)
(from Eq.(1.5.4)). In both cases, we obtain M ,s = 0 implying that
() (M)
M =M=0 < Q=0 (4.2.5)

which provides that necessary and sufficient condition for irrotational shear-free fluid

is the vanishing of magnetic part of the Weyl tensor. For shear-free irrotational fluid,
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Eqgs.(4.1.38) and (4.1.39) give heat dissipation scalars as

(eff) _ 1977‘ (eff) _ /19’9
“=3p T 3p.

(4.2.6)

This shows the behavior of expansion scalar which depends upon heat dissipation.
In the absence of dissipation, Eq.(4.2.6) implies that the expansion scalar depends
upon temporal coordinate only, i.e., ¥ = ¥(t) (becomes homogeneous) but dissipation
due to dark sources does not vanish. Hence the expansion of axial system remains

inhomogeneous under the dark effects of f(G) gravity.

4.2.2 Geodesic Condition

Here we restrict our system to be geodesic, i.e., a system with vanishing four acceler-

ation. Consequently, Eq.(4.1.12) along with Eqgs.(4.1.13) and (4.1.24) gives
A=R,(t0), R,9B=R,(t0), (4.2.7)

where R,(t,0) and R,(t,0) are arbitrary functions of integration representing null
contributions from a, and a,, respectively. Under regularity conditions, we have
Q(t,0,0) = E(t,0,0) = 0, i.e., vanishing of the coefficient of cross term results ir-
rotational fluid. The condition E(¢,0,6) = 0 further gives R,(¢,0,6) = 0 and con-
sequently, from Eq.(4.2.7), we obtain R,(¢,0,0) = 0. As a result, we have either
Q2 =0or v =0. A similar result can be found from Eq.(4.1.43) which reads for the

underlying case as
apB v 2 o 2
hoh, Qg u” = —5199“,,, or Q. u* = —5199. (4.2.8)

This equation along with Eqs.(4.1.13), (4.1.18) and (4.1.19) provides ¥§2 = 0 which
indicates that shear-free geodesic fluid yields either €2 = 0 or ¥ = 0. In the following,

we analyze both cases separately.
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(i) Vorticity-Free Expanding Fluid

First we consider the case with €2, = 0 but ¥ # 0 which implies that A = R, (t), E =

0. After reparametrization of time coordinate, the line element (4.1.1) becomes
ds* = —dt* + B*(t,r,0) [dr® + r*d6® + F*(r,0)d¢?] . (4.2.9)

This represents restricted class of axially symmetric cosmic structure. The continuity

and Euler equations ((4.1.29) and (4.1.30), respectively) reduce to

o+ (P P+ D =0, (4.2.10)
€ (CH)M € 4 €
WP gt Wt D) + 3080 =0, (12.11)
while the heat transport equation (1.5.9) gives
eff)V e 1 Tua (cff)u
Wy e+ 7 = —Kn(T,) — SKT? . 4212
Thy 4 ou® + ¢ (To) =5 k) (4.2.12)
The combination of Eqgs.(4.2.11) and (4.2.12) yields
(eH om K 1 1 T 5 | em
PEM 5, + VoD + = VaT — | = + 2Dy (1 )= 20| Ta=0, (1213
T+ 9+ 2V = [ 245D (i) - 9] T =0, 219

which gives a link between pressure gradient, pressure anisotropy and thermodynamic
quantities. This suggests that any acceptable EoS for the system under considera-
tion is restricted by thermodynamic quantities through the heat transport equation.

Equations (4.1.33)-(4.1.35) give

(eff)

Y

TF1

(eff)

(cff)
=Y, =Y, =0. (4.2.14)

vSs

(eff)
The vanishing of this set of scalar functions associated with Y, provide the relations

e 1(m e 1 (e e 1 (e
(gff) = §H17 (6? = §H27 ‘(C:fs) = §Hu57 (4215)
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(cff)
and accordingly the tensor X ,, reduces to

(eff) (eff) (eff) (eff) (eff) (eff)

Xpp = —2€ Xypy = —2€ X,, = —2¢,,. (4.2.16)

TF1 1 TF2 2 vs vs

Now we turn our attention to non-dissipative fluid in the respective case, i.e.,
(eff) (eff)

¢, = ¢, = 0. Under this condition, Eqgs.(4.1.13), (4.2.6), (4.2.10), (4.2.14) yield

homogenous parameters given by

(eff)  (eff)
B(t,r,0) = a(t)b(r,8), p = p'(t), p = plt),
(eff) (eff) (eff)  (eff) ()  (eff)
Hl = Hl (t>7 H2 = H2 (t)7 H = Hvs (t>7

vSs

€ = 8w &=50, &= (4.2.17)
This is possible only if our f(G) models become constant (n = 0) which shows homo-
geneous distribution of dark sources. In our case, we cannot choose n = 0 and there-
fore the above parameters remain inhomogeneous. We examine the non-dissipative
shear-free geodesic evolution and homogeneous distribution of dark sources. The
differential equations of the Weyl tensor (4.1.45)-(4.1.47) reduce to

1 (eff) e 1 e _1 e e 1(eff)
_g (XTFI - (:g)) + gE(Tf;)ﬂg = ? ((5) + (]gf) + gﬂz) 19’ (4-2'18)
,t

. (eff) 1 (efb)
— XD 99X IT ¥, (4.2.19)

vs

1 ™ e Y (e L ()  em 1D
_(_XTF2+ p),t“‘ggz :__<p +p + 31 )19

. . 511, (4.2.20)

Using (4.2.16) and (4.2.17), the above set of equations can be integrated to

e 2 e 2 e 2
(5?) =c, exp(—g/ﬁdt), (5? =c, exp(—gfﬁdt), é?f) =c, exp(—g/ﬁdt),

where ¢,, ¢, and ¢, are constants of integration. Equation (4.1.13) along with
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Eq.(4.1.24) gives ¥ = 3% and hence the expressions in the above equation are calcu-

lated as
(eff) Cl (eff) CZ (eff) CS

& =g ST gy fu T po
This suggests that B in (4.2.17) reduces to B = ((t) and the line element represents
FRW spacetime for ¢ > 0. This is consistent with GR [35] in the case of homogeneous
distribution of dark sources. Otherwise, the axial system preserves its symmetry

under dissipation-less case in the presence of dark sources.

(ii) Expansion-Free Rotating Fluid

Now we consider €2 # 0 but ¢ = 0, i.e., expansion-free but rotating fluid. The
assumption §2 # 0 indicates that the metric (1.2.1) remains non-diagonal while the
expansion scalar (4.1.13) with assumption ¥ = 0 indicates that the system becomes

time independent. Equations (4.1.32)-(4.1.34) yield the relations

(eff) (eff) (eff)

Y, =2V, =2V

TF1 TF2

= 20, (4.2.21)

which generates a relationship between rotation parameter and the scalars associated
(eff)
with tensor Y, while the scalar Y, vanishes in this case. One of the conservation

vs

equations (4.1.29) along with Eq.(4.1.3) reduces to

Be(ﬁ;;uu” - ((%)/:u” — 2na[Rg,.u" VPV G + 2a(n — 1)G™ut),, = 0,
which indicates that the only factor which controls the evolution of energy density is
dissipation from matter as well as dark sources. In the absence of matter, dark sources
control the evolution of energy density and if « is zero, then there is no evolution

for energy density. Equation (4.1.36) produces a connection between dissipation and
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vorticity as

oS ut = ut + 2na[Rg,,)VPVIGT T — 2a(n — 1)G™

[T 7"

In dissipation-less case ((2}1) = a = 0), we obtain a system with zero rotation

m
(2 = 0) which contradicts our considered case. We can say that such a system
remains dissipative as o cannot be zero (although matter can be neglected). Hence

due to inhomogeneous distribution of dark sources, the system must be dissipative

while from Eq.(4.1.39), we obtain

€ ]. €
(QBR,) = ¢, B2R, or Q= 55 / @, B*R,dr + R, ), (4.2.22)
1

which gives (2 = 0 in non-dissipative case. Using Eq.(4.2.22) in (4.1.32), we have

267na
2

[Rng]VPVUGn—l + 80((71 _ 1)Gn . 3(}3\).

(m) 2 (eff)
P :(BR /qz B’R,dr + R.()” —
1

For non-dissipative case and o« = 0 (absence of dark sources), we obtain EoS p =
—3p which is consistent with GR [35]. Hence in the presence of dark sources, all
geodesic shear/expansion-free fluids can be rotational without dissipation under the
dark effects of f(G) gravity. This generalizes the results of GR where such kind of
fluids must be dissipative. If we apply regularity conditions on the first expression of

Eq.(4.2.22), no such model (¥ = 0) exists even in the presence of dark sources.



Chapter 5

Concluding Remarks

In this thesis, we have studied static spherically symmetric wormhole solutions in
galactic halo region and by imposing an extra symmetry, i.e., CKVs. We have ex-
amined the effects of DE in the phenomenon of stellar evolution which has been
characterized by the set of governing equations and structure scalars in the frame-
work of modified Gauss-Bonnet gravity. In the following, we summarize and briefly
discuss the main results of this thesis.

It is well-known that the violation of NEC is the basic ingredient for the static
traversable wormhole in GR. To reduce the wormhole dependence on exotic matter,
the study of viable realistic models is an important task in modified theories. In
chapter TWO, we have investigated static spherically symmetric wormhole solutions
in galactic halo region and using CKVs technique in modified Gauss-Bonnet grav-
ity. We have discussed wormhole solutions for galactic halo either by considering a
viable f(G) model or a particular shape function. For a viable f(G) model with
Navarro-Frenk-White density profile, the graphical behavior shows that it satisfies all
conditions related to the wormhole geometry and WEC is also satisfied. In the sec-

ond case, we have taken a particular form of the shape function and constructed f(G)
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model. We have found that physically acceptable wormhole solution exists for all val-
ues of r in galactic halo region. It is concluded that normal matter satisfies WEC in
this modified gravity which leads the modified theories to minimize the dependence
of wormhole geometry on exotic matter.

We have also considered a systematic approach to study wormhole solutions by
assuming static spherically symmetric metric with conformal symmetry by choosing
two types of shape function and also formulated the shape function for a particular as
well as phantom EoS. For specific choice of shape functions, we have found physically
realistic wormholes are threaded by normal matter. The graphical behavior shows
that these functions satisfy all conditions related to the wormhole geometry and hence
provides wormholes for the whole range of r. For phantom wormholes with non-static
conformal symmetry, the function does not obey the assumptions related to wormhole
physics and hence there does not exist any wormhole in this case.

In chapter THREE, we have explored spherically symmetric self-gravitating fluid
models in this gravity. For locally isotropic and non-dissipative geodesic fluid, due to
extra curvature terms from dark sources, fluid is not dust and conformally flatness
condition does not imply shear-free condition while density inhomogeneity is con-
trolled by the Weyl tensor as well as GB terms. If we include pressure anisotropy
in the fluid, all results revolve around this physical variable. For non-geodesic fluids
with local anisotropy and non-dissipation, dark sources affect energy density inhomo-
geneity factor, the Weyl tensor and anisotropy due to GB terms. For non-geodesic
fluids with local isotropy and non-dissipation, shear-free and expansion-free conditions
are not linked with each other and density inhomogeneity is found from conformally

flatness condition as well as dark sources. In the absence of conformally flatness
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condition, density inhomogeneity is assured by GB terms. In a more general case,
anisotropic fluid with dissipation, the evolution of self-gravitating fluid depends upon
GB terms along with dynamical quantities. We have also obtained a relation be-
tween density inhomogeneity and thermodynamics variables plus GB terms through
transport equation.

This chapter also investigates dynamics of self-gravitating spherically distributed

(m) (GB) (m) (GB) (m) (m

)
fluid in terms of structure scalars X, X, X,., Y, and Y, for matter as well

TF) TF)

as GB terms to deduce all governing equations in terms of these scalars. The evolution
equation for the Weyl tensor indicates that energy density inhomogeneity is caused

(m) (GB)

by X,., X,, dissipation and f(G) model. It is concluded that spherical systems
should necessarily be inhomogeneous in this gravity. Finally, we have constructed
three forms of the line elements for inhomogeneous anisotropic spheres in terms of
scalar functions which lead to further physical relevance of scalar functions. We
have found that the evolution of spherically symmetric self-gravitating fluid not only
depends upon dynamical variables but also on GB terms. The choice f(G) = constant
or n = 0 corresponds to the cosmological constant and the standard results can be
recovered. For this choice of the model, our results are consistent with standard results
[20] otherwise GB terms affect the results which deviate from GR. It is worthwhile
to mention here that our constructed self-gravitating fluid models are more general
as compared to GR.

In chapter FOUR, we have explored the evolution of axially and reflection sym-
metric dissipative collapsing fluid with and without shear stress in this gravity. The

Weyl tensor in the presence of dark sources deals with gravitational (attractive) as

well as repulsive forces. We have constructed a set of 12 scalar functions which further
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consist of energy terms, electric and magnetic parts of the Weyl tensor. It is found
that inertial mass of the system is reduced by a factor depending upon the thermal
effects as well as dark sources. The coupling of heat flux with vorticity controls ther-
mal equilibrium in r and 6 directions of the fluid flow. We have seen that kinematical
variables remain unchanged under the influence of dark sources but their evolution

(eff)
is affected. Evolution of expansion scalar is determined by shear, vorticity and Y7

(eff) (eff)
in geodesic as well as non-geodesic case. The two scalars Y., and Y., control the

evolution of propagation equation of shear while the evolution of vorticity does not
(eff)

depend upon dark sources but its absence in geodesic case leaves Y, = 0. From the

evolution equations for the Weyl tensor, we have found that the set of seven scalars

(eff) (eff) (eff) (eff)  (eff) (eff) (eff)

Xiprs Xppoy Xusy, 4y, Z,, Z, and Z, are the inhomogeneity factors. The presence
of dark sources in these scalars thus affect the collapsing configuration.

For shear-free axial system, with non-geodesic dissipative fluid, we have found
that rotation or spinning of the system is linked with magnetic part of the Weyl
tensor. The vanishing of magnetic part turns out to be the necessary and sufficient
condition for irrotational evolution even in the presence of dark terms. For shear-
free geodesic fluid, we have taken Q = 0, ¥ # 0 and 2 # 0, ¥ = 0. In the first
case, non-dissipative fluid with homogeneous distribution of dark sources turns the
axial system to FRW universe model which is consistent with GR result. However,
dissipation due to dark sources is not negligible, hence this correspondence in our
case cannot be possible. In the second case, evolution of energy density is controlled
by dissipation from matter as well as dark sources. We conclude that all geodesic

shear /expansion-free non-dissipative fluids can be rotational under the dark effects

of f(QG) gravity which generalizes the results of GR where such kind of fluids must
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be dissipative. Using regularity conditions, we have found that models with zero
expansion do not exist even in the presence of dark sources.

It would be interesting

e To explore the role of charge in wormhole solutions with non-commutative ge-

ometrical background in this gravity.

e To explore wormhole solutions by considering a general spherically symmet-
ric wormhole spacetime for various shape functions or f(G) models (and vice-

versa).

e For different viable f(G) models and shape functions, possible existence of re-

alistic wormhole solutions can be explored in galactic halo region.

The dynamical analysis of self-gravitating systems in modified theories appear as a
compelling candidate to describe stellar evolution in the presence of dark sources. It

would be worthwhile
e To explore dynamics of self-gravitating systems with expansion-free condition.

e To investigate role of charge in the evolution of self-gravitating fluids.



Appendix A

List of Publications

The contents of this thesis are based on the following research papers published

or submitted in journals of International repute. These papers are also attached
herewith.
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Abstract In this paper, we study static spherically symmet-
ric wormhole solutions in galactic halo region. Two obser-
vational results, Navarro-Frenk—White energy density pro-
file in standard cosmological model and the observed flat
rotational curves, are used to discuss traversable wormholes
supported by galactic halo in modified Gauss—Bonnet grav-
ity. We explore these solutions either by considering a viable
f(G) model to construct shape function or by specifying the
shape function to deduce f(G) model. We explore energy
conditions and find physically acceptable wormhole solu-
tions threaded by normal matter for all values of r. Finally,
we investigate stability of the resulting wormhole solutions.

Keywords Galactic halo - Wormhole solutions - f(G)
gravity

1 Introduction

It is well-known that dark matter (DM) exists in baryonic
and non-baryonic forms in the universe. Baryonic DM is
the matter which can be detected through the emission of
photons in all directions. Such matter emits light and is less
than 4 percent of the over all matter of the universe. It is
argued that the remaining baryonic DM is in the nonlumi-
nous form such as MACHOs (massive astrophysical com-
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pact halo objects) which may fulfill the required percent-
age of baryonic matter in the universe. However, the sec-
ond major constituent of the universe is non-baryonic DM
which covers approximately 23 percent of the universe mat-
ter. Astronomers cannot detect such matter directly because
it cannot emit or absorb/scatter light of any wavelength. The
observed flat circular curves of neutral hydrogen clouds in
the galactic halo as well as in the outer region of galaxies
cannot be explained by luminous (ordinary) matter. This led
to the hypothesis that galaxies even cluster of galaxies are
filled with nonluminous (dark) matter which is considered
as the result of flat rotating curves. The presence of nonlu-
minous DM in galactic halo can only be detected through its
gravitational impression on luminous DM (Faber and Visser
2006). Some candidates of nonbaryonic DM include global
monopoles (Nukamendi et al. 2000), noncommutative ge-
ometry (Rahaman et al. 2012), supersymmetry (Jungman
et al. 1996), scalar fields (Fay 2004) and modified theories
(Bohmer et al. 2008).

When spacelike sections of metric are embedded in Eu-
clidean space, two asymptotically flat connected regions
are exhibited. These asymptotically flat connected regions
define a wormhole and the connecting path is termed as
bridge or tunnel through which an observer can traverse
easily. The supporting matter yielding such geometry is
the exotic matter for which energy density becomes neg-
ative. This behavior of energy density leads to violation
of null energy condition (NEC). The study of wormhole
solutions in general relativity (GR) as well as modified
theories of gravity has attracted many researchers. Mor-
ris and Thorne (1988) did the pioneer work by develop-
ing some properties of spacetime metric to hold such so-
lutions.

To discuss wormholes in these bizarre astrophysical phe-
nomena, we rely on Navarro—Frenk—White energy density

@ Springer
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profile (Navarro et al. 1996)

k

_— 1
:_6(14_%)2’ ( )

p:

where k and r, represent characteristic density and charac-
teristic scale radius, respectively. This density profile was
found from N-body numerical simulations to explore dark
galactic halos (galaxies or cluster of galaxies) in standard
cosmological model. The structure of these dark galactic ha-
los may be differentiated by the traversable wormhole ge-
ometry along with density profile as well as flat galactic cir-
cular curves. Rahaman et al. (2014) discussed some char-
acteristics of these galactic halos which support wormhole
geometry and checked the equilibrium condition for this ge-
ometry. They also proposed its existence through scattered
scalar waves.

The violation of null energy condition (NEC) is a neces-
sary tool for the existence of wormhole in GR (Gonzélez-
Diaz 2004; Lobo 2005), but this violation no longer holds
in modified (higher order derivative) theories of gravity.
In these theories, the effective energy-momentum tensor
is responsible for this violation (Bhawal and Kar 1992,
Furey and DeBenedictis 2005). Thus it would be inter-
esting to investigate wormhole geometry in galactic halos
and check the validity of this energy condition for modi-
fied Gauss—Bonnet theory of gravity. The f(G) theory is
the modification of GR obtained by including an arbitrary
function of the Gauss—Bonnet quadratic invariant, G in the
Einstein—Hilbert action (Nojiri et al. 2006). The motivation
for this theory comes from string theory by low energy effec-
tive scale (Cognola et al. 2006, 2007). This theory has been
analyzed for the cosmic expansion of the universe (Eas-
son 2005) to avoid four types of finite future singularities
(Nojiri et al. 2005), solar system tests (Nojiri et al. 2007),
thermodynamics (Sadjadi 2011; Chatterjee and Parikh 2014;
Sharif and Fatima 2014b) and many other phenomena. Re-
cently, Sharif and Ikram (2015) explored traversable worm-
holes by considering power-law function f(G) = «G" as
well as redshift function. They investigated these solutions
for traceless, barotropic as well as isotropic fluids and found
that physically acceptable solutions exist according to differ-
ent powers of G. We have studied noncommutative worm-
hole geometry for this theory and found wormhole solutions
threaded by normal matter (Sharif and Fatima 2015).

Sharif and Rani explored wormhole for galactic halo re-
gion (2014a), dynamical (2013a), noncommutative (2013b)
and charged noncommutative (2014b) wormhole solutions
in f(T) gravity. They concluded that WEC is satisfied for
specific range of radial coordinate r and normal matter gives
some physically acceptable solutions. Mehdizadeh et al.
(2015) explored traversable wormholes for Einstein—Gauss—
Bonnet gravity satisfying WEC. Sharif and Zahra (2013)
studied wormholes taking isotropic, barotropic as well as

@ Springer

anisotropic fluid in f(R) gravity and concluded that WEC
is satisfied for barotropic fluid but is violated for isotropic as
well as anisotropic fluids. Lobo and Oliveira (2009) inves-
tigated wormhole solutions in f(R) gravity by choosing a
specific form of shape function and examined energy condi-
tions.

In this paper, we study wormhole solutions in galactic
halo region for f(G) gravity. The paper is organized as fol-
lows. The next section provides basics of f(G) gravity and
energy conditions. Section 3 is devoted to construct worm-
hole geometry and field equations. Section 4 provides solu-
tions for specific f(G) model as well as b(r) function. We
also check the behavior of WEC for both cases. In Sect. 5,
we discuss equilibrium state for our constructed solutions.
Finally, we conclude our results in the last section.

2 f(G) gravity and energy conditions

In this section, we briefly overview f(G) gravity and energy
constraints. The action for f(G) gravity is given by Li et al.
(2007)

1

S=—
2k?

d*x/=g[R+ f(G)] + Su, 2)

where k% = 87 G is the coupling constant, R, f and Sy, are
Ricci scalar, an arbitrary function of Gauss—Bonnet invari-
ant G and matter action, respectively. The Gauss—Bonnet
invariant is defined as

G = R*> — 4R, R™ + Ryyop RMP, 3)

where R, and R,s, are the Ricci and Riemann tensors,
respectively. Varying the action (2) with respect to g, we
obtain the modified field equations

1
R,uv - ERguv + 8|:R[L,OUU + vagaﬂ
- Rp(rgvu - Ruvgap + R;urgvp
1 oo
+ ER(guvgop — &guo&vp) |VIV fc

+(Gfe — )guw = k*Tpv, 4

where subscript G represents derivative of f with respect
to G and 7,, denotes the energy-momentum tensor. For
anisotropic distribution of matter, 7, is given as

Tuw = (0 + Pvpvy — piguv + (Pr — PN,

where p,, p; denote radial and tangential pressures, v*,
n* are four-velocity and spacelike four-vector satisfying
the relations v*v, =1, n*n, = —1 and v¥n, = 0. The
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energy-momentum tensor can also be written as 7,, =
diag(p(r), —pr(r), —=p:(r), —p:(r)).

Energy conditions are fundamental tools which are used
to work out various important results about black holes in
different physical scenarios. In GR, the violation of these
conditions is the necessary tool for the existence of worm-
holes. These conditions arise from the relationship of Ray-
chaudhuri equation with expansion scalar (Raychaudhuri
1979). Using the condition of attractive nature of grav-
ity of hypersurface orthogonal congruences (i.e., rotation
associated to congruence defined by null vector is zero)
in these equations, yield R,,v*v" > 0 and R,,k*k” >0
for null v* and timelike k* vectors. Replacing the Ricci
tensor by the energy-momentum tensor in these inequal-
ities, we obtain energy conditions. These are defined as
(+p=20),0=20,p+p=0),(0+p=0,0+3p=0)
and (p >0, p£ p > 0) NEC, WEC, strong energy condition
(SEC) and dominant energy condition (DEC), respectively.
These are purely geometrical conditions and can be used in
any alternative theory of gravity (Liu and Reboucas 2012).
In the case of any other alternative theory of gravitation, the
Ricci tensor is replaced by modified energy-momentum ten-
sor, i.e., T,ﬁiﬁ)k“kU >0 (T,E?,ff) = T,%) (dark matter terms) +
T,E','f) (normal matter terms)), which means that we include
modified energy density and pressure in these conditions.
We also impose T,ﬁ'ff)k”k” > 0 for normal matter. Taking
into account that Raychaudhuri equation fits for any theory
of gravitation, we will maintain its physical motivation, i.e.,
the focussing of geodesic congruences along with the at-
tractive nature of the gravitational interaction to deduce the
energy conditions in the scenario of f(G) gravity (Garcia
2011). For convenience, the field equations (4) can also be
written as

1
R/w - ERguv = Tivffy

where
R S[RWW + Rpvgon
— Rpogvu — Ruv8op + Ruo 8up
+ %R(guugap - g;mgv,o):|vpvg fG
+(Gfc — fgur-
In this context, the energy conditions are
NEC: o4 pff >0,
WEC: >0, oo 4+ plgff >0,
SEC: p°ff + p?ff >0, oo 4 3p?ff >0,

DEC : peff 2 O, peff :l: p;?ff 2 O,

where i =r, t (radial and tangential components).

