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In this paper, we have studied Friedmann-Robertson-Walker space-time in the presence of
domain walls in the framework of f{G) theory of gravitation. We propose the generalization of
linearly varying deceleration parameter. It is observed that the umiverse is accelerating and expanding.
The values of state finder parameters are cloge to ACDM model. Some physical parameters of
the obtained models are discussed in detail.
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1. Introduction. Einstein's general theory of relativity (GR) laid foundation
of theoretical cosmology whereas observational cosmology is boosted by the work
of Hubble. Hubble has pointed out that galaxies are moving away from each other
i.e. the universe is expanding. The present observational data indicate that the
expansion of the universe is accelerating. The accelerated expansion of the universe
could not be explained in the background of general relativity. In addition to this
general theory of relativity has singularity problem. Hence, modified theories of
gravitation are proposed by replacing R in the Einstein-Hilbert action. When R
is replaced by f (R) in Einstein-Hilbert action, the resulting theory is known as
f (R) theory of gravitation [1]. Very recently Harko et al. [2] have constructed
a generalized f (R,T) gravity where the gravitational Lagrangian is given by an
arbitrary function of the Ricci scalar R and of the trace T of the stress energy
tensor. The £ (G) is another modified theory of gravitation which is obtained by
introducing the Gauss-Bonnet curvature invariants G. In the framework of the
f(G) theory, one can construct viable and consistent models with local constraints
of General Relativity. The curvature invariant G can avoid ghost contribution and
contribute to the regularization of the gravitational action [3]. Recently, various
cosmological models have been constructed in the f (G) theory for various physical
fluid. Capozziello et al. [4] have discussed Noether symmetry approach in the
context of the f (G) cosmology. Myrzakulov et al. [5] have studied cosmological
solution on the ACDM model in the £ (G) gravity. Dadhich [6] has coupled
four dimensional space time with Gauss-Bonnet gravity. Bamba et al. [7] have
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explored bouncing cosmology in the f (G) gravity. Kang et al. [8] have obtained
static spherically symmetric star in Gauss-Bonnet gravity. Katore et al. [9] have
discussed string bulk viscous cosmological models in the f(G) theory of gravitation.

Early stages of evolution of the universe has been an active field of investigation
in recent days. It is assumed that, the universe has gone through the various phases
of transition. In the phase of vacuum domain walls are formed which may possibly
have survived to the present day. Topological defects play an important role in
the formation of the large scale structure of the universe. Recently, domain walls
have been received considerable interest. Katore et al. [10-12] have studied domain
walls in various context. Reddy et al. [13] have studied domain walls and cosmic
string in Bimetric theory. Press et al. [14] have investigated dynamical evolution
of domain walls in an expanding universe. Tiwari [15] have obtained transition
of the 5D perfect fluid universe in f (R,T) theory of gravitation.

In view of high energy physics, string theory is a valid modification of GR.
Gauss-Bonnet (GB) is correction to GR where GB terms in four dimenions has
no dynamics. In order to affect the GB terms on the Friedmann equation, we
require that couple GB term with matter field or to add it by a non-linear form
f (G) [16]. In f (G) theory the 6 primary constraints coming from the higher
derivative modes in the action generates only 5 secondary constraints and the
Hamiltonian still remain linear in the trace momentum. The Ostrogradsky mode
possesed by the f (G) theory is removed by adding kinetic term for the scalar
field in the action which result in generation of 6 secondary constraints and total
number of degree of freedom remain same. This makes f (G) is classically
equivalent to some Horndeski Theory [17-19]. In the literature, it is found that
f (G) has ability to describe the inflationary era, transition from deceleration to
acceleration epoch and crossing of phantom divide line [20,21].

The above discussion motivated us to study domain walls in the f(G) theory
of gravitation. The main purpose of this work is to present generalization of
linearly varying deceleration parameter proposed by Akarsu and Dereli [22]. The
paper is organized as follows: in section 2, we present metric and field equations.
In section 3 and 4 we obtain the solutions of the field equations. In section 5,
we conclude our discussion.