3 Wormbhole geometry and field equations

A wormhole provides a feasible way to connect two dis-
tant patches of the universe. The flat rotating curves due
to neutral hydrogen clouds in the outer region of rotating
galaxies indicate the existence of DM. In such galaxies, the
outer neutral hydrogen clouds are treated as test particles.
These test particles move in circular orbits which can be de-
scribed by static spherically symmetric spacetime. Morris
and Thorne (1988) found the metric for traversable worm-
holes which is static and spherically symmetric given by

d 2
ds? — o2h0) 472 _ (1;

5 T r2do? + r?sin® 9d¢>2>, 5)
.

where i (r) and b(r) are arbitrary functions of radial coordi-
nate r related to gravitational redshift and shape of worm-
hole known as redshift and shape functions, respectively.
The coordinate r behaves non-monotonically as it declines
from infinity to the least value ry (wormhole throat radius)
and then goes back from wormhole throat to infinity. The
corresponding field equations are

b/
5 =4 = B)3b — ) = 2rb(r = )] £

+Gfe— f=Kp, 6)
2h7/<1 - g) - % - %(1 - ?) [2#(1 - g)(h’2 +1")

—Q2+rh)(b'r—b)+ 6bh’] 1

—Gfe+ f=«pr, 0)
(1 = ?)[/’l”-l- h% +H? - %(h’—i— %)}

+ %(1 - ?) [2#(1 —~ ?)(h/ —h'?+h")

—3n'(b'r — b)]fé —Gfe+ f=xpi. (8)

and Gauss—Bonnet invariant takes the form

G= %[h’@b —2r)(b'r —b) —2r*p(W'* +1") <1 -~ ?)}
(€))

Here prime denotes radial derivative. For a traversable
wormhole, there should be no horizon and even no singu-
larity which is possible only if the redshift function A (r) is
finite for all values of r. Thus we assume redshift function as

@ Springer
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¢?"") = Cr" (Kar and Sahdev 1995), where n =2(v?)?, v?
is the rotational velocity for flat rotational curves observed
in galactic halo. This rotational velocity is nearly constant
through these rotational profiles and we let C = (%)", the
integrating constant. Consequently, the field equations (6)—
(8) and Gauss—Bonnet invariant (9) become

f—; —4[(b'r —b)(3b —r) = 2rb(r — b)| f;;
+Gfe—f=«’p, (10)
2£<1_2) _b i(l_ é)[w<1_9>
r2 r r3 3 r 2 r
_n+4 3nb

T(b’r—b)—i-T]fé—GfG+f=K2pr, (11
(1 b) <n>2 (n+2)(B'r —b)
_?[5 42 —b) ]
2
_i(l_é>["_(1_é>
2r3 r)| 2 r

3
+§(b'r—b)]f£;—0fc+f=fc2pt, (12)

4 n

nn —2)b b
R @

These are the general expressions of matter contents in
terms of b(r) and specific f(G) model to thread the worm-
hole. For the above choice of redshift function, the resulting
shape function constitutes traversable wormhole if it obeys
flaring-out conditions at wormhole throat radius r = r, i.e.,
if it satisfies the conditions b;;b’ > 0 (Morris and Thorne
1988) and b(rg) = r¢ (the location of throat radius), which
implies the relation b’ (rg) < 1 with @ —0asr— 0. To
examine the nature of matter threading the wormhole solu-
tions, it is worthwhile to impose condition on matter con-
tents by checking the validity of WEC. In GR, the violation
of NEC leads to wormhole solutions. In alternative theories
of gravity, the effective energy-momentum tensor is respon-
sible for this violation but normal matter satisfies the energy
conditions for wormhole geometry, e.g., energy conditions
are satisfied in D-dimensional Einstein—Gauss—Bonnet grav-
ity (Bhawal and Kar 1992). Using Eqgs. (10) and (11), the

expression for NEC (radial component only) is obtained as

. br—b 2n b
eff __
=t (1) <o

P+ p

from which we deduce

2n rb —b b -1
et (N

r2 2r2 r ’
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whose right hand side remains positive and leads to the vio-
lation of NEC. Using Eq. (1) in (10), we obtain

b/

5= A[(6'r —b)(3b—r) = 2rb(r —b)| f&; + Gfe — f
) kr?
- r(r+re)’ (14)

which consists of two unknowns f(G) and b(r). In order to
discuss the wormhole structure in galactic halo, we impose
constraints on matter contents by examining the validity of
WEC.

4 Wormbhole solutions

In this section, we discuss wormhole solutions in galactic
halo by finding the solution of Eq. (14). For this purpose, we
adopt the strategy of specifying (i) an arbitrary f(G) model
to construct b(r) and (ii) an expression of b(r) to deduce
f(G). We discuss wormholes by checking the behavior of
WEC.

4.1 Wormbholes for a viable f(G) model

First we take a viable f(G) model as (Bamba et al. 2010;
Sharif and Fatima 2014a)

f(G)=aG' (14 pG™), 15)

where «, 8, [ and m are arbitrary constants with / > 0. This
model is useful to cure four types of finite-time future singu-
larities (Nojiri and Odintsov 2008). It is also consistent with
local tests and cosmological bounds (Nojiri and Odintsov
2007). Using Eq.(15) in (14), we obtain differential equa-
tion for b(r) as

/

b -2
— —4aG G’[(rb’ —b)(3b—r)

- 2r2b<1 - ?)}(1(1 — D+ BU+m)(I+m—1DHG™

! m 2 ki

+aG (I+1+BU+m+1)G") =« S (16)
where G is given in Eq. (13). This equation cannot be
solved analytically, so we solve it numerically for b(r).
To check the behavior of shape function, we use graphi-
cal technique by incorporating the values of parameters as
k2 =6.074 x 1072 kpc/kg, a = 0.001, B =1, k = 0.05,
re =10, 1 =0.0002 and m = —0.05 along with initial con-
ditions b(1) = 0.5 and b'(1) = 0.6. These are arbitrary con-
stants which give us reasonable results. Any other combi-
nation of these parameters change the results. The plot in
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Fig. 1 Plots of b(r) and 22 (a) (b)
. 0.5
versus r. a displays the sha[;e ax10° Y7
function b(r) and b shows @ . 0.4
versus r 3X10 0.3
o H ’
— -17 —| N
3 2x10 ol 0.2
1x107" 0.1
0 0
0 1 2 3 4 5 1 2 3 4 5
r r
Fig. 2 Plot a shows the (a) (b)
behavior of b(r) — r and 1 3
b represents dl(’l(r’) versus r 0.5 2.5
. 2
o —
o By 2
5-0.5 3 1
0.5
_1 0
-0.5
0 1 3 4 5 0 1 2 3 4 5
r r
(a) (b) (c)
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1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
r r

Fig. 3 Plots of WEC with specific f(G) model, a represents p versus r, b represents p + p, versus r and ¢ shows p + p; versus r

Fig. 1(a) shows increasing behavior of b(r) versus r. The
plot of % in Fig. 1(b) indicates that % — 0 as r — oo lead-
ing to an asymptotically flat universe. Also, it meets the
condition 1 — é > (. The throat radius of wormhole is lo-
cated at r = ro for which b(r) — r crosses the radial axis
and b(r) —r <0 for r > rg (i.e., b(r) — r decreasingly cuts
the radial axis). Figure 2(a) shows that the plot of b(r) — r
meets the radial axis at 79 &~ 1.1 which is the throat radius.
Also, ? < 1 for ro & 1.1 satisfying the essential condition of
shape function. The graph of % is shown in Fig. 2(b) which
depicts 92(1.1) ~ 0.49 < 1 (i.e., 92 (rg) < 1) and hence the
flare-out conditions are fulfilled.

We analyze the nature of matter that threads a worm-
hole using energy conditions. We explicitly check WEC for
which the expressions of matter contents are given as fol-
lows

/

b
K2p = == 4aG’—ZG/[(rb/ —b)3b—r)

—2r2b(1 — ?)}(1(1 — D+ BI+m)

x (l+m—1G")+aG (I +1+BU+m+1)G™)
+aG'(l—1) —ap(l +m— DG,

o= (1-2y oL A _b)[me=D
) r r3 3 r 2

b\ 44n,, 3nb
X(l——)— ) (br—b)—i—T]

x @GI2G/ (10 = 1)+ B +m)(L +m — 1G")
as)

a7

—aGll =D +aBl+m—1GT",

s, b\[(n\ (A+2r-b
n=(-DI(3) -2

(O[5 3e)

x aG'2G (I — 1) + B +m)U +m — 1HG™)

—aGl U= +aBl+m—1)G™. 19)

The graphs of WEC (p, p + p, and p + p;) against r are
shown in Fig. 3 using the same parametric values. Fig-

@ Springer
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ure 3(a) shows the behavior of energy density which is de-
creasing but remains positive for the whole range of r. The
plot in Fig. 3(b) represents initially increasing then decreas-
ing but positive behavior for p + p, for all values of r. The
profile of p + p; in Fig. 3(c) indicates almost the same be-
havior as Fig. 3(a). Thus, the model and resulting shape
function obey WEC in the galactic halo region and hence
accommodate the wormhole geometry with ordinary matter.

4.2 Wormbholes for a particular shape function

Here we assume a specific form of the shape function b(r)
and construct f(G). We consider the following particular
form of the shape function as (Sharif and Jawad 2014)

Y
b(r) =rt(i) , (20)

rt

with y as an arbitrary constant and r; is the throat radius. It
satisfies the flaring-out conditions if #’(r;) < 1 implying that
b'(r;) = y < 1 and the condition b(r;) = r;. The asymptoti-
cally flat universe is attained if % = r,l_yry_l approaches to
zero as r tends to infinity. The expression for Gauss—Bonnet
invariant becomes

G—4 r\" [ nr 3 r\’ ) |
-5 (2) 56 () )
B nn —2)r; (1 B <£>y—l>} on
2 Iy

Using Egs. (20) and (14), we obtain the following differen-
tial equation for f(G) in terms of r as

vy (r y—1 \Y r\Y
2 () () )
r Iy Iy Iy
_ 2rz<1 - (L)H)] G~ fG"
I (G")?

f! 2y kr?

—I—Ga—f—/c Pt (22)
We solve this equation numerically by choosing the values
r; = 0.35 and y = 0.02 with initial conditions f(1) =0.25,
/(1) =0.15. The function obtained from the above equa-
tion is based on the Navarro-Frenk—White energy density
profile and should be sufficient to motivate researchers to
look for wormholes in galactic halos observationally. Fig-
ure 4 shows that the function f(r) is positively decreasing
against 7. To thread the wormhole solutions by normal mat-
ter, this function should satisfy WEC. The expressions of
matter contents are given as

y—1 v 4
b)Y ) o
re\r Ty Tt
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— 0.245
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Fig. 4 Plot of f(r) against r

~ 2r2<1 B (L)y—l>i| G/f// _ f/G//
Tt (G")?

+G= - f, (23)

G/f// _ f/G// f/

5 YL n\2
<r=(-(2) )
_<"+2>r<%>y‘l(y—1>}_i(l_(L)V”)
4r(r — r,(rr—r)V) 2r3 7t
n? r\Y! 3n(r\"!
L50-0) )+3() o]

G/f// _ f/G// f/

The graphs of p, p + p, and p + p; are given in Fig. 5 by
taking the same values of parameters. The graph of energy
density in Fig. 5(a) shows decreasing but positive behavior
of p. The behavior of p + p, in Fig. 5(b) is initially de-
creases with positive values and then continuously increases
after r ~2.35 while Fig. 5(c) depicts the behavior of p + p;
which is same as of p + p,, thus WEC is satisfied. This
shows that physically acceptable wormholes exist in galac-
tic halo threaded by normal matter for all values of r.

5 Equilibrium condition

Here, we check the equilibrium state of wormhole solutions
for both cases. For this purpose, we consider the gener-
alized Tolman—Oppenheimer—Volkov (TOV) equation (Ra-
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(a) . (b) (c)
1.2x10% 58
1x10"® 4 57
sx10™* 4 p 56
Q 3 55
6x10™* & &
54
ax10™* 2
53
2x10"* s
1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
r r r

Fig. 5 Plots of WEC (p, p + p, and p + p;) versus r for specific shape function b(r)

Fig. 6 Plots of three forces (a) (b)
gravitational (red), hydrostatic
. . 0.3
(green) and anisotropic (blue) o 2 20
acting on a fluid inside the 2 o -1 w 10
galactic halo for both cases. g o §
a shows the equilibrium state of 8 o o0
wormbholes for f(G) model and B -0.1 2 —
b represents the equilibrium -0.2 -10
state for shape function -0.3 20
1 2 3 4 5 1 2 3 4 5
r r

haman et al. 2014)

dpr
dr

w 2
+ 7(p+pr)+ ;(pr —p1) =0,

for the metric ds? = diag(e“(’), —e"") 2 _p2gin? 0).
We rewrite the TOV equation for anisotropic distribution of
mass in galactic halo region (as it is suggested by De Le6n
1993 for anisotropic matter distribution) in galactic halo as

Mo+ p,) w  dp, | 2
e T = S S (= pr) =0,

dr (26)

where the effective gravitational mass M°T inside the galac-
tic halo measured from wormhole throat to any radius r
is defined as Mef = %rze”_”. Equation (26) describes
equilibrium state for wormhole supported by gravitational
and hydrostatic forces plus anisotropic force (force due to
anisotropy in matter distribution). These forces, respectively
are defined as

M (p+ pr) u

2 y FH=
72

dr’

Fg =
(27)

2
Fp= ;(Pt — Pr)-

For a wormhole to be in equilibrium, these forces should
satisfy the relation

Fg+ Fg+ Fq4=0.

Figure 6 shows three forces Fg, Fy and F4 for both cases
taking the same values of parameters. Both graphs indicate

that the equilibrium state of wormhole solutions can be at-
tained through the combined effect of these forces. We can
see that gravitational force is much smaller (becomes zero)
than the other two forces while hydrostatic and anisotropic
forces are opposite to each other. This balances the system
and makes the wormhole solutions in equilibrium state.

6 Conclusions

It is well-known that the violation of NEC is the basic in-
gredient for the static traversable wormhole in GR. To re-
duce the wormhole dependence on exotic matter, the study
of viable realistic models is an important task in modified
theories. Navarro—Frenk—White density function for galac-
tic halo has some important characteristics which can gen-
erate traversable wormholes. In this analysis, we have in-
vestigated static spherically symmetric wormhole solutions
in galactic halo region for f(G) gravity. We have discussed
these solutions either by considering a viable f(G) model
or a particular shape function. To examine the nature of mat-
ter threading the wormhole solutions, the energy conditions
have been imposed on matter contents. The equilibrium state
of the solutions have also been examined through general-
ized TOV equation. The results of the analysis are summa-
rized as follows.

For a viable f(G) model with Navarro-Frenk—White
density profile for galactic halo, we have obtained the shape
function numerically by taking particular values of model
constants. The graphical behavior shows that it satisfies all
conditions related to the wormhole geometry and WEC is
also satisfied. In the second case, we choose a particular
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form of the shape function and construct f(G) model. We
find that WEC is satisfied showing that physically accept-
able wormhole solution exists for all values of r in galactic
halo region. It is concluded that normal matter satisfies WEC
in this modified gravity which leads the modified theories
to minimize the dependence of wormhole geometry on ex-
otic matter. Finally, we have checked the equilibrium state of
wormbhole solutions. It is found that systems initially show
unbalanced state then become stable after some time due to
the canceling effect of equal but opposite forces (balancing
forces).

We have also studied wormhole solutions for f(G) grav-
ity by taking noncommutative geometry (Sharif and Fatima
2015). We have constructed these solutions (i) by assum-
ing a viable f(G) model to construct the shape function
and (ii) by specifying the shape function to deduce f(G)
model. We have found physically acceptable wormhole so-
lutions threaded by normal matter (for all values of r) in
the first case while the second case provides physical solu-
tion for higher values of r. Sharif and Ikram (2015) have
explored traversable wormholes by considering power-law
function f(G) = aG" as well as redshift function. They
have investigated these solutions for traceless, barotropic as
well as isotropic fluids and have found that physically ac-
ceptable solutions exist for different powers of G. In the
present work, we have found wormhole solutions in galac-
tic halo region for f(G) gravity using two observational re-
sults, Navarro—Frenk—White energy density profile in stan-
dard cosmological model and the observed flat rotational
curves. We have established physically acceptable worm-
hole solutions threaded by normal matter for all values of
r and have investigated their stability.
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Abstract We discuss non-static conformally symmetric traversable wormholes for
spherically symmetric spacetime using the model f(G) = «G", where n > 0 and
« is an arbitrary constant. We investigate wormhole solutions by taking two types
of shape function and found that physically realistic wormholes exist only for even
values of n. We also check the validity of flare-out condition, required for wormhole
construction, for the shape functions deduced from two types of equation of state. It
is found that this condition is satisfied by these functions in all cases except phantom
case with non-static conformal symmetry.

Keywords Wormhole solutions - Conformal symmetry - f (G) gravity

1 Introduction

Traversable wormholes are spacetime shortcuts or tunnels allowing free passage of
observers in either two different regions of the same spacetime (inter-galactic worm-
hole) or two different spacetimes (inter-universe wormhole). This free passage is the
hypothetical backbone of time travel and travel to any other parallel world. Paging
through history, wormhole physics can be traced back to 1916 when Flamm analyzed
a newly described Schwarzschild solution [1]. He found that this solution represents
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wormhole. Later, wormhole-type solutions were presented by Einstein and Rosen in
1935 as an elementary particle model known as Einstein—Rosen bridge [2]. This is
simply conceivable as a bridge connecting two identical sheets. In the modern age,
Morris and Thorne [3] brought back the idea of wormhole geometry in 1988 which
rekindled the researchers to study traversable wormholes. They derived static spheri-
cally symmetric wormhole solutions from the Einstein field equations and proposed
that the wormholes might be the objects of nature like stars and black holes.

Conventionally, wormhole solutions adopt the reverse philosophy while solving
the Einstein field equations, first constructing the spacetime metric, then deducing
the energy-momentum tensor which violates the null energy condition (NEC). This is
the weakest of the energy conditions whose violation indicates the violation of other
energy conditions. The existence of wormholes and violation of energy conditions
based on controversial-nature-type matter, i.e., exotic matter. This is the matter with
strong negative energy density. The search for a realistic model that supports the energy
conditions or to minimize the utilization of exotic matter has a significant role in the
wormbhole history. For this purpose, different directions are adopted such as, dynamical
wormhole solutions [4], scalar field models [5], non-minimal coupling of curvature
matter [6], generalized Chaplygin gas [7], brane wormholes [8] as well as modified
theories of gravity such as f(R), f(T), f(G) and Brans—Dicke theories of gravity
etc. These theories and models may cure the violation of these conditions and lead
to the wormholes threaded by normal matter. In fact in these theories, the effective
energy-momentum tensor is responsible for the violation of energy conditions (extra
terms or modified terms take part in the violation) while normal matter satisfies these
conditions.

Sharif and Rani explored wormhole solutions for the galactic halo region and with
non-commutative geometry [9, 10] in generalized teleparallel gravity. They also stud-
ied the role of charge in non-commutative wormhole solutions and searched for the
dynamical wormholes [4, 11]. Mehdizadeh [12] found wormholes threaded by normal
matter for Einstein—Gauss—Bonnet gravity. Lobo and Oliveira [6] examined worm-
hole solutions for some particular shape functions as well as specific equation of state
(EoS) in f(R) gravity and found that these solutions satisfy energy conditions. Sharif
and Zahra [13] investigated wormholes by considering isotropic and anisotropic fluids
plus barotropic EoS.

The modified Gauss—Bonnet gravity ( f (G) theory of gravity) is the consequence of
the inclusion of an arbitrary function f(G) in the Einstein—Hilbert action [14], where
G is the Gauss—Bonnet quadratic invariant. This theory expeditiously interprets recent
cosmic accelerated expansion, transition from decelerating to accelerating phases and
passes solar system tests. Also, it efficiently narrates thermodynamics [15,16] and
cures four types of finite time future singularities [17]. Myrzakulov et al. [ 18] explored
dark energy as well as inflationary era in this gravity. We have studied energy conditions
[19], built-in inflation [20] as well as Noether symmetries [21] in this theory.

It is always difficult to find exact solutions of the Einstein field equations unless
some certain symmetry restrictions are imposed on spacetime geometry. These
restrictions are expressed in terms of isometries (Killing vectors) possessed by space-
time metric. Various symmetries arising from geometrical viewpoint are known as
collineations defined by
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L:d =0, (1)

where L is the Lie derivative, & is collineation (symmetry) vector, @ is tensor field
canbe g,v, Ry, RZW, F;Uw and O is the tensor with same index symmetries as .
One can deduce the known collineations by substituting particular forms of ® and ©.
Amongst them, the conformal Killing vectors (CKVs) are the best for deeper insight
into spacetime geometry which are obtained by replacing ® = g, and ©® = ¢g,,
[¢ is an arbitrary function (conformal factor)] in Eq. (1). This provides inheritance
symmetry which helps to find exact solutions from highly non-linear field equations
[22]. There is a lot of literature available about CKVs in general relativity [23-26].

Bohmer et al. [27] discussed traversable wormholes using conformal symmetry.
Sharif and Ikram [28] investigated traversable wormholes by considering redshift
function in f(G) gravity. They used traceless, barotropic as well as isotropic fluids
and found physically acceptable wormhole solutions. We have studied wormholes with
noncommutative geometry as well as galactic halo region in this theory and found
wormholes threaded by normal matter [29,30]. However, no remarkable work has
been done using CKVs in modified theories of gravity. This mathematical technique
may be fruitful in these theories for deducing exact solutions from highly non-linear
partial differential equations. It would therefore be interesting to discuss wormhole
solutions using CKVs in f(G) gravity.

This work investigates traversable wormholes admitting non-static CKVs in f(G)
gravity. The paper is arranged as follows. Next section briefly reviews this gravity and
non-static conformal symmetry. Section 3 provides wormhole geometry and energy
conditions. In Sect. 4, we explore wormhole solutions by considering two types of
shape function and also deduce shape function from a particular EoS. In Sect. 5, we
explore phantom wormholes with static as well as non-static conformal symmetries.
Section 6 carries concluding remarks.

2 f(G) gravity and non-static conformal symmetry

In this section, we briefly review f(G) gravity as well as non-static conformal sym-
metry. The action for f(G) gravity is given by [31]

S = 2i—2 d*x/=g[R+ f(G)]+S,,, 2)

where k, R, f(G) are the coupling constant, the Ricci scalar, arbitrary function of
G, respectively and S, is the matter action. The Gauss—Bonnet invariant is defined as

G = R> — 4R,y R"’ + Ry100p RMP. (3)

Here R, and R;,,,, are the Ricci and Riemann tensors, respectively. Varying the
action (2) with respect to g,,, we obtain the modified field equations

@ Springer



148 Page 4 of 19 M. Sharif, H. I. Fatima

1
R;w - ERgﬁw +3 |:R;vaa + R,ovgau - Rpaguu - Rp,vgap + R;urgvp
1 P70 2
+§R (g/wgop - g;wgvp) VAV fo + (ch - f) guv =k Ty, “4)

where f,; denotes derivative of f with respect to G and T}, is the energy-momentum
tensor. For anisotropic fluid, it is given as

T/w =(p+ p,)’/lp,uu — P&+ (P,. - P,)nurlv,

where p,, p, denote radial and tangential pressures, u*, n* are four-velocity
and spacelike four-vector satisfying the relations w’u, = 1, n¥n, = -1
and u”n, = 0. The energy-momentum tensor can also be written as 7,, =
diag(p(r), —p,(r), =p,(r), —=p,(r)).

In the analysis, we shall use a systematic approach in order to derive solutions which
was introduced by Maartens and Maharaj [32], where they used static spherically
symmetric spacetime possessing non-static conformal symmetry. It is to be noted that
neither & nor ¢ need to be static even though one can take a static metric [27]. Suppose
that the vector field § generates conformal symmetry so that g, is conformally mapped
onto itself along &, then from Eq. (1), we obtain

»ng;w = @8uv; (5)

For ¢ = 0, this equation yields Killing vectors, ¢ = constant (real) gives homo-
theties (homothetic vector field) and the general choice ¢ = (¢, X) produces CKVs.
Equation (5) can also be written as

g;w,a%_a + gow%_,oft + g;m&ﬁ’ = Q8uv- (6)

Herrera et al. [33,34] considered static £ and found singular solutions for isotropic
and anisotropic fluids at the center of stars. To overcome this shortfall, Maartens
and Mabharaj [32] assumed static ¢ but non-static £ and obtained singularity free
solutions at the center of stars. In this paper, we shall follow this later approach. It
is mentioned here that singular solutions at the center of stars are not problematic
for wormhole geometries as there is no center for wormholes. Thus we also consider
phantom wormbholes with static conformal symmetry. The non-static conformal vector
field is [32]

&E=a(t,r)o +b(t,r)o, (7

and static conformal factor is ¢ = @ (7).

3 Wormhole geometry and energy conditions

This section studies wormhole geometry and gives overview of energy conditions.
The static spherically symmetric spacetime representing wormhole is given by [3]
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2

dr
ds® = 2R g2 — (1 ) +r2do? + r?sin® 0d¢ ) ®)

-
where R(r) and b(r) are known as redshift and shape functions, respectively. The
radial coordinate r bears non-monotonical behavior as it goes down from infinity to
the lowest value of r (wormhole throat ;) and then returns from throat to infinity.
For a traversable wormhole, various conditions are required to be satisfied [3]. Firstly,
there should be no event horizon which is only possible if the redshift function is finite
for all values of r (condition on redshift function). Secondly, the flaring-out condition,
L bb’;b < 0, should be fulfilled (condition on the shape function) which can be written
as b'(r) < 1 at throat (due to the condition b(r,) = r,). Also, the conditions Lrl <1
and b(r,) = r, are satisfied at throat. To check out all these conditions, first we write
down the field Eqs. (4) for (8) as follows

b/
= —4[0r =0)Gb 1) = 2rbG = D] f + Gfy — [ =%p, ©)
R’ b b 4 b 3 b ” 1

_@+¢yﬂmuwy+@w]g_ck+f=xﬁw (10)
AV RN B N Y DY PR A Y PYEY O
(=Pl e 5w (e [ (D)0 )
><(R/—R’2+R”)—3R’(b/r—b):|f6’

—Gf,+ f=«"p,. (11)

The Gauss—Bonnet invariant takes the form

G = % [R’ (3b—2r) (b'r —b) —2r%b (R’2 + R”) (1 - l—’)} . (12

r

Making use of Eq. (8) in (6), we obtain

ct a b(r)
= Soe=2 1 , 1
e=aty 2 r (13
b(r)
o(r) =ay /1 —— pl (14)

2RO — g rZexp __/ (15)

/1 b(r)

where a,, a,, a, and ¢ are constants of integration. Using Eq. (13) in (7), we have

%‘=( )at+—‘/1—b(r) 3. (16)
2 r
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Without any loss of generality, we may assign a, = 0 and a, = 1 [32] so that

E—( )at sty (17)
2 r

b(r) = r(1 — ¢*(r)), (18)

1
¢ | ———dr (19)
/ ry1l— ?

Interestingly, the conformal factor in Eq. (18) reduces to zero at throat (i.e., ¢(r,) = 0
as b(r,) = r, at throat). Consequently, the field Eqs. (9)—(11) and Gauss—Bonnet
invariant (12) in terms of conformal factor can be written as

R(r) = In[a,r]

1 / / /
o= (1 — ¢’ - 2r<p<p) —8rp [w (3<p2 — 2) +o (<p2 -~ 1)] 1
+Gf, — f(G), (20)
sz, = iz (3<p2 — 2cp — 1) — % [—(p4 + > (1 =2r) 4+ 22r0* + ¢ (3 + c@)
r
x (12 =r+6) +6:%6°| £, = Gfs + (G, @1
1 8
"2191 == (2@2 —2cp +2rpp’ + c2) + —3g02 [<p2 (r—2)+cp(3—8r)— ¢
r r
+r¢' (c+ D] fl - Gfs + f(G), (22)
8
G = [re¢/ o= 1 == ) (3070 —co+¢) . 23)

Energy conditions are used to work out various important results in different phys-
ical scenarios. In general relativity, the violation of these conditions is the necessary
tool for the construction of wormholes. These conditions arise from the relation-
ship of Raychaudhuri’s equation with expansion scalar [35]. Using the condition of
attractive nature of gravity of hypersurface orthogonal congruences (i.e., rotation asso-
ciated to congruence defined by null vector is zero) in these equations, it follows that
Ryyv*v” > 0 and Ry k*kY > 0 for null v# and timelike k* vectors. Replacing the
Ricci tensor by the energy-momentum tensor in these inequalities, we obtain energy
conditionsas (p+p >0), (p >0, p+p>0), (p+p >0, p+3p > 0) and
(p =0, p£ p > 0) as NEC, weak energy condition (WEC), strong energy condi-
tions (SEC) and dominant energy conditions (DEC), respectively. These are purely
geometrical conditions and can be used in any alternative theory of gravity [36,37].
In modified theories of gravitation, the Ricci tensor is replaced by modified energy-
momentum tensor, i.e., T,Eif Dirry > 0 (T,Eif h— T,%) (dark matter terms) + T,ﬁf’)
(normal matter terms)), which means that we include modified energy density and
pressure in these conditions. We also impose T,\s k“k" > 0 for normal matter. In the
scenario of f(G) gravity [38], the energy conditions are

NEC : p¢/7 + p/ >0,
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WEC :peff > 0, peff +pleff >0,
SEC : o1 4 pl =0, pf 43p7) >0,
DEC : p" >0, p+p? >0,

where i = r, t (radial and tangential components).
The WEC are calculated from Eqs. (20)-(22) as

1 1 dep? 1
Pt =5 (27 =20~ 2rpy) + [4¢4 (—3—2r3)+—f (2——)
r r r
3 3 d 2¢2 ) 1 6
2 3
e (Zf +ﬁ‘;‘r—s‘r—z)+7(1‘;‘r—z)

1
+24¢3¢' (r3 — —) + 16r3¢¢’} fl =0, (24)

p
1 ’ 2 o1 3 2 2 2
ptp =+ +9"—20)+ 73970 —2) + 9" —8) — g

+ro@c+4) =% Ge? =)~ P ~ D] =0, @3)

Here we discuss some specific wormhole solutions by considering a particular f(G)
model
f(G) =aG", (26)

where « is any constant and n > 0 [39]. In small curvature regime (phantom phase)
with n < % f(G) term dominates over Einstein term. For n < 0, it corresponds
to non-phantom phase (as curvature term dominates). The universe starts with large
curvature (non-phantom phase) but it turns out to be small (phantom phase) gradually.
Thus, the transition of non-phantom to phantom phase can naturally occur in this
model.

In order to study graphical analysis, we take the parameters as k> = 1, «
0.1, r, =2, n=2, ¢ =1.5, ¢ = 0.1 and initial conditions b(0.5) = 1, b'(0.5)
0.1.

4 Some specific wormhole solutions

In this section, we investigate wormhole solutions by assuming two types of shape
function and a particular equation of state to deduce shape function.

4.1 Specific shape function

First, we consider two types of shape function.

1.b(r) =r,

The interesting feature of this constant shape function is that the energy density for
matter vanishes and we are left only with the energy density of dark sources. Equation
(15) leads to
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—2c
R0 = afr2 (Zr -1y +2r /11— o ) .
N r

The matter variables and Gauss—Bonnet invariant become

p =4r, (?ar0 — 42— 2rr0) fG/ +Gf; — f,

p = X 1—r—0—%|:(2c2+3r)(r—r0)+(l—r—o)g

r3 r r r
/ 1
x(c—1—2cr)+c¢ 1—r—o(r—6—cr2)+6r0(l——)+6—3r
r r
32

—7} fi — Gl + f(G).

1 ) Ty 8 7o\ 2
p==(2+2-"2 -2 /110 +—3[(r—2)(1——) Fe(G—8r)
r r r r- r

3
o\ 2 2 "y Ty ,
x(l——) . (1—7)+;<c+4>]f6—GfG+f<G>,
N R VR W (- P RN Y (U R
_r4|:2r(c r ) (2r ! r_l_cr)(c r):|

We examine the behavior of WEC by plotting their graphs which indicate that these
conditions are satisfied for even values of n but violated for odd range of n. Here, we
give one graph for n = 2 (Fig. 1 (left), exemplifying the even range of n) and one
graph for n = 3 (Fig. 1 (right) indicating the odd range of n) for the respective case.
The graph on left side shows the same decreasing but positive behavior for p (red),
p + p, (green) and p + p, (blue) representing the validity of WEC. Thus the even
values of n lead to physically realistic wormholes (i.e., wormholes threaded by normal
matter). The graph for odd values of n on the right side of Fig. 1 shows increasing but
negative behavior for p (red), p + p, (green) and p 4 p, (blue) indicating the violation
of WEC. This demonstrates that wormholes are supported by exotic matter. In fact,
here the effective energy-momentum tensor is responsible for this violation with odd
range of n.

ii. b(r) =
For this shape function, Eq. (15) gives

RO = a2p? (r +.,/rr — roz) )

The field equations for this solution take the form

r

|CN

2r2 3r2 r2_r02
2
/0=—r—f—8”0 (l—r—f)—f fo+Gfe — f(G),
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1 3r2 25\/”2_"2 4(r2 — 2
p==2-—F- 2 - ( ) r(2c2—3+3r)

1 5r2 +7r?
o (1) g T
r2 — 2
0

1 5 2c\/r2—r02 8(r2—r02) (r2—r02) r—2)
pi=F\2te - T 5 )
r r r r
c3—8r),/r2 —r2 r2(c +4)
+ L2y 0 f! = Gf; + f(G)
r rrr—r2

Similar to the first case, WEC are valid only for even values of n. Figure 2 (left) shows
the behavior of WEC (p, p+ p,, p+ p,) for n = 2 (exemplifying the even values of
n). This shows the same behavior for p, o+ p,, p + p, slightly down to the negative
side but then goes along r-axis (zero) for r > 4. Hence physically realistic wormholes
are threaded by normal matter for » > 4 with even values of n. The plot of WEC on
right side of Fig. 2 shows negatively increasing behavior for n = 3 (illustrating the
odd range of n) which accomplishes the violation of energy conditions leading to the
wormbholes threaded by exotic matter.

Figures 1 and 2 represent the behavior of energy conditions for shape functions
2

b(r)y =r,and b(r) = rT", respectively along with model (26) for which G is defined
in Eq. (23). The model parameter n can take the values 1,2,3,4,5... to draw the
graphs of WEC. On substituting the successive values of n, the WEC shows negative
behavior for n = 1, 3, 5... depicting the violation of energy conditions. This viola-
tion arises due to the effective energy-momentum tensor which logically leads to the
wormbholes threaded by exotic matter. On other hand, forn = 2,4, 6, ..., WEC stays
on positive side representing the validity of energy conditions leading to physically
realistic wormholes (threaded by normal matter).

This graphical analysis clearly shows that when 7 is even, matter terms become
dominant over Gauss—Bonnet (dark energy) terms. This leads to physically realistic
state where the usage of exotic matter has been minimized and wormholes could exist
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which can be threaded by normal matter. When 7 is odd, dark energy terms become
dominant over matter terms, i.e., the effective energy-momentum tensor becomes
pivotal which recommends exotic matter to thread unrealistic wormholes.

4.2 Specific equation of state

An interesting EoS of the form p = ¢(p, — p,) was first time studied by Bohmer et
al. [27] which they used to evaluate shape function. Using Egs. (9)—(11) along with
Egs. (14) and (15) in this EoS, we obtain

1 N e—1 b b—rb 4ee | b
r—2(1—€—85)+ }"2 (1—;)—8 r2 |—7 1—;
301 4 b\ (6 (2 —3) AN
X ——2+——1 ——{1—-- —2+—+38—2r - =
r r r r r r r
3
b\2 (c— 162 -1 8 (2 5 b>  2b
x(1—- — —2)+5|——e—7r I+ —-—
r r r2 r r2 r
4 b 4 b b
_7/1__@_rbg(wm/l__+3r4‘/1__)
r- r r r r

+8r(b—rb/)]fé+GfG—f(G):O, (27)

which is a differential equation in terms of shape function. We solve it numerically
by inserting the values as stated above. The behavior of shape function is shown in
Fig. (3I) which is an increasing function while Fig. (3II) indicates that l;’ — 0 as
r — oo leading to an asymptotically flat universe. The wormhole throat is located at
r = r, where the graph b — r crosses the radial axis and b(r) < r forr > ry, i.e.,
the graph of b — r is decreasingly cuts the radial axis. According to this definition,
Fig. (4I) suggests the throat radius r, &~ 2.1 for which % ~ 0.38 < 1 as shown
in Fig. (41I). Consequently, this function satisfies the flaring-out condition and hence
called the shape function for wormhole geometries.

5 Phantom wormholes

Here we discuss traversable wormhole by using another interesting EoS, p, = wp in
phantom regime (w < —1) which has extensively been studied in literature [40,41].
Using Eqgs. (9) and (10) with this EoS, we obtain

1 , 2R’ b 24bR’ b\ 4(rb'—=b) ; ,
= (orb' +b) - (1——)+ > (1——) ——(a)r Gb —r)

r r r r3

+(2+4rR) (1 - ?)) +2 (1 - 1;) (a)r2b +4 (1 - ];) (R’2 + R”))} f!

+(Gf; — f(G) (w+1) =0, (28)
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yielding a differential equation in terms of redshift and shape function. We solve this
equation for static and non-static conformal symmetries.

5.1 Static conformal symmetric phantom wormholes

Static conformal symmetry implies the dependence of Eq. (7) only on radial coordinate
r which further implies that ¢ = 0 in Egs. (17) and (19). With this choice of ¢, Eq. (19)
implies that

R(r) = In(a,r).

Inserting this value in Eq. (28), it follows that

1 2 b 24b b 4(rb' —b
—3(a)rb’+b)— - (1 — —) + |:—4 (1 — —) — M (a)r3 Bb—r)
r r r r r r

+3(1—lz))+2wr2b(1— )}f +(Gf, — f(G)(w+1)=0, (29

r

which can be solved numerically for shape function b(r). The numerical solution
for shape function (with @ = —3) is shown in Fig. (5I) which indicates increasing
behavior while Fig. (5II) represents 1;’ — 0 as r — oo which leads to asymptotically
flat universe. Figure (6I) represents that b — r cuts the radial axis at r, ~ 2.1 which
is the throat radius and %ho:(z‘]) ~ 0.36 < 1 (Fig. 6I). Hence, the flaring-out
condition is satisfied and gives the shape function for wormholes.

5.2 Non-static conformal symmetric phantom wormholes

For non-static conformal symmetric phantom wormholes, the energy density (20) and
radial pressure (21) along with EoS lead to the following equation

’%(w+l)_(w;3) 2c / wb—rb |:—(l+a)r4)

X(l_é)M+8wr(l)—rb’)—M(1_1_’)2

3 /3

g r
s 5
r r r ;
4c(r—r? —6) b
X1 = S| S+ G+ f(O)@ =D =0 (30)

for shape function. Its numerical solution is shown in Fig. 7 which depicts constant
behavior for very short range of r (0.4996 < r < 0.5). This function does not satisty
the flaring-out condition and hence no wormhole exists for this case.
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Fig. 7 Plot of b(r) versus r with n = 2 for phantom wormhole with non-static conformal symmetry

6 Concluding remarks

Ithas always been interesting to formulate wormhole solutions, i.e., by first considering
spacetime metric and then deducing the energy-momentum tensor which may violate
the energy conditions. A hypothetical type of matter is affiliated with this violation,
namely, exotic matter. To minimize the dependence of wormholes on exotic matter,
the exploration of viable realistic models is an important issue. In this paper, we have
considered a systematic approach to study wormhole solutions by assuming static
spherically symmetric metric with non-static conformal symmetry in the background
of f(G) gravity. We have explored wormhole solutions by choosing two types of shape
function and also formulated the shape function for a particular as well as phantom
EoS. We have also discussed a particular case with static conformal symmetry in the
context of phantom wormhole. The results are summarized as follows.

For specific choice of shape functions, we have found that WEC (exemplifying
all energy conditions) are satisfied only for the even values of n while violated for
odd range. The validity of energy conditions confirms the existence of physically
realistic wormholes threaded by normal matter which leads the modified theories to
minimize the dependence of wormhole geometry on exotic matter. The behavior of
the shape function are shown graphically for a particular as well as phantom EoS.
The graphical behavior shows that these functions satisfy all conditions related to
the wormhole geometry and hence provides wormholes for the whole range of r.
For phantom wormholes with non-static conformal symmetry, the function does not
obey the assumptions related to wormhole physics and hence there does not exist any
wormhole in this case.
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Abstract. We study the dynamics of self-gravitating fluids bounded by spherically symmetric surface in
the background of f(G) gravity. The link between physical and geometrical variables, such as anisotropy,
density inhomogeneity, dissipation, the Weyl tensor, expansion scalar, shear tensor and modified (Gauss-
Bonnet) curvature terms, is given. We also investigate some particular fluid models according to various
dynamical conditions. It is found that our results are consistent with general relativity for constant f(G)
model (regular distribution of dark energy in the universe). Any other choice of the model leads to irregular
distribution of dark energy and deviates from general relativity.

1 Introduction

Gravitational collapse and its resulting remanent, such as stars, black holes, planets and galaxies, have attracted
many researchers to explore their dynamics. The most fascinating model to study the dynamics of these celestial
objects are the self-gravitating fluid models. These are based on some dynamical variables (physical and geometrical
quantities) like Weyl tensor, expansion scalar, anisotropy, shear tensor, density inhomogeneity (irregularity of energy
density) as well as dissipation. Mena and Tavakol [1] studied the evolution of a self-gravitating system through these
quantities. The Weyl tensor describes the tidal force, which makes the gravitating fluid more inhomogeneous during
evolution as time proceeds. The effects of this tensor on energy density inhomogeneity has been studied during the
evolution of self-gravitating fluid [2,3]. Herrera [4] investigated stability of spherical self-gravitating fluid and found
physical relevance of the Weyl tensor with such fluids. The significant roles of local anisotropy of pressure [5-7] as well
as shear tensor [8-11] in the evolution of self-gravitating fluid models have largely been studied. Herrera et al. [12]
analyzed dissipative spherically symmetric self-gravitating system using all dynamical quantities. Herrera [13] studied
contributions of the Weyl tensor and dissipation for axial fluid model.

Stimulating results from type Ia supernovae, cosmic microwave background radiations and large-scale structures,
revolutionized the field of gravitational physics and cosmology, which indicate that our universe is expanding at an
accelerating rate. This strange behavior of the universe is linked with a mysterious repulsive force known as dark energy
(DE) possessing highly negative pressure. In order to explain the mysterious nature of DE, modification in Einstein-
Hilbert action has been proposed leading to different modified theories like f(R) (R is the Ricci scalar), f(R,T) (T
is the trace of energy-momentum tensor), Brans-Dicke and Gauss-Bonnet theories of gravity, etc. These theories are
consistent with GR in weak gravitational field regime but may disagree in strong field regime. Gravitational collapse
is the phenomenon of strong gravitational field regime and hence can be described by modified theories of gravitation.

The modified Gauss-Bonnet gravity (f(G) theory of gravity) is the consequence of the inclusion of an arbitrary
function f(G) in the Einstein-Hilbert action [14], where G is the Gauss-Bonnet quadratic invariant. This theory
efficiently interprets recent cosmic accelerated expansion, transition from decelerated to accelerated phases and passes
solar system tests. Also, it efficiently narrates thermodynamics [15,16] and cures four types of finite time future
singularities [17]. Myrzakulov et al. [18] explored DE as well as inflationary era in this gravity. We have studied energy
conditions [19], built-in inflation [20] as well as Noether symmetries [21] in this theory.

Sharif and Manzoor [22,23] investigated self-gravitating fluid models with spherical as well as cylindrical symmetries
in Brans-Dicke theory and originated a set of equations governing the dynamics of dissipative anisotropic fluids. Sharif
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and Nasir [24] discussed the evolution of axial dissipative fluid in f(R) gravity through structure scalars in terms
of dynamical quantities. Sharif and Yousaf [25] analyzed the dynamics of spherical self-gravitating fluid in terms of
structure scalars for a particular f(R) model.

In this paper, we discuss the evolution of dissipative anisotropic shearing spherical matter configuration in f(G)
gravity. We construct a set of governing equations for the dynamics of fluid with spherically symmetric spacetime in
f(@) gravity. The scheme of the paper is as follows. In the next section, we formulate the modified field equations and
dynamical quantities. In sect. 3, we derive the evolution equations for a viable f(G) model. Section 4 describes the
dynamics for different fluid models. The last section concludes the results.

2 Field equations and dynamical quantities

In this section, we first formulate the field equations for f(G) gravity and then evaluate dynamical quantities. The
general line element for non-static spherical configuration is given as

ds? = —A?dt? + B%dr? + C%(d6? + sin® 0d¢?), (1)
where A = A(t,r), B = B(t,r) and C' = C(t,r) are functions of comoving coordinates ¢ and r. The action for f(G)
gravity is given by [26]

S d*z[R+ f(G)]V=g + S, 2)

T 22

where k, R, f(G) are the coupling constant, the Ricci scalar, arbitrary function of G, respectively, and Sjps is the
matter action. The Gauss-Bonnet term is

G = R? — 4R, R" + Ry,q, R,

where R0, R, are the Riemann and Ricci tensors, respectively. Varying the action (2) with respect to the metric
tensor, we obtain

G =R T =6 |T 1w+ T 0

(cff) ) l(M) (GB) -

(M) (BG)
where T ,, and T ,, are the energy-momentum tensors for matter and Gauss-Bonnet (GB) terms, respectively, and

(GB)
T uy = 8 Rupua + Rpuga,u - Rpaguy - R;wgop + Ruogup
1
+ iR(g/wgop - g;mgup):| VpVUfG + (GfG - f)g/wa (4)
where f denotes derivative of f with respect to G.
For matter distribution, the energy-momentum tensor is defined as

(M)
T pr = pUlLUV +pthuu + (pr - pt)VuVV + q(VuUu + U}LVI/) + dulua (5)

where p, p,, pt, ¢ and € are energy density, radial pressure, tangential pressure, dissipation (heat-flux) and radiation
density, respectively. The quantities U* (4-velocity vector), V# (unit 4-vector in radial direction), h*” (projection
tensor) and I* (null 4-vector) are defined as

Ut =A"'sy, V=B, hw=gu+U0, 1F=AT'+ B,
satisfying the relations
vy, = -1, VeV, =1, vekU, =0, MU, =-1, ", =0, hu, UM = 0.
We can write eq. (5) as

(M)
T pr = ﬁUuUV +pth;w + Hv,uvl/ + unu + qu,ua (6)
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where p = p+¢€, Il = p, +p¢, Dr =pr + € Gu = GV, ¢ = q + €. The corresponding field equations are
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A22C) r—Gfa+ f, (7)
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The expression for Gauss-Bonnet invariant is calculated as
B2C  AC A2 A2C  BC B2
1 (Acr . o (Aac C B'Cc' (. AC
T ( ap TP¢ ) *2{30 <B2 B A> "B (CA>

: . 'A/2 - . A/B l 1 . B2 2
+C<CB+C >+ ¢ (AC”+ C>+ <0’2+O>}

8

¢= B0

A3C B A2BC B ABC E
3 (A'B'C? ABC? 4" [ AC B!
c\~ B T | ascl\la T B (11)

Here dot and prime denote partial derivatives with respect to ¢ and r, respectively, and we have assumed the unit

system 2 = 87¢ — 1 (G is the gravitational constant and ¢ is the speed of light).

The four acceleration a,, (which defines the effects of gravitational as well as inertial forces on fluid) is defined as

Al ) AN?
E— _= /j‘ =
R a a”ay (AB) .

The volume expansion of fluid can be measured by expansion parameter 9 as

1 (B C
=UF = — | = —_
0 =U ( +20>.

The shear tensor 0, is used to evaluate distortion appearing in the fluid due to motion defined as

ay = Uy UY, ap = aVy, ) =

1
O = Uy +auUyy — gﬂhl“"

Its alternative form is given as

1
Opy =0 (V#Vy — 3h;w> ,

;W_ZQ _l E_g
o0 —307 J—A 5 C

which provides

and its non-zero components are

1

1
5 o33 = —=0C>.
sin” 0 33 3

o1 = 0B, 022 =
3
The Weyl tensor is described as a combination of the Riemann tensor, Ricci tensor and Ricci scalar. It narrates

the effects of tidal force borne by the object while moving along geodesics (in the region without matter) and is given
by

1 1 1 1 1
Chov = Rpoy — §Rg9/w + 5R9055 - §va5# + §R59PU + 63(5(’,‘9,)” — 69p0)- (12)
This tensor can be written as magnetic M, and electric parts E,,,. The magnetic part of this tensor vanishes for
spherical symmetry while the electric part is given by

Euu = uaV,BUaUB7 (13)

where
Cuowﬁ = (guanngvﬁfyé - 5/¢ann<€u676)UﬁUvEn67

With guann = GurGan — Gungar and €uawy is the Levi-Civita tensor. The electric part in terms of 4-unit vector and

projection tensor can be written as

1
E. =c¢ (VMVV — 3h;w> , (14)
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_1/C _ B c
where ¢ = 5'(5 -5 (-
of the electric part are

)%) + 752 (—%” + (% + %)%) — 5&z is the Weyl scalar and the non-zero components

l®

2 1
Fi = 5532, Ey = 7§6C2, Fs3 = Foo SiIl2 0.

The Misner-Sharp mass function calculates the total energy of spherically symmetric system within the radius r = C

given as
1 1 o\ o
= - 3 23: — —_— — - 1 . 1
M 2(] R53 20 (A) (B) + (15)

Now we calculate the variation of this mass function of radiating fluid inside the sphere. For this purpose, we
introduce two useful derivative operators with respect to radial and proper time coordinates as

10 10

Dy =~ Do — =9
= Aot C~ Cor

and the relativistic velocity of the collapsing fluid turns out to be

100 C

=D =——=—. 1
U=Drl=7% =2 (16)
Combining egs. (15) and (16), we obtain
c’ 5 2 2
E—B—<1+U—CM> . (17)
Using eqgs. (3), (16) and (17), it follows that
C? . 1 (GB) 1 (@B
DTM:*7 PrtppTu U+ (G- =To | B, (18)
Cc? 1 (@GB) 1 @B\ iy

These equations represent the variation of mass inside the spherical surface of evolving fluid. Equation (18) represents
the effects of radial pressure, dissipation, relativistic velocity and GB curvature terms on the proper derivative of mass
function within spherically bounded region, while eq. (19) indicates the combined effect of pressure, dissipation, rela-
tivistic velocity and extra GB curvature terms on the variation of mass distribution in radial direction. Equation (19)

yields
czer [ 1Em\ (1 @m)y
M/: B {<p+142T00>+<q_ABTOI>E}J

which further implies that

1 /(" _ 1 (@B ~ 1 (GB)\ Yy

A particular combination of radiating energy density, dissipation and f(G) correction terms through mass function
can be attained using eq. (20) as

M 3 " 1B - 1 (GB)Y iy
3@:2703/0 CQC/{(:O‘FIL‘QTOO)-F(Q—ABTM)E}d?". (21)

We have taken a regular matter distribution at r = 0 (center), i.e., M(¢,0) = C(¢,0) = 0.
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3 f(G) model and the evolution equations

In this section, we construct the dynamical equations for dissipative spherically distributed self-gravitating fluid by
assuming the following f(G) model

f(G) = aG™, (22)

where « is any constant and n > 0 [27]. A modified gravity model should avoid ghosts (i.e., instabilities such as
Dolgov-Kawasaki as well as Ostrogradski’s instability) to preserve precise cosmological dynamics. Ghost may appear
while dealing with modified theories due to the repulsive nature of DE. This model (22) is viable if it satisfies the
following conditions [28]:

— f(G) and all of its derivatives (f¢, faa, feca - - -) are regular;
- fea >0,V G and fae — 0 as |G| — +o0.

The condition fG > 0 is required to avoid ghost. This model satisfies all the required conditions to be viable. The
model parameter n has some effects on R+ f(G) cosmology. If n < %, the GB terms become dominant over curvature
term (Einstein term) in the weak-field regime, where the curvature term is negligible and we are in the non-phantom
phase. For n < 0, the big-rip singularity seems to occur. Near this singularity, the curvature becomes dominant, i.e.,
Finstein term becomes dominant as compared to GB terms. To avoid this singularity, GB terms can be neglected and
we arrive at phantom era. Thus, the transition of non-phantom to phantom phase can naturally occur in this model.
When 0 < n < % in strong gravitational field regime, GB terms can be neglected and we are left with the Einstein
gravity (deceleration). For late times, the GB terms may become dominant as compared with the matter Lagrangian

density (acceleration). Thus transition from decelerated to accelerated universe can occur.

3.1 Evolution equations

Ricci identities are used to define curvature by using four-velocity, four acceleration, expansion scalar, shear and
projection tensors. The iterated Ricci identities are obtained by taking one extra derivative, such as

Upwia = Uy = R}, Us,

nra
where U, = a,U, + 0, + %ﬁhw. The Riemann curvature tensor can be defined as

1 1
3 BasuUn = a0t Ul + aaUjs) + Ot + 3 {00hsta + Fhajs } (23)

In the following, we formulate evolution equations like Raychaudhuri equation, constraints equation, propagation
equation of shear (using eq. (23)), evolution equations for the Weyl tensor and dynamical equations.