2. Metric and field equations. Recently, the detection of gravitational
wave by the LIGO-VIRGO placed the constraints on higher order gravitational
theories. Jana and Mohanty [23] have been obtained bounds on f° (R) such that
|#'(Ry)-1<3-107 where R is the curvature of the universe at present. In the
light of the GW170817, the constraints for f° (G) gravity are p; =0, equation
of motion and f,,.>0 [24]. Besides it was shown that there are some viable f(G)
models that can pass the solar system test [25-26]. The action of the f (G) gravity
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is given by the following equation

5, =L [lRs AOINg v+ 5, (&7 ). <1>

where g is the determinant of the metric tensor 8 1> =8n G,, G, is the constant
of Newtonian, So is the action of matter. The matter is minimally coupled to the
metric tensor & which means f (G) is a purely metric theory of gravity, ¢ represents
the matter field. The f (G) is an arbitrary function of G which is given by

_p2 if ifpv
G=R-4R;R"+R; R™ )

where R is the Ricci scalar, R; stands for Ricci tensor and R;, denotes
Riemannian tensors. Varying the action (1) with respect to the metric g; we obtain

the field equations as

1
R;— ERgi/' +9 [Riujv+ R,;8i=Rn&i—Rgy t Rivg
(3)

1 v
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here vV denotes the covariant derivative and f;, stand for the derivative of f with
respect to G. Many cosmological issues like cosmological inflation, late time
acceleration of the universe are explained in the framework of scalar field.
However, modified gravity models with geometry-matter coupling play a vital role
in completer explaining the late time acceleration not only from geometrical
contribution but it is also depended on the matter content of the universe.
Moreover, they can provide alternative explanation of dark energy. These models
describe gravitational dynamics that usually assumed and are useful for connecting
the classical and the quantum worlds. The stress energy tensor 7 in the
gravitational action may be due to quantum effects or of some imperfect quantum
fields [2,27]. Friedmann-Robertson-Walker is the simplest homogeneous and
isotropic model of the universe. It is a good approximation of the present day.
We consider the Friedmann-Robertson-Walker (FRW) cosmological model in the
following form;

dr?

1-kr

2

ds” = dﬂ—sz( +72(d 0 +5ind? d¢)J. 4@
In FRW space time, the angles 0<0<r and 0<¢<2n are the usual azimuthal
and polar angles of spherical coordinates. The k represents the curvature of the
space. It has three different values. When k=1 the radius is finite and the universe
is closed. When k=0, the universe is flat and when k= -1 the radius is infinite
or imaginary corresponding to open universe [28]. Pradhan et al. [29] have
presented general solutions for domain walls in Lyra geometry. Khadekar et al.
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[30] have studied Kaluza-Klein type FRW cosmological model with domain walls.
The Ricci tensor and Gauss-Bonnet invariant are obtained as:

kK S? S
R——6|:S—+S—+E:|, (5)
. . e
_12kS +24kS ‘25, (6)

where over dot denotes dlfferentlatlon w1th respect to . The energy momentum
tensor of domain walls is given as

Tij=p(gij+uiuj)+Puiuj' 7)
Based on the standard model of particle physics, it is believed that when the hot
early universe cooled and expanded, the field would have settled down to single
values within extended regions. The boundaries of those different regions would
be the domain walls. The 7, of domain walls contain normal matter p, and
pressure P as well as tension o, with the relation P=P,-c,, p=p, +0,
satisfying P, :(y—l)pm, 1<y<2. For the line element (4) with the help of
euations (3) and (7) we have the following set of field equations.

k s* 8§ _ SS. ko S?
?+?+2§+16?f6—8|:— :|fG+GfG f Lp (8)
koS k
38 432 o4l Ky +Gfm f=—LP.
S S2 |:S2 :|fG fG f (9)