3.1.1 Raychaudhuri equation

This equation describes the evolution of expansion and is obtained by contracting eq. (23) with U” and then with
indices v and «. It turns out to be

1
9., U" + 5192 + oot —alt, = ~U,U"RY. (24)
This equation along with eq. (3) gives

Lo 25 T, .-
We note that the Raychaudhuri equation for f(G) gravity is the same as for GR [12], i.e., GB terms have no contribution
in Raychaudhuri equation. This is the evolution equation for expansion, therefore, measures the expansion rate of self-
gravitating relativistic fluid for GR as well as in f(G) cosmology.
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3.1.2 Propagation equation of shear

This equation is obtained by contracting eq. (23) with U” hShg as follows:

1 1
UPULRb 5, b3S = hE R (aaw — OanipU”) — ayas — USRS (aw + 319hw> — 370U has. (26)

Alternatively, this relation can be derived from eq. (12) as
Rt =CM. + lR” — 1R o+ 1R o — ER“ — ER(é“ — 8 gap)
afr — “afv 2 59(11} 9 a0y D) avdg 9 v9as 6 ﬁgau v9ap);
which, after contraction with U°U phhg, gives eq. (26). Again contracting with V7, V° and using eq. (3), we obtain
1
UPULRL 5, hSREVIVO = — 1T+ 2na { — RS, V*"Vy = Ry V*Vy + gopRap

1
X VOVE = R V,V* + 2vavc,} \avdels (27)

This is the propagation equation of the shear in f(G) gravity with some other dynamical variables which yields the
effects of GB terms in the shearing motion of evolving self-gravitating spherical objects.

3.1.3 Constraint equation

We obtain this equation from eq. (23) by contracting o and v and then contracting with h®?V,, as
REU WP = hj (Q@ — §W> +0*Pag,
which gives
h <af3j - 219?‘3) +0Pag = —GV* + 2na [ — U h®"Rb 5 + 90, Uh®” RY
+ UshS R + ;Rtha] \avidels (28)

This equation directly relates shear tensor, expansion scalar, heat flux and modified terms of the Gauss-Bonnet gravity.

3.2 Evolution equations for the Weyl tensor
Bianchi identities (Ragys:y + Ragny:s + Rapsniy = 0) can also be written as
1
CZﬁ'y;n = R’Y[Oﬁﬁ] - gg'y[aRﬁ]' (29)

This is the relation between Weyl and Ricci tensors given by Kundt and Triimper [29]. This can also be written in
terms of the Weyl and effective energy-momentum tensors by using eq. (3) as

, (cff) 1
Caﬁ'y;n =T ylesB] — 697[0‘ T 81 (30)
(eff) (M) (GB)
where T = T + T . From eq. (2), we can write
UPCly .y +UBCL s = 0Ean + U Eqrsy — Uyin B — ULEL (31)

where U’Bca[j,yg = EoUs — EosU,. After contraction with hfthUﬁV“V”, eq. (31) gives

« " v 4 v U, 14 « v
hehJUPVEVICT = SVEWVIVY = Uy BIVIVY + U Eanighh VIV

+ hu o P EgVIVY — W EIVIVY — 0y JEIVIVY. (32)
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Furthermore, the effective energy-momentum tensor provides

apy ﬁ(EH) apy B(M) apy ,B(GB)
h,uhuU T vy — h,uhl/U T ya;8 T h,uhuU T Yo 3
= (p1) sl U° + (V4 V) 5hs RJUP + Guay, + Guan
+ 8na [ hIUP Ry paoip + hohuoU Rpap — hyn UP
X Rpoig — hohJUP gopReasp + hyuphlUP Rya,] VPV G™,
apy ﬁ(eff) apy B(M) apy ﬁ(GB)
hebJUP T g = hGhJUP T ygia + hSRIUP T 0

I
1
= (pt — p) <ch + 319%») + I1aUPV, Vo hhJ U

— G.ahlVy + 8na [EBUP R poia + Wi huo U R ppiq
— hehIUP gopRygia + ho B Uy Ryoia] VPVIG™,

N 3 (eff) 1 o P (eff) o s (eff)

huhlU gw[a T 8] = 5 huhZU Gya T B hﬂhZU 9~ T a
1

= UL +3p — 5).sUPh, — nah,,[Rye + g0,R).sUPVVIG™.

Feeding back egs. (32)—(35) into eq. (30), we have
1

9 <3(p~ + pe) g + E,“,> + UP(Bay — Han)ishShY + (€ + 5+ Br) oy

4 1 ; s
+ gp,gUﬁhW — I, (afj — 3ﬁh§) = Guay — Guay — nahShIUP R, a0y

+ 9o B (aip)] VI VTG = nalhihuo U Ryfass) — huwU” Rogip + hyphU”
X Rya;p — hphJUyRe6.o]VPVIG™ = 0.
Similarly, contracting eq. (31) with U7, it follows that

UuPcl,.,., = —EL, —a"Eay — o) EjU,.
Also, we have
(eff) (M) (GB)
UUPT g =UUT 10 +UUP T 05
= U’B(Uapjﬁ + ‘ja;ﬂ) =+ aa(ﬁ JFPNT) - a”((},UQ + Ha'y)
+ 8naU"U” [Rypao — 2Ry(ago)p) 5 VIV G" + 8nal”
X 22Uy Rajpis + 9ploUa Rig] VIV G™ + 8naU"UP Ry pao
1
— 9pjaBo)y| VPV (G™) g + nalP [U[,,Ra],, + 5 RUago,
x V'hovo(G™) 5 + a(n — 1)ULUP(G™) g,
( (GB)

¥ ﬁeﬂ) ¥ ﬁ(M) 7B
U'UP T 8.0 =U"U T 3o +UU” T 30

1
=P — 20y <0’Z +a"U, + 319/7,3) + 87’LOZU’YUﬁ[R,yng
- gaprg];anV”G" + 8na |:UO-U'BRF5;(X =+ Rpo;a

1
+ UyUpRyoi0 — 2h,,pR;a] VPVoG" + 8na {U”U‘;Rwﬁg

1
“hep

+UPU, R, + Ry —UUPg,,Ryp + U U,R,5 — 5

x R|VPV7(G™) o — a(n — 1)(G™) 4,

(33)

(34)

(35)

(38)

(39)
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(eff) 1 (ef) 1 (M) (GB)
U'UPgy 0 T 5 = —§h§ T 5= fihfj (T s+ T ,g>

1 1
= —ihg(—ﬁ +2p, +pi) g — 8na [Rpa + Rgop — §R(4gap
1
- 590)} VPVIG™ — 8na [Rpg + Rgop — 5R(4ggp —0po)
B
x VPV (G") g + 4a(n — 1)(G") . (40)

Substituting egs. (37)-(40) back into eq. (30), we obtain

1 1
hEEN, + a*Eux + Gy <ag + 319h:j> + ghﬁ(—Zﬁ +2pr +pi)g — @' sy
+au(—p +pr) + Uﬁhﬁ%;ﬁ +4naU"U” [Rypacip — Byppoia + GopBysia
—2(Ry(ab0)p)i8) VPV G™ + 4nalUP2U}, Raypp + 9ploUa Rig) VP VI G

1
+ 4naU U [Rypac — 9plaRo)y| VPV (G™) 5 + UP {QnaRU[agg]p + U,
1
X Ra]p} VPV (G™) 5 + 5a(n — DU UP(G™) 5 — 4na [Rpg;a + Ry5.aUs
. ]
x UP + U,U Ry — 2h(,,,R,OZ] VPVIG" — dna|UYUP R, ppo + UPULR,5

1 1
+Ryy — U0 gyp Ry +U"U Ry — thpR] VIV(GM) o+ yaln — 1)

" 4 1 |
X (G ),a - gna |:Rpo' + Rgap - §R(4gap - 6/)0)

VPVIG" — 8na [Rp(,
4.8

1 1
+ Rga'p — §R(4go'p — (Spg):| VPVG(GH)75 + ga(n — 1)(Gn>)ﬁ =0. (41)

Equations (36) and (41) are the evolution equations for the Weyl tensor. These represent the relationship between
the Weyl tensor, dynamical variables (heat flux, anisotropic parameter, density, shear and projection tensors etc) and
modified terms due to f(G) gravity.

3.3 Dynamical equations

These equations describe the conservation of total energy of the evolving star obtained through Bianchi identities as
(M) (GB) (M) (GB)
™+ U, =0, ™ 4+TH ) Vv, =0, (42)

where the first equation represents equation of continuity while the second is the equation of motion. Both equations
yield

!

2
puU" +9(p+pr) — (0 + NI +q, V" +2q ( + a) + 8nalRLY

3 BC
= R g5, U VPN G + 8na(Us Ry — U Rpo) » + Iy (R0 — Rpwg™)
x Uy + I} (Us R} — UTR,.)|VPVIG™ = 0, (43)
- R cro 2
pr V" +alp+pr) + QHB—C +q,V"+ gq(a +29) + 8na[-R" g5,
+ ROZLVLVINVIG™ + 8nal(Vo Ry — VY Ryo + RESY) w + T (R)0) + R
x o)WV + I, (Vo ) + VTR, )[VPVIG™ = 0, (44)

representing the effects of GB terms in the evolution of energy density and pressure.
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4 Some self-gravitating fluid models

In this section, we study governing equations for some specific self-gravitating fluid models under the influ-
ence of f(G) gravity and give their comparison with GR [12]. The set of governing equations is given by
egs. (25), (27), (28), (36), (41), (43) and (44).

4.1 Geodesic non-dissipative isotropic fluids
If the fluid particles are moving along geodesics, then a* = 0 and the fluid is geodesic for which ggg = const. Thus
for locally isotropic (radial and tangential pressures are same, i.e., I = 0), non-dissipative (vanishing heat flux and

radiation density, i.e., ¢ = ¢ = 0) and geodesic fluids, we obtain the governing equations under the effects of f(G)
gravity as follows:

1 2 1
ﬁ;#UH + 5192 + 502 = _g(p + 3pr)v (45)

pop

UPULRY 5, hSh5VIV? = € + 2na [ ~ R V'V, — R, V'V, + gopRauV®
1
X VP — RagV,V + 2RV,,VU] VoveGn, (46)

2 .
9 <a?g — 3M> + 0%%az = 2na [ — U h®PRb 5 + 9opUuh® R + Uyh RY

]' (0% [eg n

+ g Rhy Ug] vrveGn, (47)
1 8 apy 4 s

Y g(P JFPr)h/w +Eu, | +U (Ea'y);ﬂhphu +(E+p err)axw + gPﬂU

X by — 4nahChJUP (R plaoig) + GopRo(aig)] VI VI G™ = nalhihyo Rpja;s)

X U = U Rpop + hyuphlUP Ryais — hOhJU, R0 VP VI G™ = 0, (48)

1
ghﬁ(_2/’),ﬁ + 4nal"U” [Rwatf;ﬁ — Ryppoia — 2(Ry(a90)p) 8

+9opRyp50) VOVI G + 4nalUP (201, Ry ps + 9pjo Ua Rig| VOV

x G" 4+ 4naU U (R, poo — 9pla Ry |VIVI(G") 5 + ur [U[URa]p + %na
X RU[agc,]p} VPVO(G™) 5+ %a(n ~VULUP(G™) 5 — 4 {Rm;a + Ryp.aUs
x UP + U, U)Rypi0 — ;nahng;a} VIVIG" — dna [U”U’GRW[;U +UU,
X Rps + Rpy — U'UPgy, Ry +UU,R,, — ;hng} VIV (G™) o + %oz

4 1
x (n - 1)(Gn),a - gna [Rpo + Rgop — §R(4ggp — (5pg):| VAVIG" — 8n,
8

1 1
X o |Rpye + Rgop — §R(4ggp - 6,,0)} VPV (G™) g+ ga(n -1)

X (G")p =0, (49)
p.uU" +9(p+pr) + 8nalRLY — R g,p],, U, VPV G + 8nal(U, R

— U"Rpo) s + T (RU5) — Rpog™) Uy + I (UsR) — UV R,0)|VPV7

X G =0, (50)
(pr) (VP + 8na[REY — R g, 1V, VPV G™ + 8nal(V,RY — V' Ry,

+ RISY) , + DI (RYSY + RYSY)WV, + I (Vo R) + VIR, )[VPV
x G" = 0. (51)
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This represents dust fluid model (pressureless fluid) in GR while the conformally flatness condition (¢ = 0) implies shear
free condition (o = 0) and vice versa [12]. In the scenario of f(G) gravity, the equation of motion (51) depends upon
the gradient of pressure and extra curvature terms (GB terms). The choice f(G) = const. (i.e., f¢ = 0) corresponds
to the cosmological constant and the standard results can be imitated. For this type of fluid model, pressure gradient
vanishes in eq. (51) which consequently gives p, = const. In this case, matter particles will exert equal pressure at
each point of evolving relativistic spherically distributed self-gravitating fluid. Thus geodesic fluids with isotropy and
non-dissipation exert constant (non-zero) pressure (no dust) in f(G) cosmology. For constant to be zero, this yields
dust. Equations (46) and (48) represent that the conformally flatness condition and shear free condition rely on GB
terms. Thus conformally flatness condition does not imply shear free condition. Equation (49) indicates that energy
density inhomogeneity depends upon GB terms as well as the Weyl tensor. If the Weyl tensor vanishes, then GB terms
are totally responsible for energy density inhomogeneity.

4.2 Geodesic non-dissipative anisotropic fluids
Here we take geodesic fluid with locally anisotropy (different radial and tangential pressures, i.e., I # 0) and non-

dissipation for which the governing equations are as follows:

pop

1
UPULRY 5, hShg VIV =& — 1T +2na { ~ R V'V — R, V'V, + gop

1
X RoyVOVE — RopV,V + 2Rvpv(,} vovear, (52)

1
9 (3(p + pr)hpw + EW> +UP(Epry — o) phyhl + (e + p+pr)ouw

4 1 N
+ 3P0 = 1T, (05 - 31”%'7) h — AnahghlUP Ryplacip) + Gop Ry fass)]
x VPV G" — nalhhyo Rofa:sU? — B UP Roois + hyp
% WJUP Ryaip — hOhlU,R0:a] VPVIG™ = 0, (53)
-2 1
?hﬁ(P),ﬁ + ghﬁ(n)ﬁ + dnal"U” [Rvpcw;ﬁ — Rypgoia — 2(R7[a90]P);ﬁ
+9opRopia) VOVIG" + 4nalUP [2U1, Rap s + 9o U Rig) VPV

1
x G" + 4naU"UP[Rypao — GplaRel, VIV (G™) 5 + UP [U[URa]p +5na
1
X RU[agg]p:| vaa(Gn),ﬁ + 50&(71 — 1)UaUﬁ(G")ﬁ —4 [Rpg’;a + Ryp.0Us

1
x UP + U, UyRypi0 — 2nah0pR;a} VIVOG" — dna [UVUBRWJ +UPU,

1 1
X Ryg+ Rpy —U'UPg,, Ry + UTU R,y — 2h(,pR} VIVI(G") o + e
4 1
x (n—1)(G™) o — 3na [Rpg + Rgop — §R(4ggp — 5,,0)} VPVeG™ — 8n
B

1 1

X a|Rye + Rgop — 5R(4ggp - 5,)0)} VPV (G™) g+ ga(n -1

x (G™) 3 =0, (54)
2

puU" +9(p+pr) — 5(0 + NI + 8nalRGy — R g,,],,U, VPVI G

+8nal(U,RY — U"Rpy) + TV (RYSY — Rpeg?)U, + I (U, R — U”
X R,q)|VPVIG™ =0, (55)
!

C
(pr)  VF + 2HCB + 8nalRby — R" g,,].,V, VPV G™ + 8na(V, R,

~ VYRyy + RESY) , + T (RY6Y + RSV, + T2 (Vo R) + VIR,
x VPV7G™ = 0. (56)
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The geometry for this type of fluid revolves around a physical quantity of matter, i.e., pressure anisotropy. In GR,
pressure gradient, shear free and conformally flatness conditions are linked with pressure anisotropy while density
inhomogeneity depends on the Weyl tensor as well as pressure anisotropy. The f(G) theory affects these relations by
the inclusion of GB terms. In the absence of the Weyl tensor, eq. (53) shows that density inhomogeneity is caused by
pressure anisotropy as well as GB terms.

4.3 Non-geodesic non-dissipative isotropic fluids

In this case, we obtain the following set of governing equations:

1., 2., 1
19;#U’*+§19 +30 —af;:—i(eriipr), (57)

UPULR" , hShEVIV? = & 4 2na { —R% V'Vy — Ry V*'Vy + gopRap V™

afv'y PO 1L

1
X VHF = RogV,V + 2Rvpv(,} VPVIGH, (58)

2
hG <o—f;7 —~ 319,&) + 0%az = 2na { — U h®"Rh 5 + 9o, Uuh® R + Uyh RY

1 [e3 g mn
+ Ry Ug} VPVIGT, (59)
1 4
v <E/w + g(ﬂ +pr)hW) + Uﬁ(an);ﬁhth +(e+p+pr)ouw + gp;ﬂUﬁ
X by — AnahShJUP (R plaoig) + 9opRaais)] VI VG = nalhihyeUP Ry
- hWUBRpa;ﬂ + huph:f/UﬂRva;B - hfthUpr,;a]VPV"G” =0, (60)

1 2
ghg (€)s+ ghgfo,ﬁ +4nal" U [Rypaois — Bypposa + 9opRypia
—2(Ry(a0)p)i3) VIV G™ + 4nalUP2U}, Roypp + 9ploUa R.51 VP VI G
1
+4naU"UP Ry pac — 9paRo)y| VPV (G™) 5 + nal” [U[URa]p + 5 RUL
1
X ga]p} VIVI(G") 5+ aln - DULUP(G™) 5 — 4na [UgUﬁRpﬁ;a +U,
. _
X UyRyoio + Rpoio — 2h(,,,R;a} VIVIG" — dna|U'UPR, 5, + UPU,R,5

1 1
+ Ry —U"UPgy,Ryp + U'U Ry — 2ho.pR] VIVI(G™)o + ga(n = 1)

4 1 i
X (G™) o — Fna {RPU + Rgop — §R(4go—p —0po)
4.8

1 1
+ Rgop — =R(495, — 5pg)} VPV (G™) g+ ga(n - 1)(G™) 5 =0, (61)

VPVG" — 8na [Rpg

2

p.uU" +9(p+pr) + 8nalRLY — R g,,],, U, VPV G + 8nal(U, 1))

—U"Rpo) . + I (R0 — Rpog™ ) Uy + 1) (Us R) — U" Ry, )]

x VPVIG" =0, (62)

(Pr) V¥ 4 alp + pr) + 8nalRyY — R* o], VI VIVIG" + 8nal(Vo Ry

~VYRpo + RE6y) o+ T (Ry6T + RV + I, (Vo R) + VIR, )]

x VPV?G™ = 0. (63)
In GR, shear free condition provides expansion free condition for such fluid while conformal flatness condition implies
irregularities (inhomogeneity) in energy density and vice versa. For modified Gauss-Bonnet gravity, we see from

eq. (61) that conformal flatness condition depends upon inhomogeneity of energy density as well as GB terms. If the
fluid is conformally flat, the dependence of energy density inhomogeneity depends on GB terms, hence GB terms are
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responsible for density inhomogeneity. Equation (59) indicates that shear free condition does not imply expansion free
fluid due to GB terms.

4.4 Non-geodesic non-dissipative anisotropic fluids

Here we take non-dissipative (¢ = € = 0) and anisotropic (IT # 0) fluids. For this case, we have

1 2
ghfi(s — 1) s+ ghgpﬂ + dnal"UP [Rypacis — Ryppoia + GopRypia
—2(Ry(a901p):8] VIVIG™ + 4naUP 22Uy Rojpis + GploUa) R.5] VPV G™ + 4

1
x naU"UP[Rypac — GplaRolr) VIV (G™) 5 + nal” [U[(,Ra]p + 5 B0 g0,
1
x VPV (G™) 5 + §a(n —)ULUP(G™) 5 — 4na [UUUngﬁ;a + Rpoia + U,
1
X UyRooi0 — thpR;a} VIVoG" — dna [U”UﬁRw,&, +UPU,R,p + Rpo

1 1
— U0y R+ UTU, Ry — Zh(,pR} VIVI(G") a0+ Sa(n = 1)(G") o -

W W~

1 1
X na [Rpg + Rgop — §R(4ggp - 5,,0)] VPVIG" — 8na {RPU + Rgop — §R

el
% (4gop — 5,),,)} VIV (G 5+ gl 1)(G) 5 =0, (64)

In GR, this relates energy density inhomogeneity, the Weyl tensor and anisotropy. Here, eq. (64) clearly shows that
energy density inhomogeneity is linked with the Weyl tensor, anisotropy and GB terms.
4.5 Non-geodesic dissipative anisotropic fluids

This is more general case with the presence of dissipation g # 0 (e = 0 for simplicity) and anisotropy (II # 0). From
eq. (41), we have

1 1
hoE)\ + a*Eux + gy (a;j + 319h;j> + ghﬁ(—Zp +3pr +1I) g+ au,(—p + pr)

— a’YHM’Y + Uﬁhﬁ(ja;ﬁ + 4n0zU7Uﬁ [R'ypao';ﬁ - R'ypﬁo';a - 2(Rfy[aga]p);,@ + Gop
X Rog;a) VOVIG" + 4nalUP [2U1, Rayp s + 9pjoUa R g1 VP V7 G™ + dnalUUP

1
X [R,Ypaa — gp[aR,,h]VpV”(G")ﬂ + nalU? |:U[0Ra]p + 2RU[agU]p:| Vvrve
1
(G™) 5 + 5a(n —D)ULUP(G") o — 4nax {UgUﬁR,,g;a + Rypoia + UyUpReygia
1 (e
— QhUpR;a] VPVIG" — dna [UWUBRWU +UPU,Ry5+ Rye —U"UPg,,

1 1 4
X Ryg +U'U,Ryy — 2h(,,,R} VOV (G") o+ Gan = 1(G"),0 — gna [RPU

1 1
+ Rgop — §R(4ggp — 5po)} VPVIG™ — 8na [Rpg + Rgop — 5R(4gap

Ne)
1

— (5PJ)] VPVI(G™) o + ga(n - 1)(G™) g =0. (65)

This equation represents the link of dark source (GB) terms with the Weyl tensor and other dynamical quantities. This

represents that the tidal force that an object feels while moving along a geodesic is affected by dynamical quantities
as well as GB terms. This also shows that the inhomogeneity of energy density as well as dark source terms do not
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disturb due to the absence of shear and expansion parameters. This equation indicates that the inhomogeneity of
energy density does not depend upon dark source terms so its homogeneity does not alter the inhomogeneity of energy
density.

The transport equation [30] is used to discuss the flow of heat inside the density inhomogeneity given by

o v y 1 TU"
ThU%q, + " — K (h“ (T, +Ta,) — §qﬂ (KT2>,V> =0, (66)
where K, T, and 7 are the thermal conductivity, temperature and time relaxation. Using eq. (44) in (66), we have

_ T[(pr),ava + (P +pr)a + QH% —+ GB] _ K[Tanc + G,T}
1+ 37520 —50) + 10 ma = UKo = 3U°Ta]

(67)

where

3

X 04) + I (RYSY + R1OY)WV, + IY (Vo R + V7 R, )| VPV G™.

GB = 8nalR" — R" g,,].,V,V’V°G" + 8na[(V, R, — VR, + R
Yy Y

Inserting eq. (67) in (65), we obtain a relation between density inhomogeneity and thermodynamics variables.

5 Conclusions

In this paper, we have generated a set of governing equations for the dynamics of evolving fluid bounded by spherically
symmetric surface under the influence of f(G) gravity. These equations express a connection between dynamical
variables and dark source (Gauss-Bonnet curvature) terms as well as their roles for evolving self-gravitating fluids. We
have discussed different fluid models for various dynamical conditions and found that the role of dark source terms
is crucial for gravitational effects during the evolution of self-gravitating fluids. In the following, we summarize our
results and compare with GR [12].

For a geodesic fluid with locally isotropic and non-dissipative, GR gives dust where density inhomogeneity depends
upon the Weyl tensor and shear free condition implies conformal flatness. In f(G) gravity, such relations are not
imitated due to extra curvature terms from dark source. Fluid is not dust and the conformally flatness condition does
not imply shear free condition, while density inhomogeneity is controlled by the Weyl tensor as well as GB terms. If
we include pressure anisotropy in the fluid, all results revolve around this physical variable. For non-geodesic fluids
with local anisotropy and non-dissipation, GR gives the combination of energy density inhomogeneity, the Weyl tensor
and anisotropy while f(G) theory affects this combination by including GB terms.

For non-geodesic fluids with local isotropy and non-dissipation in GR, shear free and expansion free conditions
are linked with each other and density inhomogeneity is attained from conformally flatness condition. In our case,
these results are affected by GB terms and in the absence of conformally flatness condition, density inhomogeneity
is assured by GB terms. In the more general case, anisotropic fluid with dissipation, GR describes the evolution of
self-gravitating fluid in terms of dynamical variables. In the present case, there is one extra dependence of the evolution
of self-gravitating fluid on GB terms along with dynamical quantities. We have obtained a relation between density
inhomogeneity and thermodynamics variables plus GB terms through transport equation.

We have found that the evolution of self-gravitating fluid not only depends upon dynamical variables but also
on GB terms. The choice f(G) = const. (i.e., f¢ = 0) or n = 0 corresponds to the cosmological constant and the
standard results can be recovered. For this choice of the model, our results are consistent with standard results [12]
otherwise GB terms affect the results which deviate from GR. It is worthwhile to mention here that our constructed
self-gravitating fluid models are more general as compared to GR.
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Abstract In this paper, we study the dynamics of self-gravitating fluid using structure
scalars for spherical geometry in the context of f(G) cosmology. We construct struc-
ture scalars through orthogonal splitting of the Riemann tensor and deduce a complete
set of equations governing the evolution of dissipative anisotropic fluid in terms of
these scalars. We explore different causes of density inhomogeneity which turns out
to be a necessary condition for viable models. It is explicitly shown that anisotropic
inhomogeneous static spherically symmetric solutions can be expressed in terms of
these scalar functions.

Keywords f(G) gravity - Dissipative fluid - Structure scalars

1 Introduction

Gravitational collapse has a key role in the formation of universe structure. The initial
smooth distribution of matter collapses with the passage of time and forms pockets
of higher density leading to hierarchy of compressed celestial structures like galaxies,
cluster of galaxies, stars, black holes and planets. Observations from redshift surveys
such as 2 dF (two degree field) galaxy redshift survey (with 3.9 m equatorially mounted
telescope) and Sloan digital sky survey (with 2.5m wide angle optical telescope)
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[1,2] describe these objects as self-gravitating systems. These are characterized by
kinematical quantities (physical and geometrical dynamical variables) like expansion
scalar, the Weyl tensor, density inhomogeneity, anisotropy, dissipation (heat flux) as
well as shear tensor.

Gravitational collapse initiates in highly inhomogeneous state which can be
described through the relations of energy density inhomogeneity with the Weyl tensor
or other kinematical quantities [3—-5]. The Weyl tensor illustrates tidal force which
makes fluid more inhomogeneous during the evolution. Herrera [6] discussed stability
of spherically distributed self-gravitating fluid and found physical relevance of the
Weyl tensor with such fluids. The pressure anisotropy occurs in phenomena like mix-
ture of two fluids, phase transition, slow rotation and solid core. The significant roles
of local anisotropy of pressure [7-9] as well as shear tensor [10—13] in the evolution of
self-gravitating fluid models have largely been studied. Since gravitational collapse is
a highly dissipative process, so the relevance of dissipation in self-gravitating objects
has attracted many people [14—16]. Herrera et al. [17] developed structure scalars of
dissipative anisotropic spherically as well as axially symmetric [18] self-gravitating
systems by using dynamical quantities.

Stimulating observations from type Ia supernovae, large scale structures and cosmic
microwave background radiations indicate the cosmic expansion at an accelerating
rate. The phenomenon of cosmic expansion is linked with dark energy (DE) which
is a mysterious repulsive force possessing highly negative pressure. To study the
mystical effects of DE, the Einstein—Hilbert action has been generalized leading to
various alternative (modified) theories of gravitation as f(R), f(R,T), where R
is the Ricci scalar and T is the trace of energy-momentum tensor, Brans—Dicke and
Gauss—Bonnet etc. The modified Lagrangian significantly helps to analyze the mystical
effects of DE. These theories are consistent with (general relativity) GR in the regime
of weak field but may vary in strong field. Gravitational collapse is categorized as the
phenomenon of strong field, hence modified theories are the best candidates to explain
this phenomenon.

The f(G) or modified Gauss—Bonnet theory of gravity is obtained by adding an
arbitrary function (f(G)) of the Gauss—Bonnet quadratic invariant G in the action
[19]. This theory efficiently elucidates accelerated expansion of the universe, transition
from deceleration to accelerating phase of the universe and also satisfies solar system
tests. Furthermore, it is useful in explaining thermodynamics [20,21] and protects all
possible four types of future singularities [22]. Myrzakulov et al. [23] explored this
theory to study DE as well as inflationary era. We have studied energy conditions [24],
wormhole solutions [25,26], built-in inflation [27], Noether symmetries [28] as well
as spherical solution with conformal symmetry [29] in this theory.

The description of collapsing fluids in stellar interiors remains a debateable issue in
GR as well as modified theories. For this purpose, a set of scalars have been introduced
in [30,31] that have individual physical meaning and appeared to be well applicable
for the description of relativistic fluids. In this context, Sharif and Manzoor [32-34]
explored self-gravitating fluid models in Brans—Dicke theory using spherical as well
as cylindrical symmetries. They deduced a set of governing equations in terms of
structure scalars to study the dynamics of anisotropic dissipative fluids. There is a

@ Springer



Structure scalars and evolution equations in f(G) cosmology Page30f20 1

large body of literature [35-40] available about structure scalars in GR and f(R)
gravity.

In this paper, we construct a set of scalars in terms of dynamical quantities to discuss
the evolution of dissipative anisotropic shearing spherical matter configurationin f(G)
gravity. The paper has the following format. The next section formulates the modified
field equations and dynamical variables. In Sect. 3, we construct structure scalars for
aparticular f(G) model. Section 4 contains the set of governing equations in terms of
scalars. We also explore density inhomogeneity factors. In Sect. 5, we write down all
three possible static anisotropic spherical solutions in terms of scalars. Finally, Sect. 6
concludes the results.

2 Modified field equations and dynamical variables

In this section, we first formulate the field equations for f(G) gravity taking non-static
spherically symmetric metric and then evaluate dynamical variables. The most general
non-static line element for spherically symmetric configuration is

ds? = —A%dr* + B%dr? + C*(d6? + sin® 0d¢?), (1)

where the metric coefficients A = A(t,r), B = B(t,r)and C = C(t, r) are functions
of co-moving coordinates # and r. The generalized GR action for f(G) gravity is given
by [41]

1

S=—
2k?2

d*x[R+ f(G)V=g + S, 2
where k, R, f(G) are the coupling constant, the Ricci scalar, arbitrary function of G,
respectively, and S, is the matter action. We assume the unit system K2 = S”TG =1(G
is the gravitational constant and c is the speed of light). The Gauss—Bonnet quadratic

invariant term is defined as
G = R* —4R,,,R" + Ryy0p RMP,

where R, )50, Ry, are the Riemann and Ricci tensors, respectively. Varying the f(G)
action (2) with respect to the metric tensor g, we obtain

(eff) ™) (GB)
g/w = T//.v = T;w + T;/,v’ (3)
™) (BG)

where G,,, is the Einstein tensor and T,/ T ., are the energy-momentum tensors for
matter/Gauss—Bonnet (GB) terms, respectively and

(GB)

Tw=28 |:RM0UU + Rpv8opu — Rpo8vp — Ruv8op + Ruo 8up

1
+§R(8uvg<rp - g;mgvp):| VOV fo + (Gfs — f)8uv, 4
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where subscript G denotes derivative of f with respect to Gauss—Bonnet invariant G.
This is the energy-momentum tensor sharing the gravitational contribution coming
from f(G) extra degrees of freedom.

We assume a more complex problem in which non-static spherical geometry is
coupled with locally anisotropic shearing fluid configurations with dissipation. The
energy-momentum tensor for this type of fluid is defined as

M)

T;w = puyuy + p,hp,v + (P, - P,)quu + Q(vuuv + up,vv) + Elp,lv» (5)

where p, p,, p,, q and € are energy density, radial pressure, tangential pressure,
dissipation and radiation density, respectively. The scalar quantity ¢ corresponds to a
heat conducting vector g,,. The quantities u* (4-velocity vector), v* (unit 4-vector in
radial direction), 2*¥ (projection tensor) and [* (null 4-vector) are defined as

ut = A8, ot = BT hyy = gy +upuy, 1= A7) + BT,
obeying the relations
wbu, = -1, v, =1, vYu, =0, *u, =-1, "1, =0, hyu* =0.

The effects of gravitational as well as inertial forces on the fluid can be described by
4-acceleration as

/ A/ 2
ay =uyu’, a, =av,, aq)=—, a°=a'a, =
o= Ul Ay o e 1 28]

where prime denotes partial derivative with respect to radial coordinate r. The volume
expansion and contraction of fluid can be measured by kinematical scalar variable

(expansion parameter). Mathematically, it is defined as ¥ = u” M

where dot represents the temporal partial derivative. The shear tensor is used to evaluate
distortion appearing in the fluid due to motion defined as

Opv = U(uv) + A(ulty) — gﬁhmﬁ

Its alternative form and the non-zero components are given as

1
=—-oC2
033 30

2
2
Oy =0 | VyVy — _h/w , O11=Z0B", on=
3 3 sin
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Also,

We can write Eq. (5) as

™M)

Tu = ﬁuuuv + P,h;w + vy vy + q;ﬂ/‘v + QUM;L» (6)

Whereﬁ=p+e, Hzﬁr _P,v p~r :pr +Ev qll Zévu, q =q+€
The corresponding field equations are

. C 23+c' L(,C . '\ _,BC _(BY?
P=xc\“B7c) B\"C C BCc \cC

4 . cc” BC? _BC?* _BCC\ . 4
taper\B 2~ e I 2 fo ¥ Japsca
. .. AC'c” Cc”? 4
2 n’ /A2 / /
X(AB+BC—2BCC +2 B -3 B2 )fG‘I‘m
A2c/2
x( 2 — A2 20) " —Gfs+ f. (7
S_ 2 (BC owC oy, 4 () ¢\’ C/Zf./
9= 48\Bc " ac ~ ¢ ) T aBcC? A B G
4 CC'  AC? A'C? BC'C\ - 4
— (-A+2 -3 -2 S
erTe ( T TR A2 AB )fG tasc
. c’'c’ _BC? BC* _ACC
—B-2 3 — 2 "), 8
x ( B 7B T ar T Tas fG) ®

=
I
VoY

1 (C 2A C 26 N c’ 2A’+C’ 1 N 4

A2\c\"Aa C B2c\"A ' C C?2 ' A2C?
c\* (¢’ . 4 ¢é _AcCc  Ac?
=) —(=) -1 A—2-— 42—~

B) (A) fG+A3C2( RRIE B2

AC?\ . 4 1 ACC'  _AC?* CC
+ 3—)f6+—(A/+——2——3—+2 )fé

A? A2 B? A
+Gfg — 1, ()

1 A B+c' B C BC +1 A”+C” A'B’
Pi="0\a\B8"¢c) B ¢ Bc) " B\A T C  aB

c' (A B 4 1
+ = (— - —)) + ( (2C’A" = AC" + A'C) — T

C\A B ASBC
| . . , ABC
x (BC+CB) — VB (A'B'C + A'BC' — AB'C') + 3—5 2
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2
< C) ot e (5 @BC - BE+BC) - L (WCT 4 a'C)

AB3C \ A
! (ABC'+ A'BC — AB'C) + 3A B i 2Bzc/ ! s
A2 AB A2B2C
A'C  BC' . 4 Al c’ AC . 4
-1 I | == 4+ = _cC)f -
X( A B )fG AB2C ( B T )fG A2BC
BC BC\ .
() e

The expression for Gauss—Bonnet invariant is calculated as

8 A'B" B Cc2 AB A c”?
:m[(mﬁﬁ) (”ﬁ)+(m+ﬁ) (?‘1)
_ L (A”Cz + B‘c’z) +2[ ¢ (A’C’ _ é) LB (e _ £)
AC AB BC A AB2C A

C CA”? C . A'BC’ 1
CB AC” — (c’2
+A3C( + B)+A2Bc( T3 )+ABC

B2C”? 3 A/B’c’2+ABC'2 4Cc’ AC+BC’
T c\ B4 A4 ABC B )|

The Weyl tensor or the Weyl curvature tensor is described as a combination of the
Riemann tensor, Ricci tensor and Ricci scalar. It explains how an object is distorted
due to the effects of tidal force while moving on geodesics. Its expression is given by

(11)

1 1
—Rp 88+ =

1
CcH — RM Rl‘« —
8gov+ 5 5

pov pov P 2RP081[)L -

1
R} 8po + ER (‘Sggpv - 558;00) :
12)
This tensor can be decomposed into two parts, magnetic M, and electric E,, parts.
The magnetic part vanishes for spherical symmetry while the electric part is defined
as

Euy = Cpgupu®uP, (13)

where
Cravp = (guakngwﬂyﬁ - 8lwtkn'9wSV5) W u? E"

Wwith gy = & 8an — &un&ax and €44y 1s the Levi-Civita tensor. The electric part
can be written in terms of 4-unit vector and projection tensor as

1
En=¢ (vuvu — §h“”) , (14)
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where
1(C B CBC+1 C”+C’+B/C/ 1
E = — _——— = —_— — —_ —_— —_—— J— _ —_ —_—
2\¢c B \C B)C) 2B\ C \C B)cC) 2c?
15)
is the Weyl scalar and the non-zero components of electric part are
2 2 1 2 i 02
Ei = 583 , Exp= —§8C , Ez3 = FEy»sin“6.

The Misner-Sharp mass function calculates the total energy of spherically symmetric
system within the radius r = C given as

. 2 / 2
1 1 c c
M = EC3R§§ = EC((Z) — (E) + 1). (16)

Now we calculate the variation of this mass function of radiating fluid inside the
sphere. For this purpose, we introduce two useful derivative operators with respect to
radial and proper time coordinates as

19 D. — 10 (17
" A T Cor
and the relativistic velocity of the collapsing fluid turns out to be
19c €
U=D,C=——=—. 18
T A ot A (18)
Combining Egs. (16) and (18), we obtain
L IV (19)
=5 = c .
Using Egs. (3), (16) and (17), it follows that
Cc? 5 1 ©» . 1 ©»
C2 - 1 ©B - 1 e»\ Y
DCM=7[(p"‘ﬁToo)"’(q_ﬁTm)f]‘ 2n

These equations represent the variation of mass inside the spherical surface of evolv-
ing fluid. Equation (20) depicts the combined role of pressure, dissipation, relativistic
velocity and GB curvature terms on the derivative of mass function within the evolving
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spherical matter distribution. Equation (21) shows the role of energy density, dissi-
pation, relativistic velocity and extra GB curvature terms on the variation of mass
distribution in radial direction within surface of radius C. Equation (21) yields

. CC (. 1 . 1 e\ U
M= (Pt ale) P35 ) 5 )

which further implies that

1 r B 1 ©» B 1 e\ U
M=y CZC/{(p+?TOO)+<q—ETm)E]dh 22)

A particular combination of radiating energy density, dissipation and f(G) correction
terms through mass function can be attained using Eq. (22) as

M 3 r 5 1 ©» - 1 e\ U
35 = 563 \ C2C’{(p+ETOO)+(q—ETm)E}dr. (23)

We have taken a regular matter distribution atr = 0 (center), i.e., M(¢, 0) = C(¢,0) =
0.

3 f(G) model and modified structure scalars

In this section, we first consider a viable f(G) model and then develop structure scalars
by splitting the Reimman curvature tensor orthogonally. We assume the following
f(G) model

f(G) =aG", (24)

where « is any constant and n > 0 [42]. This model is viable if it satisfies the following
conditions [43]

e f(G) and all its derivatives (f;, fs6, foog---) are regular,
o foc >0, VGand f,;;, — Oas |G| - +o0.

The condition fG > 0 is required to avoid ghost. This model satisfies all the required
conditions for a viable model. The model parameter n has some effects on R + f(G)
cosmology. If n < %, GB terms become dominant over curvature term (Einstein term)
in weak field regime, i.e., curvature term becomes negligible in this stage leading to
non-phantom phase. For n < 0, the big-rip singularity might seem to occur. Near this
singularity, the curvature becomes dominant, i.e., Einstein term becomes dominant
as compared to GB terms. To avoid this singularity, GB terms can be neglected and
we arrive at phantom era. Thus, the transition of non-phantom to phantom phase can
naturally occur in this model. If 0 < n < % in strong gravitational field regime, GB
terms can be neglected and we are left with Einstein gravity (deceleration). For late
times, the GB terms may become dominant as compared to matter Lagrangian density
(acceleration), thus transition from decelerated to accelerated universe can occur.
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In order to obtain scalar functions, we use decomposition of the Riemann curvature
tensor orthogonally developed by Bel [30]. Here we are using this procedure with
some changes [31] and present couple of tensors as follows

1
X, = EnfﬁR;ﬁvauw, (25)

Yuv = Ruyvsu’ u®, (26)

where RZWS = %naﬂng%. From Eq. (12), we can write

1 1 1 1 1
Rby, = Choy+ ERggpv - ERpa‘Sff + Evaag - ERffgpa - gR (8K gpv + 81 8po) -
(27)
This equation can be written for Eq. (3) as
fy py e o L (Lo gyl
Ry =Cs +2T" 85 + T 58[‘)85] — 3,05, ) - (28)
We decompose the Riemann curvature tensor orthogonally into five parts as
@ (I (I (Iv) (V)
R\lfgy = RHVWS + Ruyvé + Ruyvﬁ + RM/VS + RMVUSa
which are defined using Eq. (28) as
0 1
~ ] [ ] ~
RMY 5 =2 (W[uu[ﬂsg} + p,h[’;(sg]) + (=p+3p, + 1) (53{15;}
1oyl
U 85]) , 29)
(In)
RMY s =2 (Hv[“v[,)(Sg]] + c}v[“u[VSg]] + c}u[“v[vc‘if{]]) , (30)
(1)
R 5 = dulltup, EY) — el g5, X, (31)

v] 7] [nov] A pligv] 71
831 + Rotv8' 83 — Roa 81,8} — 8018, R/ 83) + gotw Ry 65,

@ "
R* s =8 |:Rpo[v

1
+ R (a(,xaga[“jag]] - 5},“g,,[v5§]])} VAV fo + (G, — HlsY). (32)
) l
R" 5 = (8[2Rps — Rgpo VPV’ f; + Gf,; — f) (gsf‘vag’] - 3{5551) _ (33)
Using Eqgs. (29)—(33) in Egs. (25) and (26) along with Eq. (24), we obtain
(M) (GB)
X;uz = X;w + X,uv

1 1 .
= p,h;w + En(h,uv - vuvv) - ghuv(_p + 3[7, + 1) — E,uv + no [SRpU
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X 8y = 2Ryupov + 10RS Uyt gpy — 2R, ity — 2RY et g6 p 8y, — R

1
X Uy U bpy — vauuua‘i‘gR;wgap + 2Rukuvuxgop+§R (3gapg;w + 8ov

X 8uo + 280pUuity) | VPVI G+ a(n — NG™ (4hyy + 48,00 + Uyt

I
— 310 (8[2Rp0 = Rgyo] V/V7G"~ a(n = G") (g + ) . (34)

M) (GB)

Yo =Y + Yo

1 . 2
= Eh;w (,O - P, — HUMU,) + g(—,O + 3P, + H)) + Euv, (35)

where the notation (M) and (G B) in superscript respectively show matter and Gauss—
Bonnet parts of the relevant tensor. We note from Eq. (35) that the variable Y, does
not contain GB terms. Hence GB terms do not affect this variable.

We can write these tensors as the combination of their trace and traceless parts in
the following way

1
X//,v = gTr(X)h/w + X(uv),

1
Yuv = gTr(Y)hp,v + Y(p,v%

where Tr(X) = X, is trace of X, and X,y is traceless part of the tensor defined
as

1
X () = h%hB (Xop — 377 (Ohap).
From Egs. (34) and (35), we have

M) (GB)

X, =Tr(X)=X, + X,,

M)
Y, =Tr(Y)=Y,.

Here
™) -
@) 1 Xr =0 (36)
X, = —3® |:n(74Rp(, +6u"uyR},, + 18u,u” R gop + Suguy Rl + 3
X R(8ps — 25g(,p))VpV(’G"_1 —73(n — l)G"] , 37
(M) 1 N
Y, = E(p—l—:%pr — 210). (38)

Moreover, their corresponding traceless parts are found as
™) 1 (GB) 1
Xy = Xpp L vy — ghuv + Xrr _gh/w )
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™M) 1
Yy =Y | Vuvy — ghlw )

where T F in subscript represents traceless part of the relevant tensor and

™M) 1
X, =— (s - EH) , (39)
(GB)

1
X, = Ena (12R§ukulg0p — 55Rg0p) VPVOG"! = 22a(n — )G,  (40)

(M) 1
YTF=8+5H. (41)
. .. o @B o GB) O o .
The six quantities X,, X,, X,., X,,, Y, and Y, are scalar functions (structure

scalars) in f(G) gravity.
Now we briefly discuss physical aspects of these structure scalars under the influ-
ence of f(G) gravity thathave a direct correspondence with the dynamics of relativistic

(M)
spherical systems. We note that X . evidently represents the energy density. The scalar

variables }?:F and I;h;; play a crucial role in the physical interpretation of fluid. Both
scalars combine the Weyl tensor with pressure anisotropy. Their sum indicates local
anisotropy while their difference provides the effects of tidal force. With local isotropy
(when anisotropic parameter is assumed to be zero, i.e., IT = 0), they behave like

M) M)

X

P ="Yrp
while in the absence of the Weyl tensor (conformally flat condition), both are same

M) M)

X

Y,

TF

We observe that local isotropy and conformally flatness condition contradict each other.
This means that spherical system is either isotropic or conformally flat or it preserves
local anisotropy as well as conformal flat condition. Furthermore, the combination

M) M) M) M)

3.
_EXT + X+ Y+ Y, = zpr

(M) (GB)
describes the radial pressure and the sum X, 4+ X, demonstrates that matter energy
M) M) (GB)
density is connected with dark source terms. The combination X, + Y, + X, makes

the relativistic spherical system conformally flat and indicates that pressure anisotropy

is controlled by dark source terms arising due to f(G) gravity. The unification of
(M) M) (GB)
scalars as Y, — X, + X, . shows that conformal flatness of fluid is controlled by

GB terms.
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4 Evolution equations

A set of governing equations can be deduced in terms of kinematical variables to
describe the self-gravitating system. In the gravitational system of f(G) theory, this
set has been derived in [44]. Here we rewrite this set of equations in terms of modified
structure scalars in the realm of f(G) gravity.

4.1 Raychaudhuri equation

This equation describes the expansion rate of self-gravitating relativistic system and
is given as
P+ 92 4 262 _at =—l(p“+3~ —21)
TR =73 br ’
which in terms of scalar function becomes
(M)

1 2
. ut + 5192 + 502 —aly =-7,. (42)

M)
We observe from this relation that GB terms have no contribution and Y, has an
extreme role in measuring the expansion rate of self-gravitating relativistic fluid in
GR as well as f(G) cosmology.

4.2 Propagation equation of shear

This equation describes the shear evolution of self-gravitating system and is of the
form

1
— =0V —a—— =¢— =11+ 2na [—Rffguv“vq;

I 2 _ wo_
a v’ +a o n 30 3 BC >

1
— Rppv"vs + 8opRap 0" v — Royovpv® + ERvpvg] VPV G",

which in terms of modified scalar variables reduces to

5y 2 C’ o 2 (GB)
-0t —a—— =Y, + =naX,,

3 BC 67
+22a(n — 1)G”" (43)

a, vt +a? — ot — 3°
showing the importance of GB correction terms in the shearing motion of the evolving

self-gravitating system.

4.3 Constraint equation

A direct relation among shear tensor, expansion scalar, heat flux and dark source terms
due to f(G) gravity is obtained through constraint equation defined as
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1 3¢’ 3
('l? + EJ) ., Ua = _2BC — ﬁq +2not [ —_ UﬂhaﬁRgUﬂ + gopUﬂhaﬁRg
1
+Uyph% RS + 8Rh"’U(,} VPV G".

In terms of scalar variables, this equation becomes

1 3¢’ 3 9 @
94— o _ -2 R8,,)VPV £ + —X
( + 2“),0( v o8¢’ " a2pl” ( po) Jo+ ag X
3 7407 .

4.4 Dynamical equations

These equations describe the conservation of total energy of the evolving star and are
obtained as

/
BC
— R"gop]., 14, VPV G" + 8nax [(ug R) —u’Ryq) , + T, (RUSY — Rpog””)

~“z§‘~~—z I+ g " +2g 8na | R™Y
ottt +9(p+ ) = 3 + NI+ G 0" +24 +a ) +8na [RLY

X Uy + I‘l‘jy (ugRZ — uVRpa)] VPVIG" =0,

/
BC
+RE] 0, VPV G + 8na [(vg RY —v"Rpo + RESY)  + TV (RUSY + R

B, V" +a(p+ p,)+ 20

- 2.
+ G 0"+ gq(a +219) + 8na [—R’“’gap

X 83) v+ Ty (v RY + 07 Ryo) | V797G = 0.

In terms of scalar variables, these become

~ L 1 (M) ™) ™) (M ™)
IO,M”I"'? X+ Y, = Xpp =1, 29"' TF+ TF —+a

1 [ ©» 11 "
+qu“ 53 ( TF) ) u’ — Z—a(n - DG u” =0, (45)
o ’(M) ™ ™ o\ 2C7 2
p, /l.v ta (XT + Y =Xy — YTF) + (XTF + YTF) BC +LIMUM + 36]
1 (@ , 11 v
X (o +29) — 53 (XTF),U v’ — E(x(n - 1D(G") v =0, (46)

which show that the rate of change of energy density and radial pressure depend on
scalar functions of matter and dark source terms.
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4.5 Relation of the Weyl tensor with mass function and GB terms
This relation can be obtained by using Egs. (3), (12) and (16) as

3IM 1 1
o =h- M—¢— 3 [2Rgpo + 3RS, | VPVIG ! + Ea(n - 1HG™.

In terms of scalar functions, it turns out to be

3M 1w o 1 ©»

219
= 3Ky Xy b X —na R3] VOV 4 atn — DG

522
(47)

4.6 Evolution equations for the Weyl tensor
These evolution equations represent the relationship between the Weyl tensor, dynam-

ical variables (heat flux, anisotropic parameter, density, shear and projection tensors
etc) and extra dark source terms as

1 /. 3 1 1 - 3C’ 1 8
3 p,—i—a./\/l 15‘—1—50 + 8—5(1_[—,0 —i—ZBCq—l- —na [vpvs (R pu

1
= Ra")| VI VTG 4 Zna(Rvpve) VIV ((G"—l),ﬂuﬁ - (G”—l),av“)

1 o1 1
— 157 (R8s —8Rgpo) uPvPvo G — can = 1(G") puf + 5

X (R8s ) VPV (G"™ 1) guf =0,

+ 1(~ I) «_ 3¢ ln g (o + ! ! [(Rgpo) VPV
e+ —(p— v — P o o) —-n
27 o« “Bc\2 T\"T20%) Tt

% anl:l

v — na [(Rgpa)vpv"c"*l] v — 2a(n — 1)(G") qu® = 0.
L,

o

In terms of scalar functions, these become

1 1 ™ ™) ™M) ™) 9 1 1 ™ ™)
g((_EXT+XTF+YT+YTF +2_C‘3M) (19+§O' +<§XT_XTF)
3C’
2BC
1 9
x ((G"—l),ﬂu — (6" ") + e (Rugiig) pu? VOV G 4 Sna

32
7 @b 9 s 1975
X (Rupug) VPV (G"™Y) gubf + (—(X) L2 X ) B _ (,, 1

1 1
+ g+ i [vovo (R puf — R ov*)| VPV G + Znot(Rvpvg)VpV"

8 26 877"
x a(G") guf =0, (48)
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1. o I o 3C & N 1 5 o . 01
- V¥ — V¥ — — — o) —— V¥ — —
27) ) pc e 4 2 e \"r ), 58

x a(n — 1)(G") gv* = 0. (49)

The above two equations relate the effects of tidal force with fluid parameters as well

as GB terms. Equation (49) shows the dependence of density inhomogeneity on two
M) (GB)
scalars X, ., X, , dissipation and f(G) model.