Very recently, Houndjo et al. [31] have presented solutions for cylindrically
symmetric metric in (G) theory of gravitation. Sharif and Ikram [32] have
explored warm inflation in the background of f (G) theory of gravitation. Atazadeh
and Darabi [3] have studied the viability of an alternative gravitational theory
f (R, G). Sharif and Fatima [33] have discussed role of Gauss Bonnet term for
the early and late time acceleration phase of the universe in f (G) theory. Garcia
et al. [34] have studied f (G) gravity and the energy conditions. Here, we have
two equations in four unknown. Now, two more conditions are required to solve
the system of equations. Firstly we assume that

f(G)=a G (10)

where o, are arbitrary constants. Secondly, we assume varying deceleration
parameter as

g=-5 —bfo)-1. (11)

The law of variation for the Hubble parameter that yield a constant value of the
deceleration parameter is proposed by Berman [35]. Akarsu and Dereli [22] have
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presented generalized linearly varying deceleration parameter (LVDP) which is
generalization of Berman [35] law. In this work, we generalize the linearly varying
deceleration parameter given in equation (11). If we take b(t): at—m , we get the
LVDP proposed by Akarsu and Dereli [22]. Equation (11) further leads to

s___ 1
S [b(e)ar (12)

Akarsu et al. [36] also proposed hybrid law of expansion to obtain the solution
of the field equations. In this paper we investigate state finders defined as follows:

.5
r = (13)
r—1
SZ—I.
3[q—2j (14)

Sahni et al. [37] have introduced a new geometrical diagnostic pair for dark energy.
It is called state finder pair »*,s. It is constructed from scale factor S and its
derivatives up to the third order. In this pair »* is natural extension of Hubble
parameter and deceleration parameter g whereas s is a linear combination of r”
and ¢. For spatially flat universe in the LCDM the pair corresponds to a fixed
point (S,r*):(O,l). In this paper we would like to discuss physical parameters
such as lookback time, proper distance etc. The time travel of photon from the
source at instant r* and destination at time £, is given by 7-#, and we call it
as photon travel time or look back time. It is defined as
t—ty = Sd—.s
3 (15)

So
where S is the present value of the scale factor of the universe. The redshift Z
can be given by the equation

S
1+Z=?°. (16)

The distance travelled by photon from a source to receiver is a proper distance
and is defined by

D=5 [ (17)

3. Case I. In this case we assume the following form of the function b(7)
b(t) =—sech’z. (18)

The deceleration parameter and scale factor are obtained as
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g =sech? -1 (19)

S =sinht. (20)
It should be noted that the sign of the deceleration parameter indicate whether
the universe is accelerating or decelerating. Positive sign corresponds to decelerating
universe whereas negative sign indicate accelerating universe. It is clear that the
deceleration parameter vary from positive to negative values. The universe was
decelerating in the past and accelerating at the present (see Fig.3). The scale factor
is increasing function of time. The Gauss-Bonnet invariant G is found to be

12k
2

G= [coth? £+ 2]+ 24coth? . Q1)

sinh~ ¢
The energy density p, Pressure P and tension of the domain walls o, have the

following expressions

d, sinhi—dycoshs 96cosh” 1+ 481, (3 +2sinh? t)}

L, =d+1,G""
P b { sinh® ¢ sinh* ¢

ds . di 4 } (22)
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12 ki, cosh ¢ N 48cosh* t

LP=-31,-31,1,G*!
2 23 { sinh ® ¢ sinh* ¢

} ap G 23)

Lo, —dy+d, Gﬁl{(y—l)(dz sinh -~ d; cosht)+ 36k1, cosht _dy+ dyq sinh’ t}

ysinh® ¢ sinh* ¢

(y-1)d, N (y—1)d, cosht N (y—1)d; cosh? t} (24)

+op G+ d ,GP?
P ¥ ysinhlo t ysinh8 t ysinh6 t

where
I, =1+ 2cosht+3sinh*¢, [, = .kz +cosh’z, l3=8OLB(B+1),
sinh~ ¢
dy=2+1,, d,=24kll,, dy=1024k+1,), d,=05B-1),
do =144kl 1, do=1152ki0,, d,=23041,, dg=27"1+ hir+2)
Y Y
dy =96(1—v)+144k(2—7), d,y =2401,+96-96y-961, 7.