Now, we figure out density inhomogeneity factors on the surface of spherical system
under the influence of f(G) gravity. In a collapsing system, the surface of celestial
object suffers density inhomogeneity caused by some specific quantities or specific
relations of dynamical and geometrical variables. The vanishing of these quantities
or relations assures density homogeneity [31]. The dissipation and scalar variable of

matter X .. lead to density inhomogeneity for spherical system in GR. It is evident
M)

(
from Eq. (49) that if we neglect dissipation and matter variable X, ., we obtain

TF>

1. 5 (GB) 61
(Ep)’a vY — Tie (XTF),O( vY — ga(n — D(G™") 4% =0.

We are left with density inhomogeneity and GB terms which suggests that density

(GB)
inhomogeneity is controlled by GB terms. Furthermore, if X, = 0 and f(G) =
constant (or n = 0 for our model), we have

1.

which reveals that f(G) model remains homogeneous and constant during the evo-
lution. However, a viable and realistic f(G) model cannot be a constant and hence
scalar functions do not vanish which leads to inhomogeneous (irregular) distribution
of fluid.

5 Anisotropic inhomogeneous spherical models

In this section, we restrict ourselves to the static case and modify the line element
(1) in terms of scalar functions. The resulting line element can yield static spherical
solutions with inhomogeneity and anisotropy in f(G) gravity. We consider C = r for
static configuration for which ¢ = o = 0. Three possible alternative forms are given
as follows.

5.1 First alternative form

It can directly be seen from Eq. (16) that the Misner-Sharp mass function for static

case becomes ) |
“M=1-—, 51
r B2 Gh
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which gives

2r2 (1w w1 ©® poo n1 | 219
B= I—T EXT_XTFdl_gXTF_na[R(SPU]V V G +E
1
x a(n—1)G")) 2. (52)
Next, using Egs. (42) and (43) with (12) for static case, we obtain
A 1 on o) 2 ©B
i §Br Y, +Y,, — 6—7YTF —22a(n — DHG" |, (53)

which after integration gives

r 2r2 1 o™ ™M) 1 @B 1
A= Alexp /5 1— T EXT — XTF + 8—7XTF — na[R(Spa]VpVGG"*

219 ) o 2 G
+ 5Eoz(n - 1)G")) (YT +Y, - EXTF —22a(n — 1)G"> dr

(54)

with A1 as a constant of integration. In this case, the line element (1) becomes for
Egs. (52) and (54) as

2 r 2}’2 1 ™ ™) 1 @B -
ds® = —| M exp /g 1_T EXT—XTF—FEXTF—na[R(SM]V"V

el 219 n =1 s ™M) 2 (@B
x G4 e = 1)G Yo+ Y — X — 20— 1)
2 2 2
" 5 r | ™M) 1 ©B oo
xG )dr dt-+({1— ? EXT - X+ 8_7XTF —na[RS,61VFV
219 A\ P TEY 2 S
x G +5§a(n—1)G dr”+r (d9 + sin“ 6d¢ )

A singularity seems to appear if

22 (1w m 1 ©» 219
I (_XT - XTF + EXTF - n(X[R(SpU]VpVUGn_l + SEO[(H - 1)Gn) =1.

3 \2
. . . M) M) (GB) M) M)
By inserting the values of five scalar functions X,, X, ., X,., Y, and Y., we can

obtain all possible inhomogeneous static anisotropic spherical solutions.
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5.2 Second alternative form

Using Egs. (23), (36) and (47), we obtain the relation

M o 377 ©m

3
Sm= L
r3 r2 et 87(29)° TF

which implies after integration that

™M) 377 B
M =73 (/ (XTF - S09 XTF) dr + Az) ,

where ), is another constant of integration. Using this equation in (51), we have

1
™) 377 (B 2
B=(1—2r2 (/ (XTF_%XTF)dr—F)\‘Z)) . (55)

Now combining Eqgs. (53) and (55), it follows that

1 2 o) 377 @B -1 on on
A = Azexp 3/ 1=2r / XTF—WXTF dr 4+ Ay r\ Y, + Y,

2 @B
— Xy — 22001 — l)G”:| dr:| : (56)

Here A3 is another constant of integration. The line element (1) takes the following
form for Egs. (55) and (56) as

1 ™) 377 (B “rwm

ds* = — |:k3exp |:§/r (1 —2r? (/ (XTF - WX”) dr + )»2)) |:YT
(M) 2 GB) n 2 5 5 (M)
+Y, —aXTF —2a(n — 1)G" | dr dt=+\{1-2r / X, p

377 ww - 2, 2( 102 | 2 2
_ mxﬁ)dhu,\z)) dr? +r (de + sin? 0d¢p )

M) (GB)
In this case, singularity can appear if 2r2 (f(XTF — %XTF)dr + )»2) =1 and

all spherical inhomogeneous static anisotropic solutions can be obtained by inserting
M) M) (GB) M) M)

the values of five scalars X,, X,., X,., Y, and Y, .

TF> TF>
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5.3 Third alternative form

Equation (15) reduces to

1 1 n B’ 1 57)
E=——F | — — ) - —.
2B%r \r B 2r2
Alternatively, Eq. (57) can be rearranged as follows

, 1 3 1 ™M) ™M)
B+;B:B ;+21" YTF_XTF .

M) ™M)
where ¢ = Y, — X, . This is Bernoulli’s differential equation which gives

5 1/ ™ ™) )
B=(—4r / —(Yrr = Xpp ) dr + 1+ ar . (58)

Using Egs. (58) in (53), it follows that

As 5 1 ™M) (M) 2 “1rm (M)
A:gexp /r —4r /; Yoo = X, p )dr + 14 dar Y, +Y,,

2 @B
X~ o — 1)G”i| dr:| , (59)

D=

67

The alternate form of the line element (1) becomes

5 As 5 1 ™) ™) 5 “Ira ™)
ds® = — ?exp /r —4r /; Yop — Xpp Vdr + 14 Agr Y, +Y,,
2
2 @B n 5 5 1 ™) ™)
_aXTF—2201(n—1)G dr | dt= + { —4r /; Yoo —Xpp )dr +1
n A4r2) dr? 4 r? (d02 + sin? 9d¢2) :

M) M)
where singularity might appear if —4r> Ik %(YTF — X, pdr +1+ Agr? = 0. In this

alternative form of static inhomogeneous sphere with anisotropy, all solutions depend
M) (GB) (M) M)

upon four scalars X, X, ., Y, and Y, .

TF> TF>

6 Conclusions

This paper is devoted to investigate the dynamics of self-gravitating spherically dis-
tributed fluid in terms of structure scalars in f(G) cosmology. We have constructed
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M) (GB) M) (GB) (M)
structure scalars X, X,, X,., X;r, Y, and Y for matter as well as GB terms
through orthogonal splitting of the Riemann tensor and deduced all governing equa-
tions in terms of these scalars. Furthermore, we have investigated the causes of density
inhomogeneity and also showed that inhomogeneous static spherically symmetric
solutions with anisotropy can be expressed in terms of these scalar functions. The

physical effects of these scalars and results are summarized as follows.
™) ™M) ™M)
We have found that the scalar X, represents energy density while X, and Y,

control conformal flatness as well as the effects of anisotropy of the fluid. The sum of
(M) M) ™M)
fourscalars (X,, X, ., Y, and Y T F) gives radial pressure. In the absence of anisotropy,
M)
the two scalars X

TF>»

> and Y -+ show that isotropic fluid w1th spherlcal symmetry is not

conformally flat. In the case of dust fluid, the scalars XT, and YT have the same

M) M) M)
behavior, i.e., X, = Y, but X = —Y, .. The scalar functions from dark side along
(M) (GB)
with matter scalars have some physical effects as the sum X + X indicate that energy

M) M) (GB)
density is linked with dark source terms. The combination X, + Y, + X, gives
relativistic conformally flat spherical system and represents that pressure anisotropy is

M) ™M) (GB)
driven by dark source terms. The unification of scalars as Y., — X, + X, suggests

that conformal flat condition is controlled by GB terms. In GR, the structure scalar X,

gives energy density, Y., signifies the role of anisotropy on Tolman mass and X ;.. /Y,
both describe the effects of anisotropy for general fluid [31]. The evolution equation for

M) (GB)
the Weyl tensor indicates that energy density inhomogeneity is caused by X, ., X, .,

dissipation and constant f(G) model. In GR, the density inhomogeneity is caused by
X, and dissipation only. It is concluded that spherical systems should necessarily be
inhomogeneous in this gravity. Finally, we have constructed three alternate forms of
the line elements for inhomogeneous anisotropic spheres in terms of scalar functions
which lead to further physical relevance of scalar functions.
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This paper explores evolution of dissipative axially symmetric collapsing fluid under
the dark effects of f(G) gravity. We formulate the dynamical variables and study the
effects of dark sources in pressure anisotropy as well as heat dissipation. The structure
scalars (scalar functions) as well as their role in the dynamics of source are investigated.
Finally, we develop heat transport equation to examine the thermodynamic aspect and
a set of equations governing the evolution of dynamical variables. It is concluded that
dark sources affect thermodynamics of the system, evolution of kinematical quantities
as well as density inhomogeneity.

Keywords: Structure scalars; Self-gravitating systems; f(G) gravity.

PACS Number(s): 04.20.Gz, 04.40.Dg, 04.50.Kd

1. Introduction

Gravitational collapse is the source of energy behind structure formation in the
universe where over the time, once vastly distributed matter collapses to high den-
sity pockets. This ultimately leads to the hierarchy of all cosmological structures
like galaxies, black holes and all types of stars. Loss of hydrostatic equilibrium of a
self-gravitating body results collapse under its own gravity leading to the situation
where the dynamics of gravitational force dominates all other forces. The hydro-
static time scale is usually quite short among various stellar evolutionary phases.
For Sun, it turns out to be about 27 min, 4.5sec for a white dwarf and for a neu-
tron star, weighing one solar mass and 10km radius, it is only 10~* sI Other more
intense dynamical phases (like gravitational collapse) persist for time scale of the
order of magnitude of the hydrostatic time length2 This obviously mandates the
exploration of the factors indicating the deviation from equilibrium state.
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The dynamical variables like local pressure anisotropy, heat dissipation, expan-
sion scalar, shear, vorticity, density inhomogeneity as well as the Weyl tensors are
considered as the essential tools for the dynamics of stellar configurations. Herrera
and his CompanionsE’I developed a new strategy for investigating the dynamics
of stellar configurations by constructing evolution equations in terms of dynam-
ical variables and scalar functions. Scalar functions (structure scalars) consist of
various combinations of energy terms which help to simplify the complications dur-
ing the dynamical analysis of the system under consideration. In general relativity
(GR), such studies do not explain the influence of dark sources on the dynamics of
self-gravitating systems.

The f(G) or modified Gauss-Bonnet (GB) theory of gravity is obtained by
adding an arbitrary function (f(G)) of the GB quadratic invariant G in the action
This theory efficiently elucidates accelerated expansion of the universe, transition
from deceleration to accelerating phases of the universe and also satisfies solar sys-
tem tests. Furthermore, it is useful in explaining thermodynamics® and protects all
possible four types of finite time future singularities™ Myrzakulov et al® explored
this theory to study dark energy (DE) as well as inflationary era. We have stud-
ied energy conditions, wormhole solutions, built-in inflation, Noether symmetries,
spherical wormhole solutions with conformal symmetry as well as dynamics of self-
gravitating fluids in this theory

Modified theories are consistent with GR in weak field regime but may deviate in
strong field. Gravitational collapse is classified as the phenomenon of strong field,
hence modified theories can be the best candidates to explain this phenomenon.
These theories may remodel the collapse process as well as improve its dynamics
which may unveil fascinating results related to structure formation of the uni-
verse. In this regard, Sharif and Manzoorl investigated self-gravitating systems
with spherical as well as cylindrical symmetries through structure scalars in the
background of self-interacting Brans Dicke gravity. Sharif and his collaborators™
analyzed the evolution of self-gravitating systems under the dark effects of f(R)
gravity. Recently, we have constructed scalar functions and evolution equations to
study the dynamics of spherical as well as cylindrical symmetric self-gravitating
systems in f(G) gravity™

It is believed that astrophysical objects are endowed with angular momentum,
e.g. stellar compact objects (like white dwarfs, neutron stars) are in rotational
motion and can deviate from spherical symmetry incidentally which gives rise to
axially symmetry. Thus, the dynamical analysis for self-gravitating fluids with such
symmetry would be interesting. Herrera and Varela® investigated effects of axially
symmetric perturbations of matter variables by considering only perfect fluids. The
assumption of perfect fluid seems to be a stringent restriction for axially symmet-
ric sources even in static case Sharif and Bhatt? explored instability regions
for axial and reflection symmetric systems with anisotropic matter configurations.
Sharif and Manzoor®® examined the dynamics and stability for axial and reflection
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symmetric model in self-interacting Brans—Dicke gravity. They also studied the
effects of dark source terms on dissipative axially symmetric collapsing fluid 0

In this paper, we investigate the effects of dark sources by taking a general
source comprising dissipation and all nonvanishing stresses consistent with axial
symmetry in modified GB gravity. The paper has the following format. In the
next section, we provide formalism of gravity for axial system with general source.
Section Bl yields nonzero structure scalars corresponding to the system. Section [4]
leads to heat transport equation as well as some dynamical aspects through the set
of governing equations. Finally, we summarize our results in the last section.

2. f(G) Gravity and Axial System

The generalized GR action for f(G) gravity is given by?
1
S = 5z [ A4l + FGIVTT+ S, 1)

where k, R, f(G) are the coupling constant, the Ricci scalar, arbitrary function
of G, respectively, and S,, is the matter action. We assume the unit system x? =
81¢ — 1 (G is the gravitational constant and c is the speed of light). The GB

quadratic invariant term is
G =R? —4R,,,R" + Ry, ,R"",

where R,,, Ru.sp are the Ricci and Riemann tensors, respectively. Varying the
action () with respect to g,., we have

(eff) (M) (GB)
gp,l/:TuV:TuV"_ Tp,l/v (2)
where notation (eff) (short for effective) denotes combined effects of matter and
(M) (GB)

dark sources (GB terms), G, is the Einstein tensor, T ,,/ T ., are the energy—
momentum tensors for matter/GB terms, respectively, and

(GB)
Ty = 8[Rupvo + Rpvgou — RpoGup — RuvGop + RuoGup

+ %R(gl“’gﬂp = 9uo9vp)IVOV fo + (G fo — g (3)

G in subscript denotes derivative of f with respect to GB invariant. This is the
energy-momentum tensor contributing the gravitational effects due to extra dark
source terms.

The line element for axially and reflection symmetric system is?

ds* = —A2(t,r,0)dt* + B(t,r,0)(dr® + r2db?)
+2E(t,r,0)dtdd + C*(t,r,0)d¢>. (4)

The energy distribution of respective fluid observed by an observer with four-
velocity ut (uw" = (A7,0,0,0) and u, = (—A,0,£,0)) can be represented by
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the energy—momentum tensor given by

()  (m)  (CB) (off)  (eff)
T'ww=Tw+ T w=>"Cp + plusu,

(eff) (eff) (eff) (eff)

P g+ I+ ¢ u+ q uy, (5)

where effective energy density, isotropic pressure, anisotropic tensor and heat flux,
respectively are defined as

(eff)  (m) (GB) (eff) — (m) (GB)
P=Puwt P oy P =Dt P
(eff) (m) (GB) (eff) (m) (GB)

pr:Huu‘F H,Lwa ll«_qll«l’ pv

We obtain these effective quantities from Eq. (&) as

(effy  (eff) 5 (m) , 3 "
p =T pu'u’ =T putu” + §[Rgpo]V”V fo—Gfo+ 1, (6)
(eff) (eff) (eff) (eff) (m)
¢ p=—puy— T pu' =—pu,—T,u
1 (e
- §[Rgpouu]vpv fo +(Gfe = Pug, (7)
(cff) (eff) (m)

1 1 11
D = ghl"” T uv = gh#” T I +4 |:§Rgpg

+ Ruguy — h] VOV L, + 3Gl — ). (®)

orp/ D em o s )
I py = hﬂhl[j( T ap — P hOéﬂ) = hﬂhl[j( T a — P h(lﬂ)

5 9 1
+3 |:§Rgop5w/ + gRgopup,ul/ + §Rgl/phua

1 1
+ §Rhﬂgupuy + ERugupuHuy — Rhlwhpy]
x VPV fo + (Gl = F)0uw + upuy)
11
+4h {gRng + Rupus — hpo}

X VPV fo. + 3hu(Gf. — f), 9)

where h,, = gu, + uyu, is the projection tensor. The spacelike unit 4-vectors are
defined as

1
v =BOy, s =7 (AB B2 k=05,
which satisfy the relations
ut'u, = —vtv, = —st's, = —k'k, = —1,

By — uts — ulk — ots, — ol — kMg —
utv, = ut's, = u'k, = v's, = 'k, = k¥s, = 0.
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The pressure anisotropic parameter has significant effects in controlling hydro-
static equilibrium. The physical phenomena like mixture of two fluids and phase
transition cause pressure anisotropy in the stellar models 8 Some other prominent
sources for pressure anisotropy are the magnetic field present in the compact objects
(such as neutron stars and white dwarfs), magnetized strange quark stars, magnetic
field acting on a Fermi gas, viscosity present in neutron stars as well as in highly
densed matter ™ For the sake of convenience, we convert the anisotropic tensor (@)
in terms of scalar quantities as follows:

(eff) 1 (eff) (eff) 1
I = 5(21—11 +1L,) { vy — gh;w

1 (efy  (eff) 1 (eff)
+ 5(21_[2 + Hl) SuSy — gh;u/ +21I vsU(uSv), (10)
where
(eff) V(eff) (eff) 5 y 5 (eff)
M, =ots" T iz Hl = (27)“,0 —sts” — k'k ) T 122 (]']')
(eff) (eff)
II, = (2s#s” — k*EY —oto") T 0. (12)
(eff) (eff) (eff)

Equations (II)) and ([I2)) indicate that anisotropy scalars II ,s, II, and II, depend
on matter as well as dark sources. Hence the inhomogeneous distribution of dark
sources generate pressure anisotropy in collapsing fluid.

Dissipation of heat flux (due to emission of photons or neutrinos which are
massless particle) during collapse cannot be overemphasized. Indeed, it is a char-
acteristic process during stellar evolution. Dissipation due to neutrino emission of
gravitational binding energy leads to the formation of neutron stars or black holes2?

The field equations along with ¢"u, = 0 gives Tpz = 0 which implies that

(eff) (eff) (eff)
q ,= 4 Y + 4y Sus (13)
where
eff eff (eff) eff eff (eff)
(Q1) = (QM)”M = T wuv", (Q2) = (qu)s“ = T u’s". (14)

These equations indicate that inhomogeneous distribution of dark sources generate
heat dissipation. Using Eq. (Idl), we can express (I3) in contravariant and covariant
forms as

(eff) . (eff) . (eff) .
o = T u’stE . T u v“7 AT Lu 5“170 ’ (15)
(eff) A(A2B2r2 4 E2)2 B (A2B2%r2 4+ E2)2
(eff) (eff (AZ BQ’I"Q + EQ)% (ejlif) uY st
¢ ,=10,BT ,Luv", m 0 (16)

A b
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2.1. Kinematical variables and the Weyl tensor

The characteristics of self-gravitating collapsing fluid depend upon the behavior of
kinematical variables. The 4-acceleration is given as

A (A E\E A
Ay = u Uy = a, v, +a,8, = (OaZa <_Z + E) 2z 77())7 (17)

where prime represents partial derivative with respect to radial coordinate, dot
is the temporal and € indicates derivative with respect to theta coordinate. The
expansion scalar controls the volume expansion of the fluid and is defined as

g B B C\, (B_A B C\ B a8)
== e |\*5Te) T\ 5 AT ETC) e
The shear tensor measures distortion appearing in the fluid motion given as
1
Oy = U(uw) + A(uly) — gﬁhm/'
The nonzero components of the shear tensor are
: C 2B A E C
= BB— — | A’B*? - | —4+ = — — — = E?
= (C C> g (B TATE C’>
B2
1
* 3A(A2B%2 + E2)’ (19)
(B C\ jopeo [,A B 2B C\ | 1
g99 — <B C)AB 2A+B E+C E SAQ, (20)
B B C\ 9,00 (20 B E A\ ,
033 = 2( B+C>ABT+ C B E+A FE
2
< (21)

3A(A2B2r? + E2?)

The alternative form of shear tensor in terms of two scalar functions o,, o, are
derived as

1 1 1 1
O = 5(201 +0,) (v,ﬂ)y - §h’“’> + 5(202 +0,) <5usv - ghw/)' (22)

Equations ([9)—(21]) imply that

B C)\3
20, +0, = (E - 5) e (23)

20, +0, =
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Int. J. Mod. Phys. D Downloaded from www.worldscientific.com
by FUDAN UNIVERSITY on 04/06/17. For personal use only.

Evolution of axially symmetric systems

The local spinning of the system is defined by the vorticity vector as
1 . 1
wy, = Enuvaﬁuy’a“ﬁ - 577Wa69m“'6 ; (25)
where 7,05 and ., = ) + aj,u,) define Levi-Civita and vorticity tensors,
respectively. Another form of vorticity tensor in terms of vorticity scalar function

Q) is given as

E 24

EBl= 2

0_ E A
2B(A2B2r2 + E?)3
Equations ([Z8) and (26) yield w, = —Qk,. It can be seen from Eq. ([Z6) that 2 =0
if and only if E' = 0, i.e. the system becomes vorticity free (spinless) if and only
if reflection symmetric term (E) is zero. The expressions of kinematical variables
show that they are metric (geometric terms) dependent, there is no contribution

from energy terms.
The Weyl tensor describes the tidal force effects given as

Q= Qsuvn — sp0,), (26)

«

1 1 1
b _ pp " v v
Capr = Bapy = 583900 + 5 Rauds — 5 Raudy

1 1
~ R~ SR(6%a. — o
+ 2Rl,ga;3 + 6R(5ﬂga” 9apoh). (27)

Equations () and (21) yield a link between the Weyl tensor and effective energy
terms through Riemann/Ricei tensors and Ricci scalar. In this way, the Weyl tensor
is also associated with the dynamics of dark sources and defines effects of tidal forces
due to gravitational as well as repulsive gravitational forces. The Weyl tensor is
further divided into electric and magnetic parts as

(eff) (cff)

E v = Cpavpufu’, M, = 577;10467051“&7/\ (28)
There are three nonzero components of electric part while two for the magnetic
part. These elements of the Weyl tensor can be written in terms of scalar functions

(eff) 1 (eff eff 1
E = 5(2(51) + (52)) <vuvl, — —h,w>

as

3
1 eff eff 1
+ 5(2(52) + & <s#sy - ghw> + €us (Vs + Vu5p), (29)
(eff) (eff) (eff)
M . =M, (kyv, + kyvy) + M, (kusy + kusy). (30)

3. Structure Scalars

Here we construct a set of structure scalars (scalar functions) through orthogonal
splitting of the Riemann tensor2l These scalars help to write down the set of
governing equations in simpler form. We decompose the Riemann tensor into energy
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terms with the help of Eqs. (@) and @28) as

B @ ®
R, = R+ R + RS+ Ry,

where

}(%EL _206m e 260, .
aﬁ_3(p+ p) Ul 5]+§p [a''8] ( )
Q)

Rl = —2ubnt) g, (32)

R gl BCO 4 g (33)
ap [e=g] [a™B ’

(M) (off) (cff)

Rgg = 26“”711,[ .2\4[3].y QEQﬂW’LL[“MV]'Y, (34)

€1y = Mgy’ the notations in top F (density and pressure), @ (heat dissipation),
E (electric part of the Weyl tensor) and M (magnetic part of the Weyl tensor) show
decomposed parts of the Riemann curvature tensor relating to various aspects of
fluid and carry the effects of dark sources. The triplets of the tensors are given as

(eff) (eff) 1 (eff) 1

Y 7 thauﬂuauﬂv X = 5"7?‘?!]%;)\”5“&“[3’ Z wo= EeuAéRg)y\Uﬂ

where R;woc 5= 2775 ,\agR is the dual form of the Riemann tensor. Using Eqs. (28)

and (BI)-(B4), we obtain

(eff) 1 (eff) 1 (eff) (eff) 1 1 (eff) (eff)
Y i = 5 Y0 by + 5@ + Vo) (0000 = Shias ) +5(2Ypp + Vo)

3 TF1 TF2 3 TF2 TF1

1 (eff)
X | Susy — §h’“’ + Yos(vus, + vusy).

Here the subscript T" stands for the trace part while the components with notations
TF1, TF2 and vs in subscript represent trace free parts of the corresponding
tensor. The scalar quantities

Cff) 1 (eff) _(eff) (cff)  (efr)  1(efD)
YT:E(p +3p), YTF1:61_§ 1
(eff) (eff) 1 (eff) (eff) (eff) 1 (eff)
TF2:E2_§ 2 vs:5vs_§ vs)
(eff)
are the set of scalar functions associated with the tensor Y ,,. Likewise, the set of
(eff)

scalar functions associated with the tensor X ,, are given by

(eff) off (eff) off 1 (eff)
X (eff) (eff)

T= P, rr1 — T &1 T 5 19
(eff) (eff) l(eff) (eff) (eﬁ) 1 (eff)
XTF2:_52__ 2 vs:_gvs_i sy
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(eff)
Inserting Eqgs. (28) and BI)—(34) in the expression of Z,,, we obtain

eff
(eff) (eff) 1 ( 5)

224 :MHV+ 92 q nvés

or equivalently,

(eff) (eff) (eff) (eff) (eff)
Ly = Zovuky + Z, vk, + 2y s,k + Z, 5,k

(eﬁ) (eff) 1 (eff) (eff) (eﬁ) 1 (eff)
Zl :<M1_§q2 ) Z2: M1+EQ2 )
(eff) (eff) 1 (eﬁ) (eff) (eff) 1 (eﬁ)
Z, :<M2_§Q1 s 4, = M2+§Q1 )

(eff)
are the structure scalars related to Z,,,.

Now we briefly discuss dynamical aspects of scalar quantities under the dark
effects of f(G) gravity. The set of scalar functions describe contribution of matter
as well as dark sources in the evolution of axially symmetric self-gravitating sys-

(eff)
tems. The scalar X expresses the total energy density of matter and dark sources
(eff) (eff) (eff)
of the system. Three scalars X,,.,,, X, ., as well as X, indicate combine effects
of anisotropy and electric part of the Weyl tensor in one and the same direction.
(ef)
Another scalar Yp represents sum of energy density and pressure (total energy)
(eff)  (eff) (eff)
of the system. The scalar Y, ,.,, Y., as well as Y, provide combine effects of
anisotropy and electric part of the Weyl tensor in opposite directions. The set of
(eff) (eff) (eff) (eff)
scalar functions 7, , Z,, Z,, Z, represent various combinations of heat dissipa-

tion and magnetic parts of the Weyl tensor. We note that matter as well as dark
sources take part in the dynamics of any axial symmetric system. If we neglect
matter contributions, then dark sources become responsible for the dynamics of
the system.

Here

4. Evolution of Axially Symmetric Dissipative Fluid

Here we discuss heat transport equation and explore the evolution of axi-
ally /reflection symmetric dissipative fluid through the set of evolution equations
associated with f(G) gravity.

4.1. Heat transport equation

The heat transport equation elucidates dissipation process and propagation of ther-
mal energy inside the system. The nonvanishing value of time relaxation param-
eter 7 (a positive definite quantity having different physical meaning) serves as a
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cardinal parameter in this equation which defines the time interval in which the
system returns to its steady state. Consequently, studying transient regimes, e.g.
the evolution between two steady states, the role of 7 cannot be ignored. The heat
transport equation for propagation of thermal perturbations under the effects of
f(G) gravity is given as

« (eg) af 1 2 Tut (eg)
Thiq,u' + ¢* = —Kh*(T 5 + Tag) — §KT (K'I[‘2> q*, (35)
i

where K and T represent thermal conductivity and temperature, respectively. By
contracting the above equation with s, and using Eqs. (I7) and (26), we obtain

T e (eff)
(@ + A+ G,
K [ —ET + A2T¢ KT2%q, [ Tut
= — e = — AT - 2 .
A ((A2B2r2 ¥ E2) “2> 2 (K']IQ)m (36)

Similarly, the contraction of Eq. (88) with v, gives

e e K KT? w
A( (eff) A( ff) ) H) _Z(T/ + BT(II) B q, < TU ) ) (37)
an

2 KT?

These two equations describe the effective thermal energy transport (thermal trans-
port due to matter as well as dark sources) in the presence of vorticity (spinning
configuration).

4.2. FEvolution of the system

The set of evolution equations depending upon dynamical variables give the dynam-
ics of collapsing stellar configuration. We have obtained this set of equations for
spherical as well as cylindrical symmetric configurations™ Depending upon the
problem under consideration (for axially symmetric configurations), these equations
are derived through the contraction of Bianchi and Ricci identities which are then
converted into scalar form by using structure scalars and projecting them with all
possible combinations of 4-vectors (u,v,s and k) 23 I the following, we formulate
these equations in the presence of dark sources under the effects of f(G) gravity.

4.2.1. Conservation equations

(eff)
From the conservation law, T",., = 0, we obtain two conservation equations in

terms of scalar quantities as

(eff) (eff) (eff)
Xy ut +29(Yr — p') + 4, + ¢"ay

+ [(201 + OZ)HI + (01 + 20_2)1_[2} =0, (38)

O =
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(eff) off 1 (eff) (eff) (eff) off
20,(Yr — D) + B, (5(23@ — Xp)y + %+ (q)y;auo‘>

4 (eff)
+ <§79h;w +ouw+ Wuu) q© =0. (39)

The first is the continuity equation which gives the evolution of energy density in

the presence of expansion scalar, heat dissipation, shear, pressure anisotropy as
(eff)
well as the scalar Y, and the second is named as the Euler equation. In order to

explore thermodynamical effects, we use Eqs. (35)—(1) and (39). The combination
of Egs. (38)) and (39) leads to effective inertial mass while Eqgs. (86) and (B7) provide
the relation between thermodynamics and vorticity. Just analogous to inertial mass
defined in classical dynamics (Newton’s second law), a similar concept also exists
in instantaneous rest-frame in relativistic theory. Since in instantaneous rest-frame,
the acceleration is parallel (proportional) to the applied force, so the inertial mass
behaves as a factor of proportionality among them #¥ However, in some cases, when
there is no interaction between particles, this factor of proportionality does not
represent mass of the particles. In such a case, this factor is referred to effective
inertial mass.

The value of effective inertial mass of a particle moving through a solid body
(like crystal) may differ from the value calculated for the same particle moving in
free space under the same force 22 In the present case, the combination of Eqs. GH)

and (B9) gives

(eff) (eff) KT 1 (eff) (eff) (eff)
l Y. ) a, = —hyIIieHe — gh;(wT —X7) ) — (O +ww) ¢

s

2(T—p —T

K 1 5 1 T
Sl 0 P e N ) (z (—)) . (40
+TH7V+|:T 6+2tnKT2 s (40)
where D, f = f ,u”. The expression on the right hand side contains some extra terms
other than dissipative terms which represent hydrodynamic force acting upon fluid
and dark sources. The factor multiplying with 4-acceleration on the left side depicts
effective inertial mass density given as

(eff) (eff) (eff)
2(Yr — p)(1—- ¥)

(eff)
with U = %(m. When the system deviates from thermal equilibrium state,
27’( T — 9
the effective inertial mass density of dissipative fluid is diminished by a factor
eff (eff) (eff)
(1 — ). It disappears for ¥ = 1 or even becomes negative for ¥ > 1. It can
(eff)

be observed that the factor ¥ depends upon the values of temperature, the scalar
(eff)
Yr as well as pressure in the presence of matter and dark sources. It is mentioned

here that in GR, the effective inertial mass density of the dissipative fluid is given
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(m)

by (p° + (r;)l)) which is reduced by a factor ¥ = In f(G) gravity, the

((m) +<m>
generalized effective inertial mass density becomes

(eff) (eff) (m) (m)
20Yr — p)=2Yr — p )+ [TRgps + 4Rupus — 4h )

X vaofc +2(ch - f)v

which is the sum of matter and dark source terms. In the absence of dark sources,

(eff) off (m) m
this reduces to 2(Ypr — ( )) = 2(Ypr — (p)). Thus the dark source terms affect

thermodynamics of dissipative collapsing system.
Now we check the relationship between thermodynamics and vorticity given in
Eqgs. (BA) and (@Z). For this purpose, we consider the system is in thermodynamic
iy
equilibrium in 6 direction and we assume (52) = 0 with constant (corresponding)
temperature. Under these considerations, Eq. (B6l) gives
(eff)
q( = —AQ q,
showing the spinning configuration (vorticity) or heat flux of matter in r-direction
which controls the vanishing of time propagation of meridional flow (thermal equi-

librium in @ direction). Inversely, under the same type of assumption in Eq. (37),

i li§
((?]1))’t = AQ((Z) shows that time propagation of the vanishing of radial heat flux at

initial time will depend upon the values of vorticity and meridional heat flux. From
the above discussion, we note that dark sources along with matter terms take part
in time propagation of thermal equilibrium in either direction (r and 6). In GR, it
depends only on matter and vorticity.

4.2.2. Ricci evolutionary equations and kinematic variables

Here we discuss the evolution of kinematical quantities and effects of dark
sources through Ricci evolutionary equations (propagation equations of expansion,
shear /vorticity tensors and constraint equations). The time propagation equation of
expansion scalar () is derived by contracting Ricci identities for 4-velocity vector
u#. It is given in terms of scalars as

(eff)
9. ut + 192—|—2(a -0 —all, + Yp =0, (41)

where 02 = oo™ . We note from this equation that for axial symmetric system,

the evolution of expansion parameter depends upon shear velocity and the scalar
(eff)
Y7 in geodesic as well as nongeodesic cases. In the absence of matter, dark sources
control the evolution of expansion scalar.

The propagation equation of shear tensor is obtained by contracting Ricci identi-
ties with 4-velocity as well as the combination of projection tensor and unit 4-vectors
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given by

2 1
W BT apnu + 05 0ua + 5190,“, — 5(202 + 0% —al )y
3 (eff) 1 (eff)
+WuWy — Ay, — h?ﬂhy)aa;ﬁ + E . — 3 II,,=0.

Additionally, contracting this equation with ss, vv and vs, respectively, it follows
that

1 eff)
o2.4uY + 3% (0, +20) — (202 + Q% — al) — 3(5%s" an.p + a?)+ Y., =0, (42)
(eff)

”Y) - 3(’Uavﬂaﬂ;04 + al) + Y =0, (43)

1
o1,,uY + 30 (o, +20) — (20% + Q% — a?
! (ag) v
3(01 —0,)Q—a,a, — v\ aq3+Y,s = 0. (44)

Equations (f2) and [{3) demonstrate that the evolution of shear depends on vor-
(cff)  (eff)
ticity and scalars Y, ,,, Y, .,. If we consider geodesic fluid with vorticity free con-
(eff) (eff)
dition, then expansion parameter and scalars Y,..,, Y, ., will control the evolution
(eff) (eff)
of shear scalars. Since Y., and Y., contain pressure anisotropy and electric part
of the Weyl tensor, therefore these scalars will affect the shearing collapsing fluid.
(eff)
Equation (4] in geodesic case with vorticity free condition gives Y,s = 0.
Constraint equations are obtained as

v (2 o o )
hu (519;” ~Ouia + Qy;a) + (U#V + QHV) a = q (45)
« Brd (ef)
2w, a,) + h(ﬂhl,)[g(ao,Y + Qayyion” e = M . (46)

The contraction of Eq. (AB) with v and s gives the following scalar equations

2 1 1
3—B19’ — Q2.08% + Q5,50 0" — s%) + a0, - a,Q — gal;ava
_1(20 +o )(”a —a—l)—l(o +20 )(s sas"—a—l) _— (47)
3 1 2 e} 3 3 1 2 via 3 - q1 9
1 2F .
§(E2 + A2B*?)3 (2.4199 + 76) + "23“2 + wia 0™ + Qv
1 1
+$BUVSV;[3) + Qay — 502;(18& + 5(02 + 20,) (sy;asas” — (;—2)
1 0w G (cff)
—3lo 420 (s - ) =2 (48)
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Similarly, contraction of Eq. (#6) with vk and sk provide

1 (eff)

—Qa, — §(vakﬂ + k%vg)(0as + Qaé);wﬁﬁw =M, (49)
1 «@ « Bvo (cf)

—Qa2 — 5(8 kﬁ + k Sﬁ)(Jm; + Qaé)wﬁ = M2. (50)

Equation (7)) demonstrates that effective dissipation scalar rules the propagation
of vorticity in the case of shear and expansion free geodesic fluid. In this way,

dark sources affect the vorticity of fluid. Equations (@0)-(0) exhibit the relations

(eff) (efl) (off) (eff) .. .
between M,, M,, q,", ¢, ,shear and vorticity. Thus these relations also affect the

29
evolution of expansion scalar.

The time propagation equation for the vorticity tensor €2, can be derived from
Ricci identity by contracting it with the combination of projection tensor and 4-
velocity vector asl¥

2
ho Qg + 390 + 200, - het b s = 0. (51)

v

Contraction of the above equation with vs yields
1
Q u® + 5(219 +o, +0,)Q+vMs"a,, =0, (52)

which expresses the evolution of vorticity. We note that it does not depend on dark
term even in the presence of dark sources due to f(G) gravity. Hence for general
fluid, vorticity is not affected by dark sources.

4.2.3. Bianchi evolutionary equations and density inhomogeneity

Bianchi evolutionary equations or evolution equations for the Weyl tensor are given
in Appendix A. The Weyl tensor usually narrates the effects of gravity due to tidal
force in the universe. In our case, it describes both attractive (gravity) as well as
dark source (repulsive) effects due to the coupling of tidal force with dark sources.
Evolution equations for various components of the Weyl tensor establish relations
among structural scalars, dark sources and tidal force. These equations evaluate
inhomogeneity (irregularity) factors in the system. The collection of dynamical
variables which causes density inhomogeneity is known as density inhomogeneity
factor. The vanishing of such combination of dynamical variables is the necessary
and sufficient for homogeneity of energy density (hz(epﬁ)w = 0). The two Weyl
equations are obtained by contracting Eq. (A.2) with v, s and using scalar functions

1 (eff) y (eff) y 1 (eff) (eff) 5 3 1 .
_EXTFLV’U - XUS,VS - §(2XTF1 + XTF2)(U;V —agv ) - §$a§l/s v
(eff) (eff) (eff) 1 (eff) (eff)
X (XTFI + XTF2) - X‘Us (sa;yvavu + Szju - al/sy) - §M2 (01 + 202) — 30 1
1 (eff) v 1 (eff) (eff)
:gp;uv _gql (219—01)+4QQ27 (53)
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1 (e® ()] (eff) CON L1 (e (e
§XTF2VS - Xus,uv - E(XTFl + 2XTF2)(S;D — ays ) - 5(2XTF1 + XTFz
(eff) 1 (eff) (eff)

X Uiy s°0” = X, (Vs + 0, — a,0”) + 5 M, (20, +0,) — 3QM,

vs

(eff)
1 (eff eff
=P 209 - L 20 - ,, (54)

(eff) (eff) (eff) (eff) (eff) (eff) (eff)
where the scalars X ..., X, .., Xus, Z,, Z,, Z, and X, generate energy density

inhomogeneity. In order to investigate the role of dark sources in energy density
inhomogeneity, we suppose that matter contribution is almost absent which leaves
only dark source terms. This indicates dark sources as agent of energy density
inhomogeneity. In the absence of f(G) terms, magnetic part of the Weyl tensor
produces irregularity in the respective region. Thus the inhomogeneous distribution
of dark sources leads to heat dissipation and dark source effects in the interstellar
region to produce energy density inhomogeneity. Since the magnetic part of the
Weyl tensor as well as the dark source terms are not zero, therefore, the axial
system remains inhomogeneous in this gravity.

5. Final Remarks

In this paper, we have explored the evolution of axially and reflection symmetric
dissipative collapsing fluid under the influence of dark sources due to f(G) gravity.
For this purpose, we have considered the modified gravity coupled with dissipative
anisotropic fluid and constructed structure scalars through orthogonal splitting of
the Riemann tensor. We have formulated the set of evolution equations in terms
of these scalars reflecting the physical meanings and their role in the dynamics of
the system. We have found that the inhomogeneous distributions of dark sources
generate pressure anisotropy and heat dissipation while the kinematical variables
are not disturbed under influence of dark sources. The summary of results is given
as follows.

We have evaluated tidal effects through the Weyl tensor in the presence of
dark sources which deals with gravitational (attractive) effects of tidal force. This
represents the effects for both gravitational as well as repulsive forces. We have
constructed a set of 12 scalar functions which further consist of energy terms (energy
density, pressure, dissipation, anisotropy), electric and magnetic parts of the Weyl
tensor. These scalars simplify the complexities of the dynamical analysis of the
system. We have also formulated heat transport equation and a set of evolution
equations which demonstrate effects of dark sources in thermodynamics as well as
dynamics of dissipative collapsing fluid. We have studied thermodynamical aspects
of the system through the combination of transport equation and the Euler equation
of motion. It is found from Eq. (B9) that inertial mass of the system is reduced by
a factor depending upon the thermal effects as well as dark sources. The coupling
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of heat flux with vorticity controls thermal equilibrium in  and # directions of the
fluid flow.
We have seen that kinematical variables remain unchanged under the influence

of dark sources but their evolution is effected by it. Evolution of expansion scalar is
(eff)
determined by shear, vorticity and Y7 in geodesic as well as nongeodesic case. The
(eff) (eff)
two scalars Y, ., and Y, ,,
while the evolution of vorticity does not depend upon dark sources but its absence
(eff)
in geodesic case leaves Y, = 0. From the evolution equations of the Weyl tensor,
(eff) (eff) (eff)  (eff) (eff) (eff)
we have found that the set of seven scalars X, .., X, .., Xvs, Z,, Z,, Z, and
(eff)
X, are the inhomogeneity factors. The presence of dark sources in these scalars
also produce pressure anisotropy, heat dissipation and repulsive tidal forces which
generate density irregularity in the system. In GR, all the collapsing factors depend
only upon matter contribution but in our case, dark sources also play crucial role.
Thus the presence of dark sources not only explain the cosmic expansion but also

affect the collapsing configuration.

control the evolution of propagation equation of shear

Appendix A. Bianchi Evolutionary Equations

These equations are derived by using Eqs. (@) and ([27) in Bianchi identities
(Ruw&ﬂ + Ruvpris + Ruvepe = 0) given as

po s G CoRIN o (eff)
Gy Bapnu” + 0 B + by B apo®™ =3 E 07 + hi,n,) " us M yak
B (ig)a(uﬁi) B 2J(\elﬂf)’(uny)samu5a“ _ %((e';f) . (egf)) 119(erf[f)w
h’l’n) H)aﬂ;5“5 - %an(ﬁ@u) - % ?M(eff[f)wa - a(u(eg )V)
n %((erf[f)aﬂaaﬂ Cane + (;g);a)h - h(uhy)(‘if) o (A1)

N ﬂy(eff) 56n ( f) (eff)
huh E agw — UM u(saﬁ M oy +3M pw”

v (e
= ghﬂ
(eff) (eff) (eff) (eff)

(0us B + 3 E® )™ +aP M 5, — MPY  hg,,

1 (eff) 1/2 eff
w = G W upa — 5 (gﬁhz —out 3QZ> ki (4.2)

(eff) (cff)

1 (eff) (eff) 1
q ,ul/—’_ Hﬁl’( E+Q€)

=50 + P ) Qe + 5 e, (A.3)
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(cff) e o, 2 (cf)  (eff)
QQV]EH,Qeg — E gu5hie V—|—E V5€’W<+ 19M,{,Y—|—Maﬂ5uh Pan~y
(eff) (eff) (eff)

- Mé’Y(JéN + Q(SN) + (Jl/§ + QI/(S)MQNEK,OLEf;V + ﬁMaﬂﬁnoz :5

1 (eff) 1 (eff) .
6 p V'm"’_ Huﬂvhﬁfg
5 | Do + Do (004 U 3000 ) | 2 (A4)
9 q iz q |\ Okv % % €y - .
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Abstract. This paper investigates the influences of dark sources on the evolution of shear-free axially
symmetric dissipative fluid in f(G) gravity. Matter contents (energy terms of the system), corresponding
dynamical variables as well as scalar functions are derived in the presence of dark sources. The dark terms
appear as one of the sources producing pressure anisotropy and heat dissipation. We then study non-
geodesic and geodesic fluids with and without dissipation under shear-free condition. The non-geodesic
(non-dissipative) fluid gives inhomogeneous expansion while the geodesic fluid makes the system either
vorticity-free or expansion-free. The vorticity-free non-dissipative geodesic fluid reduces the axial system
to FRW model in the presence of homogeneous distribution of dark sources while the expansion-free
geodesic fluid does not exist even in the presence of dark sources.

1 Introduction

On the basis of recent cosmological observations, it is believed that there is an obscure type of energy possessing
repulsive force pushing various cosmic objects far away from each other against their gravitational force. This strange
energy is termed as dark energy and is considered as the pivotal constituent for cosmic accelerated expansion. In order
to study puzzling effects of dark energy and cosmic accelerated expansion, the Einstein-Hilbert action has been altered
leading to various modified (alternative) theories of gravity. Modified Gauss-Bonnet (GB) gravity or f(G) gravity
is one of the modified versions of general relativity (GR). This is obtained by adding an arbitrary function of GB
quadratic invariant G (f(G)) in the action [1], where G = R*> —4R,,, R"” + R,,,5,R"°? (R, Ry, R0, are the Ricci
scalar, Ricci and the Riemann tensors, respectively).

This theory efficiently elucidates cosmic accelerated expansion and transition phases of the universe from deceler-
ation to acceleration [2]. The solar system experiments are essential constrains on modified gravity that measure the
deviation of these theories from GR. A viable gravity model must satisfy these constraints and f(G) theory passes
all solar system tests [3]. Furthermore, it explains black hole thermodynamics [4] and avoids all possible four types
of finite time future singularities [5]. This theory has also been explored to study dark energy as well as inflationary
era [6]. We have investigated energy conditions, wormhole solutions, built-in inflation, Noether symmetries, spherical
wormbhole solutions with conformal symmetry as well as dynamics of self-gravitating fluids [7-14].

Stellar objects undergo various phases during their evolution due to different kinematical factors including the shear,
which measures distortion in configuration preserving the volume. The role of the shear tensor during the evolution
of stellar objects and the consequences emerging from its vanishing have attracted many researchers. Glass [15]
observed that the shear-free condition leaves a perfect fluid irrotational if and only if the magnetic part of the
Weyl tensor vanishes. Collins and Wainwright [16] showed that the class of shear-free evolving irrotational perfect
fluids having equation of state p = p(p) is either an FRW model or a special case of plane symmetric models.
Tomimura and Nunes [17] investigated a radiating collapse with heat flow of shear-free geodesic fluid. Herrera et
al. [18] investigated the stability of spherically symmetric anisotropic matter distribution under this condition. Herrera
and his collaborators [19,20] provided a comprehensive analysis of shear-free rotating fluid in the presence of pressure
anisotropy and heat dissipation.

Modified theories are consistent with GR in the weak field regime but may deviate in the strong field. Gravitational
collapse is classified as the phenomenon of strong field, hence modified theories can be the best candidates to explain
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b
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this phenomenon. These theories may remodel the collapse process as well as improve its dynamics which may unveil
fascinating results related to the structure formation of the universe. In this regard, Sofuoglu and Mutusg [21] analyzed
stellar system with perfect fluids under shear-free condition and found two f(R) models which incorporate rotation
as well as expansion. Sharif and his collaborators [22,23] studied the influences of f(R) gravity on the evolution of
spherical as well as axial system with shear-free fluids. Jawad and Rani [24] discussed the dynamical instability of
spherically symmetric collapsing star under shear-free condition in generalized teleparallel gravity.

It is believed that astrophysical objects are endowed with angular momentum, e.g., stellar compact objects (like
white dwarfs or neutron stars) are in rotational motion and can deviate from spherical symmetry, which gives rise
to axial symmetry. Thus, the dynamical analysis of self-gravitating fluids with this symmetry would be interesting.
Herrera and Varela [25] investigated the effects of axially symmetric perturbations of matter variables by considering
only perfect fluids. The assumption of perfect fluid seems to be a stringent restriction for axially symmetric sources
even in the static case [26,27]. Sharif and Bhatti [28] explored instability regions for axial and reflection symmetric
systems with anisotropic matter configurations. Sharif and Manzoor [29] examined the dynamics and stability for axial
and reflection symmetric model in self-interacting Brans-Dicke gravity. They also studied the effects of dark source
terms on a dissipative axially symmetric collapsing fluid [30].

In this paper, we investigate the effects of dark sources by taking a general source comprising dissipation and
all non-vanishing stresses consistent with axial symmetry in the modified Gauss-Bonnet gravity. The paper has the
following format. In the next section, we provide formalism of gravity for axial system with general source. Section 3
yields non-zero structure scalars corresponding to the system. Section 4 explores shear-free axial model by considering
geodesic as well as non-geodesic fluids. Finally, we summarize our results in the last section.

2 f(G) Gravity and axial system

The action for f(G) gravity is given by [1]
1
S = 5z [ dlalR+ FGIV=G+ Sur, )

where & is the coupling constant and Sj; is the matter action. We assume the unit system x2 = 8%9 =1 (g is the
gravitational constant and c is the speed of light). Varying the action (1) with respect to g, we obtain

(eff) (m) (GB)
gHV:T/,LV:T[U/—i_ Tuz/a (2)

where the notation (eff) (shorten for effective) denotes the combined effects of matter and dark sources (GB terms),
(m)  (GB)
G, is the Einstein tensor and T ,,/ T ,, are the energy-momentum tensors for matter/GB terms, respectively,

(GB)
T pr — 8[Rupu0' + prgo'u - Rpo'guu - R;,wgap + Ruagup

+ S R(Guuiop — Gurtnn) VOV fe + (Gl =~ g (3)

where G in subscript denotes derivative of f with respect to GB invariant. This is the energy-momentum tensor
contributing the gravitational effects due to f(G) extra dark source terms. We assume the f(G) model [31],

f(G) = aG™, (4)

where « is any constant and n > 0. For the viability of this model, it must satisfy the conditions that f(G) and
all its derivatives (fa, fea, faca, - -.) are regular and fae > 0, VG [3]. The model parameter n has some significant
effects on R+ f(G) cosmology. For n < 0, this model describes transition from non-phantom to phantom phases while
0 < n < 3 gives transition from decelerated to accelerated universe [31].

The line element for axially and reflection symmetric system is [20]

ds? = —A%(t,r,0)dt? + B2(t,r,0)(dr? + r2d6?) + 2E(t,r,0)dt dO + C?(t,r,0)dp>. (5)

The energy distribution of respective fluid observed by an observer with four-velocity u# (u* = (A7!,0,0,0) and
u, = (—A4,0, %, 0)) can be represented by the energy-momentum tensor given by

(eff) (m) (GB) (eff)  (eff) (eff) (eff) (eff) (eff)
THV:TMV+ T;u/: P+p uuuu+ pguV+H[LV+ qpul/+ q U (6)
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where effective energy density, isotropic pressure, anisotropic tensor and heat flux, respectively are defined as

(eff) (m) (GB)
p=p+

)

(eff) _ (m)  (GB)
pr=p+ ;

(eff) (m) (GB) off m GB
=1t I ., (eff) (m) (GB)

Iz 9 pu 9 p

We obtain these effective quantities from eq. (6) using eqs. (3) and (4) as

gy (eff) (m) 3
S =T’ = T e’ + S5 [Rgu VOV —a(n = 1)G", (7)
(eff) (eff) (et . n
q,=—pu,— T pu” ==2na[Rgyeu,|V’VIG" +2a(n — 1)G"uy, (8)
) 1 (cff) 1, m 11
(ep) — ghl“/ T = gh;w T . + 4nao {SRQW + Rupug, — hpa] VPVIG" + 3a(n — 1)G", 9)
(eff) (eff) off (m) m b) 9
I = h3hS ( T s — <p>haﬁ> = hh (T «f — <p>ha[,> + 8na[8Rggp5W +3
1 1 1
X Rgoptyty, + ingph,w + §Rhwupuu + §Rugupuuul, — Rhyohpy
11
x VPVIG" + a(n — 1)G"™ (0, + upuy) + {8Rgpa + Ru,uy, — hp(,]
X 4naVPV?G"hyy, + 3a(n — 1)h,, G", (10)

where hy,, = guu + uuu, is the projection tensor. If we put n = 0, the f(G) model becomes constant and all these
energy terms reduce to matter part only. The constant f(G) model (i.e., f¢ = 0) corresponds to the cosmological
constant and standard results are imitated. The spacelike unit four-vectors are defined as

wo oo oo

1 .
vy = Bs! s, = Z(A2B2T2 + E2)%52 k'# _ 053
which satisfy the relations

By — —phy — —hg — Ml — _
utu, = —vtv, = —st's, = —k'k, = —1,

T 7% Ay VN 75 S 5V,
utv, = uts, = u'k, = v's, = 'k, = ks, = 0.

Pressure anisotropy cannot be ignored during collapse process which has significant effects in controlling hydrostatic
equilibrium. Some prominent sources for pressure anisotropy are the magnetic field present in the compact objects,
magnetized strange quark stars, magnetic field acting on a Fermi gas, viscosity present in neutron stars as well as
in highly densed matter [32-35]. For the sake of convenience, we convert anisotropic tensor (10) in terms of scalar
quantities as follows:

(eff) 1 (eff) (eff) 1 1 (eff) (eff) 1 (eff)
I, = 3 211, + Il Uy — gh/w + 3 2115 + I, SpuSy — ghw + 2 IT 4sv(y5,), (11)
where
(eff) U(Cf‘f) (eff) y 5 y (eff)
II s =v"s" T 0, II, = (2v"v” — st's” —kMEY) T 0, (12)
(eff) (eff)
II, = (2s"s” — KMk —ot0”) T . (13)
(eff) (eff) (eff)

These indicate that the anisotropy scalars, II s, Il1 and Il5, depend on matter as well as dark sources. Hence the
inhomogeneous distribution of dark sources generate pressure anisotropy in collapsing fluid.

Dissipation of heat flux (due to emission of photons or neutrinos which are massless particles) during collapse
cannot be overemphasized. Indeed, it is a characteristic process during stellar evolution. Dissipation due to neutrino
emission of gravitational binding energy leads to formation of neutron stars or black holes [36]. The field equations
along with the condition ¢"u, = 0 give Tz = 0 implying that

(eff) (eff) (eff)
q w q1 Yy + g2 Sps (14)
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where (et (i)
i F off F T eff
(gl) = (Ce]u)vﬂ =T uuuuvuv (6612) = (?IM)S# =T ;wuus'u- (15)

These equations indicate that inhomogeneous distribution of dark sources generate heat dissipation.

2.1 Kinematical variables and the Weyl tensor
The characteristics of self-gravitating collapsing fluid depend upon the behavior of kinematical variables including
four-acceleration, expansion scalar, shear tensor and a vorticity vector. The four-acceleration gives combined effects

of gravitational and inertial forces given as

v
ay = u Uy = a1V, + ass,, (16)

E [ A N E N A?
A2 A FE A
prime represents partial derivative with respect to radial coordinate, dot is the temporal and @ indicates derivative
with respect to theta coordinate. The expansion scalar controls the volume expansion of the fluid and is defined as

where
A
AB’ T (A2B?r2 + Ez)%

, (17)

ayp =

g B [(B ¢\, (B A B O\ B -
= u' = —— —_— — T _— = — e - - ———
o AZB%r2 4 B2 B C B A E () A2B2
The shear tensor measures distortion appearing in the fluid motion given as
1
Opy = U(py) T QpUyy — gﬂh}w' (19)
The alternative form of shear tensor in terms of two scalar functions o1, o9 is
1 1 1 1
O = §(201 +09) | vy, — ghw + 5(202 +o1) | susy — ghw . (20)

The non-zero components of shear tensor are derived in appendix A. Equations (A.1)—(A.3) imply that

B C)\3

B C A E C)\ FE? 3
2 =|[=-= 4B - | = - = - = — | 22
72+ <B c) r (A B c) A | (2357 1 B9 (22)
The local spinning of the system is defined by the vorticity vector as
1 via, B 1 va, B
Wy = §nuyaﬁu TuT = §nuuaﬁ0 u-, (23)

where 7,05 and 2, = uj,,) + apu,) define the Levi-Civita and vorticity tensors, respectively. Another form of
vorticity tensor in terms of vorticity scalar function (2 is given as

E E' _ 24
R = (5,0, — s,0,), N = (g — %) . (24)

2B(A2B2r? + E?)2

Equations (23) and (24) yield w, = —£2k,,. Equation (24) implies that the system becomes spinless ({2 = 0) if and only
if £ = 0. From the expressions of kinematical variables, we observe that they are totally depending upon geometrical
terms and there is zero contribution from matter /dark sources. This implies that dark sources do not affect kinematical
variables.

The Weyl tensor describes the tidal force effects upon the system as

L " 1 s 1 v 1 v 1 1 L
C‘;BV = Rlaﬁl/ — iR/ﬂgaV + iRauaﬁ — iRO‘/‘(S/B -+ iR,‘jgag + ER(élﬁga” — gagéfj) (25)
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Equations (2) and (25) generate a link between the Weyl tensor and effective energy terms through Riemann/Ricci
tensors and Ricci scalar (which involve in modified field equations). In this way, the Weyl tensor is also associated
with dynamics of dark sources and defines effects of tidal forces due to gravitational as well as repulsive forces. The
Weyl tensor is further divided into electric and magnetic parts as

(eff)
E ur = ,uowﬁuuuy7
(eff) 1
= §rma5705;u°‘u>‘ (26)

There are three non-zero components for electric part while two for the magnetic part. These elements of the Weyl
tensor can be written in terms of scalar functions as

(eff) 1 eff eff 1 1 eff eff 1
E w = g <2(51) + (62)> (UMUV — Shuy> + - 3 (2(52) + (51)) <5u5u _ ShHV) + EUS(UMSV 4+ UVSH)7 (27)
(eff) (eff) (eff)

w = My (kyvy + kyvy) + Mo (kusy + kusy). (28)

3 Modified structure scalars

In this section, we calculate structure scalars by orthogonal splitting of the Riemman tensor [37]. We decompose the
Riemann tensor into energy terms with the help of egs. (2) and (26) as

® Q@ ®
RS =R+ RL;+ RS+ RS,

where
G (eff) | (eff) g 20, .,
Rzﬁ = g < p + 3p ) Hu[ahﬁ]] + g P hﬁlhﬁ]a (29)
(QL)V ] (eff)
foﬁ = 2u["h[] q g (30)
R gl B 4 gl ey (31)
ap = FUT Uy [a™p]
(M) (eff) (eff)
RIY = =2 Vg M g, — 2eqp,ul" MY, (32)

€y = MU, the notations in top F (density and pressure), @ (heat dissipation), E (electric part of the Weyl
tensor) and M (magnetic part of the Weyl tensor) show decomposed parts of the Riemann curvature tensor relating
to various aspects of fluid and carry the effects of dark sources. The triplets of the tensors are given as

(eff)

Y = R#a,,ﬁuauﬁ,
. %%;Rgguﬁ,
where R}, .5 = 2775>\QBR% is the dual form of the Riemann tensor. Using egs. (26) and (29)—(32), we obtain

(eff) 1 (eff) 1 (eff) (eff) 1 1 (eff) (eff)
Y =3 sYrhu, + 3 3 2Yrp1 +Yrro | (vpvn — ghw + 3 2Yrr2 +Yrr

1 (eff) (eff) (eff) 1 (eﬂ)
X | 88, — §h‘“’ + Yos(vpsy +vusy), Zyw = My, + = 3 ¢° e

Here the subscript 7' stands for the trace part while the components with notations TF1, TF2 and vs in subscript
(eff) (eff)
represent the trace-free parts of the corresponding tensor. The scalar quantities corresponding to X ,,, Y ,, and
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(eff)
Z . are, respectively, given as
(eff) (o) (eff) (effy  1(eff) (eff) (effy  1(efH) (eff) (eff) 1 (eff)
Xr=p, XTF1:*€1*§ 1, XTF2:*52*§ 2, vs = —€vs — 51lus,
) 1 [(eff) (eff) () (o)  1(ef) (eff)  (efr) 1 (efD)
Yr = ep +3p ), Yrpy = &1 — = 1Ty Yrps = &5 — = 1Ty,
2 2 2
(eff) off 1 (eff) (eff) (eff) 1 (eff (eff) (eff) 1 (eff
Yis = (5115) — -1, Zy = | My - *((J2) ) Zy = | My + *((J2) )
2 2 2
(eff) (eff) 1 (eff) (eff) (eff) 1 (eff)
Zy = | My—Sq1 |, Zy = | M2+ - q1 |,
2 2
This is a set of 12 scalar functions which describe the evolution of axially symmetric self-gravitating systems in
(eff)
the presence of matter as well as dark sources. The scalar X1 expresses the total energy density of the system due to
(eff) (eff) (eff)
matter and dark sources. Three scalars Xrpr1, X1ro as well as X5 give combine effects of anisotropy and electric part
(eff)

of the Weyl tensor in one and the same direction. Another scalar Yr represents sum of energy density and pressure
(eff) (eff)  (eff)
(total energy) of the system. The set of scalars Yrp1, Yrpa, Yis provide combine effects of anisotropy and electric part
(eff) (eff) (eff) (eff)

of the Weyl tensor in opposite directions. The scalar functions 7, Zs, Z3, Z4 represent various combinations of
heat dissipation and magnetic parts of the Weyl tensor. We note that matter as well as dark sources take part in the
dynamics of any axial symmetric system. If we neglect matter contributions, then dark sources become responsible for
the dynamics of the system.

4 Shear-free axial system

Here we study the effects of shear-free condition on axial system in the presence of dark sources for non-geodesic (as
well as geodesic) dissipative (as well as non-dissipative) cases. For this purpose, we have developed a set of governing
equations corresponding to the system and heat transport equation in appendix A.

4.1 Non-geodesic condition

We assume that the evolution of non-geodesic dissipative fluid is shear-free (0,3 = 0 = 01 = 02). Under this assump-
tion, egs. (21) and (22) yield

C(t,r,0) = B(t,r,0)Ry(r,0), E(t,r,0) = A(t,r,0)B(t,r,0)Ra(r,0), (33)

where Ry (r,0), Ra(r, 6) are functions of integration with respect to temporal coordinate ¢. These functions must satisfy
R1(0,0) = R2(0,0) = 0 to be compatible with regular condition at the origin. Equation (A.13) provides

(eff)
2U}<aaﬁ> + V<awﬁ> = Maﬁ (34)

Here V,wg = hfjwg;, and angled brackets indicate symmetric and trace-free part. The above equation implies that
under shear-free condition, the effective magnetic part of the Weyl tensor depends upon the rotational function and

for w, = 0, we have (?\?ag = 0. Inversely, (j\?ag =0 in eq. (31) yields
Vaow® = —2a,w®. (35)
However, egs. (19) and (23) in the shear-free condition yield the identity
Vow® = aqgw®. (36)

Equations (35) and (36) imply that w, = 0 which further gives 2,5 = 0 (from eq. (23)). In both cases, we obtain
(eff)
M .5 = 0 implying that

(off)  (eff)
M1:M2:0<:>Q:0, (37)
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which provides that necessary and sufficient condition for irrotational shear-free fluid is the vanishing of magnetic part
of the Weyl tensor. For shear-free irrotational fluid, eqs. (A.14) and (A.15) give heat dissipation scalars as

(ceff) 29, (eff) v

Q1 = 3B’ q2 = 3BT (38)

This shows the behavior of expansion scalar which depends upon heat dissipation. In the absence of dissipation, eq. (38)
implies that the expansion scalar depends upon temporal coordinate only, i.e., ¥ = 9(t) (becomes homogeneous) but
dissipation due to dark sources does not vanish. Hence the expansion of axial system remains inhomogeneous under
the influence of f(G) gravity.

4.2 Geodesic condition

Here we restrict our system to be geodesic, i.e., a system with vanishing four-acceleration. Consequently, eqgs. (17)
and (18) provide
A = R3(t,0), Ro9B = Ry(t,0), (39)

where R3(t,0) and Ry4(t,0) are arbitrary functions of integration representing null contributions from a; and ag,
respectively. Under regularity conditions, we have 2(¢,0,0) = E(t,0,0) = 0 (eq. (33)), i.e., the vanishing of the
coefficient of cross term results irrotational fluid. The condition E(¢,0,0) = 0 further gives Ra(¢,0,6) = 0 and,
consequently, from eq. (39), we obtain R4(t,0,60) = 0. As a result, we have either 2 = 0 or ¢ = 0. A similar result can
be found from eq. (A.16) which reads, for the underlying case,

2 2
R Qapyu) = —300u, o1 2ou =290 (40)

This equation along with egs. (18), (21) and (22) provides ¥{2 = 0 which indicates that shear-free geodesic fluid yields
either 2 =0 or ¥ = 0. In the following, we analyze both cases separately.

Vorticity-free expanding fluid

First we consider the case with 2, = 0 but ¥ # 0 which implies that A = R3(t), E = 0. After reparametrization of
time coordinate, the line element (5) becomes

ds? = —dt* + B?(t,r,0) [dr? + r2d6® + F?(r,0)d¢?] . (41)

This represents restricted class of axially symmetric cosmic structure. The continuity and Euler equations (egs. (A.6)
and (A.7), respectively) reduce to

fF F fF )
<ep);auoé+ ((ep>+<ep>) 19+(eq);a o, (42)
eff (eﬂ)u eff 4 (eff
hg <(p),ﬁ + I g, + (q)ﬁmu“> + 519( q)a =0, (43)

while the heat transport equation (A.4) gives

(eff)” Cidla 1 o Tu® (eff)"
hey u® = —Kh*(T,)— KT . 44
Thy ¢ . u™+ q (To) =5 <KT2),aq (44)
The combination of eqs. (43) and (44) yields
(efh)! ) K 11 T 5 ] (eft)
ﬂ —_ — | — — _— _ = =
WAL g +Va P+ —VaT [T + 5D (1n <K’]1‘2)> 619} 7. =0, (45)

which gives a link between pressure gradient, pressure anisotropy and thermodynamic quantities. This suggests that
any acceptable equation of state for the system under consideration is restricted by thermodynamic quantities through
the heat transport equation. Equations (A.9)—(A.11) give

(off)  (ff)  (eff)
Yrr1 = Yrpe = Yy = 0. (46)
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(eff)
The vanishing of this set of scalar functions associated with the tensor Y ,,, provide the relations

(eft) 1 (eff) (eff)  1(eff) (effy 1)

= — = — — 4
€1 2 1 €2 2 2 Eus 2 Vs ( 7)
(eff)
and, accordingly, the tensor X ,,, reduces to
(eff) (eff)
Xrp1=—2¢€1,
(eff) (eff)
Xrpo = —2¢2,
(eff) fF
Xvs = 72(5(?vs)~ (48)
eff eff
Now we turn our attention to non-dissipative fluid in the respective case, i.e., (ql) = (qg) = 0. Under this condition,
egs. (18), (38), (42), (46) yield homogenous parameters given by
(eff)  (eff) (eff)  (eff)
B(t7ra9) = Oz(t)b(?’,@), p = p (t)a p =D (t)a
(eff)  (eff) (eff)  (eff) (eff)  (eff)
Hl = Hl (t), HZ = HZ (t)a Hvs = Hvs(t)7
(eff) (eff) (eff) (eff) (eff) (eff)
g1’ = &1 (t), g9 = e9'(t), Eps = Eys (t). (49)

This is possible only if our f(G) models become constant (n = 0) which shows homogeneous distribution of dark
sources. In our case, we cannot choose n = 0 and therefore the above quantities remain inhomogeneous. We examine the
non-dissipative shear-free geodesic evolution and homogeneous distribution of dark sources. The differential equations
of the Weyl tensor (A.17)—(A.19) reduce to

1 [ (D) (ep) 1 (eff) —1 [(eft) (eft)  1(efD)
5 | Xrrm— p' | +germd=—| p + p +51 |7, (50)
3 . 3 3 3
. (off) 1 (ef)
—ngiﬁ) —UXys = g 11 .9, (51)
1 (eff) eff J (eff 1 eff eff 1 (eff)
3 *XTFQJF(P) +f(52):ff (p)+(p)+7172 9. (52)
3 . 3 3 3

Using (48) and (49), the above set of equations can be integrated to

eff 2 eff 2 eff 2

(51) = c1 €xp (—3 /ﬁdt) , (52) = 9 €Xp (—3 /ﬂdt) , (svs) = c3exp <—3/19dt> ,
where ¢1, ¢ and c¢3 are constants of integration. Equation (18) along with eq. (30) gives ¥ = 3% and hence the
expressions in the above equation are calculated as

(eff) c1 (eff) 2 (eff)  c3
El—ﬁa €2—§7 Evs—ﬁ-

This suggests that B in (49) reduces to B = ((¢) and the line element represents FRW spacetime for ¢ > 0. This
is consistent with GR [20] in the case of homogeneous distribution of dark sources. Otherwise, the axial system (41)
preserves its symmetry under dissipation-less case in the presence of dark sources.

Expansion-free rotating fluid

Now we consider {2 # 0 but ¢ = 0, i.e., expansion-free but rotating fluid. The assumption {2 # 0 indicates that the
metric (5) remains non-diagonal while the expansion scalar (18) with assumption ¥ = 0 indicates that the system
becomes time-independent. Equations (A.8)—(A.10) yield the relations

(eff)  (eff) (eff) ,
Yo = 2Vrp = 2Yrpo = 2022, (53)
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(eff)
which generates a relationship between rotation parameter and the scalars associated with tensor Y,,,, while the scalar

Y, s vanishes in this case. One of the conservation equations (A.6) along with eq. (8) reduces to

(eff) (m)**
Xr ut — ( T ,u” — 2nalRg,eu" VPV G" ! + 2a(n — 1)G”u“> =0,
in

which indicates that the only factor which controls the evolution of energy density is dissipation from matter as well
as dark sources. In the absence of matter, dark sources control the evolution of energy density and if « is zero, then
there is no evolution for energy density. Equation (A.12) produces a connection between dissipation and vorticity as

hy 2y ut = (IcI]])Mu" + 2nalRg,, | VPV G" ! — 2a(n — 1)G™.

In the dissipation-less case ((rgr]l)M = a = 0), we obtain a system with zero rotation ({2 = 0) which contradicts
our considered case. We can say that such a system remains dissipative as a cannot be zero (although matter can
be neglected). Hence due to inhomogeneous distribution of dark sources, the system must be dissipative while from
eq. (A.15), we obtain

ff 1 ff
(2BR,) = (32)3231 or 2=z /(32)B2Rldr + Rs(9), (54)
1
which gives {2 = 0, in the non-dissipative case. Using eq. (54) in (A.8), we obtain
2
m 2 eff 267 m
(,0) — /(qg)BQRldT-FRE,(e) _ ﬂ[Rng]vpvaGn—l +8a(n— 1)G" —3(]7)-
BR, 2

For the non-dissipative case and o = 0 (absence of dark sources), we obtain equation of state p = —3p, which

is consistent with GR [20]. Hence, in the presence of dark sources, all geodesic shear/expansion-free fluids can be
rotational without dissipation under the dark effects of f(G) gravity. This generalizes the results of GR where such
kind of fluids must be dissipative. If we apply regularity conditions on the first expression of eq. (54), no such model
(¥ = 0) exists even in the presence of dark sources.

5 Final remarks

In this paper, we have explored the evolution of shear-free axially symmetric configuration in the presence of dark
sources. For this purpose, We have chosen a power-law f(G) model as a dark energy candidate and formulated energy
terms (matter contents) of the model, corresponding dynamical variables as well as non-zero structure scalars. The
kinematical variables do not depend upon dark source terms while pressure anisotropy and heat dissipation are affected
by dark sources. Geodesic as well as non-geodesic fluid models with and without dissipation have been considered to
discuss consequences of shear-free condition. The results can be summarized as follows.

The Weyl tensor usually provides tidal gravitational effects. We have observed that this tensor elaborates both
gravitational as well as repulsive force due to the presence of dark sources. We have obtained 12 non-zero structure
scalars consisting of dark/matter terms, electric and magnetic parts of the Weyl tensor which describe the evolution
of axial system in the presence of dark sources. In GR, these scalars depend upon matter contents only. For the shear-
free axial system, we have considered non-geodesic as well as geodesic fluids. In the case of a non-geodesic fluid with
dissipation, we have found that rotation or spinning of the system is linked with magnetic part of the Weyl tensor.
The vanishing of magnetic part turns out to be the necessary and sufficient condition for irrotational evolution even in
the presence of dark terms. We have noticed that the behavior of expansion of the system is linked with the presence
or absence of dissipation. In the absence of dissipation, the expansion scalar becomes homogeneous (as in GR). In
our case, dissipation due to dark sources does not vanish and makes the expansion of axial system inhomogeneous.
Hence, shear effects of an evolving configuration control the behavior of radiating system in the presence of dark
sources.

For shear-free geodesic fluid, we have taken 2 = 0, 9 # 0 and 2 # 0, ¥ = 0. In the first case, the non-dissipative
fluid with homogeneous distribution of dark sources turns the axial system to FRW universe model which is consistent
with GR result. However, dissipation due to dark sources is not negligible, hence this correspondence in our case
cannot be possible. In the second case, evolution of energy density is controlled by dissipation from matter as well
as dark sources. In the absence of matter, dark sources control the evolution of energy density. Without dissipation
and homogeneous distribution of dark sources, we have concluded that all geodesic shear/expansion-free fluids can be
rotational under the dark effects of f(G) gravity which generalizes the results of GR where such kind of fluids must
be dissipative. Using regularity conditions, we have found that models with zero expansion do not exist even in the
presence of dark sources.
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Appendix A.

The non-zero components of the shear tensor are given by

2B A E C B2
= BB— — | A?B*? — | -+ 5 — = — E? Al
o1 (C ) B A E C 3A(A2B%2 + E2)° (A1)
A B 28 C 1
=|l[=-=42B*? -2+ = -+ 2 | F?| — A2
722 ( > ATB ETC 347" (8.2)
B C 2 B E A C?
— -= APB P+ [ -5 -+ 5 | E? . A3
733 2( B+C’> "t B ETa “ 3A(A2B%2 1 B7) (A.3)
The heat transport equation
The heat transport equation is given by
o S o 1 Tut D
thieu" + ¢ = —Kh*?(T 5 + Tag) — iK’]IQ (KT2> q“, (A.4)
g0
T (o) )y K [ —BET+ AT? KT?q [ Tut
— A Q =— | ——5—> — AT — . A.
A ( +4li ) Ty ((A232r2 B " 2 \K1?), (4.5)
Conservation equations
(CH) . o, .
From the conservation law, T*# ., = 0, we obtain two conservation equations in terms of scalar quantities as
(eff) (eff) (et 1
Xrut +20( Yr — p +Qﬁl+quau+§[(201+02)H1+(U1+202) x II5] =0, (A.6)
(eff) (eff) 1 (eff) (eff) (eff) (eff) 4 (eff)
20, | Yr — p" | +hj 3 2Yr — Xp + %0+ q Lau” | + gﬁhw+ow+ww q© =0. (A7)

Here the first equation is the continuity equation and the second is named as the Euler equation obtained for f(G)
gravity.

Ricci evolutionary equations
The Ricci evolutionary equations are propagation equations of expansion, shear/vorticity tensors and constraint equa-

tions. The time propagation equation of expansion scalar is derived by contracting Ricci identities for four-velocity
vector. It is given in terms of scalars as

(eff)
9. ut + 192 +2(0% = Q%) —al, + Yr =0, 0°=0,,0". (A.8)
The propagation equations of shear tensor are given by
1 9 5 (eff)
o2.4u” + 502(02 +29) = (207 + 27 —a],) — 3(s" §% 0.5+ a2) + Yrpe = 0, (A.9)
1 2 2 (off)
o140 + 501(01 +29) = (207 + 27 —al,) — 3(v* vPag. +a1) + Yre =0, (A.10)

! (a gB) o
5(01 —09)2 —ajas —v ;g + Yus = 0. (A.11)
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Constraint equations are obtained as

(2 L (o)

hu (319311 - Ug;a + QS;O() + (UHV + ‘QMV) a = q W
a Broy (cff)

2w, ay) + h(uh,,)/g(a(w + 204):6M Uy = M 0,

3B 3 3

a1 a1

3 3

A 3

2 1 1
— — 2,8+ 2 (sy;,@vﬁv” — s%) + -ajo; — a2 — 01,40

1 1 eff
- 5(20—1 + 0'2) ('U?l - 7) - g(o—l + 202) (‘SV;C&SQSV - 7) = ((11)7
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1 2F .
S (B2 + 4B (2A199 + 19) + 2 4 ™ 4+ Q0 + 570" 5,,)

1 1
+ Rar — gag;asa + 5(02 + 201) (sl, 0s%s” — %)
1 o G (eff)
— g(o'l +20’2) (S;a — 32) = 22 .

The time propagation equation for the vorticity tensor §2,,, can be derived from Ricci identity as

hzhgﬁaﬁ A,u'y + 190/“, + 20a[#9a h o) Oy = 0.

Bianchi evolutionary equations

Bianchi evolutionary equations or evolution equations for the Weyl tensor are

(eff) 1 (eff 1 (eff 1 eff
-3 (XTF1 — 2(/))) ud + §(51)(319 — 01+ 09)+ 5(01 + 202)(52) = —v, """
)

(eff) (eff) (eff) (eff) (eff)
x | M 1,,{]9\/ + Mlkpy;,{ + M2 (kMNSV’UM + SM,{]{JW’[}M) + .QXvS = 2a2M1

L(em | em 160 P (off) Ag EB
~5 p+p +3 1| (o1 + )-m%-EI (A2B2r2+E2)%X AQB+

(eff) 1 (eff) (eff) 1 (eff) (eff) (eff)
— Xuys, sul + Q Xrro — Xrp1 | — 5 X0s(20 — 02 — 01) + a1 My — ag My

2

(eff) (eff) 1 (eff)
2 M;. Kk + ]\42k‘,y,l€ GB’YKUﬁ = gﬁvs(ﬂ — 0] — 0'2)

1 eff 1 eff 1 eff
_ §CL2(Q1) — Z(’U“s + v s,u)( q)u;# — 50‘,1((12),

(eff) 1 (eff 1 (eff 1 ff (cff)
( Xrpo + i(ep )> U5 + 5(22)(319 — 09 + 0'1) + 9(0'2 + 20’1)(21) — X,
0

W =

(eff) (eff) (eff) (eff)
Moo — My (kyspet! + spc0M0y) + Mok | €775, + 2a1 Mo =
1
6

(eff) 1
- <(e;f) + (eﬁ) 3172) (o2 + 1) — az(gfzf) - isﬂsu(eg)

(eff)

1 (eff) (eff) (eff) (eff)
— = || Myky + My (K + vy o) + Mokys, et | €555 — | Mo 'k, + Mak's,,

BG
f )
) S €T vlg]

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)
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