From Fig.1, it is observed that energy density is positive only for k=1. It
is zero for k=0 and negative for k=-1. The tension of the domain walls is positive
in the early stages for k=1, -1 which tends to zero at later time and therefore
the domain walls will be vanished in the far future (see Fig.2), which is as per
the expectations of Zeldovich et al. [38]. The o, is zero throughout the evolution
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Fig.2. Plot of tension of domain wall with cosmic time.

1.0

for k=0. Since energy density is negative for k=-1. We are not interested in
this case. The model is in favor of closed universe. It is important to note that
in our earlier study of domain walls in f(R,T) theory we found that the
possibility of closed universe model is declined and model is in favor of flat and
or open universe [10]. In self creation theory in case of FRW space time, it is

found that the energy density tends to constant at large time [39].

3.1. Physical parameters. The look back time, Hubble parameter, proper
distance, luminosity distance, and a pair of state finders are obtatained as follows:
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inh¢
{—t, =sinh™ Sifly —coth™(H,
0 [ — (H,) (25)
H = cotht (26)
tanht—0
D =sinh¢, log
tanh— 27)
2
tanh
J - sinh’ £, o anf
bosinhe T (28)
2
#* =tanh’ ¢ (29)
_ 2
=T (30)

3(2 —3cosh? t)

The Hubble parameter is decreasing function of time ¢ The rate of expansion
of the universe was large in the early stages of evolution of the universe and at the
present the rate of expansion is decreasing. The »* start from zero and tends to 1
with increasing time whereas s is negative throughout the evolution of the universe.
From Fig.4 we see that (s, ") varies from (0.003, 0.98) to (0, 1) which corresponds
to flat ACDM model in state finder plane. From Fig.5, it is clear that (g, ") varies
from (-0.98, 0.98) to (-1, 1) which corresponds to steady state universe.

4. Case Il. In this case we assume the b(7) in the following form

1
blt)=——.
(t)=—3 (31
The scale factor and deceleration parameter are obtained as
S=1¢ (32)
-1 33
9=-7 (33)

The deceleration parameter is negative i.e. the universe is accelerating. The scale
factor is increasing function of the time. The Gauss-Bonnet invariant have the
following expression

24k 48k 192
T e T (34)
The energy density, pressure and tension of the domain walls have the following
expressions

G

8 k Bl 2| b Ko ks ke ks ke ki Ky
Ly =5+ +aBG T af(B+ )67 ok 5 T~ - - (35)
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1 12 [148% 288k 768
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where

l2

ky = k*(85248T(1-B)—897024), k, = (5428 —82944B)k>T— 884736k ,
ky = (2998272 +103488kT )k, ks =227328kT—96768k*T— 227328k PT— 5898240,
kg =91392kT+221184kBT, k, =571398kT+ 9437184, kg = 589824B T+ 1474567 .

T= 8££4+ij, ke, = (— 227828 — 21904 T B + 209047 ) k>,
t

From Fig.6, 7 we found that the energy density was large in the past and
it is tends to constant at the present for k=1, -1. It is similar to the result
obtained by Caglar and Aygun [39]. The universe may be steady state in the future.
The domain wall tension was positive and large in the past which conforms the
existence of the domain walls in the early universe. The term o, tends to zero
as Z — -1 which is as per expectation of Zeldovich et al. [38].

4.1. Physical parameters. We obtain look back time, Hubble parameter,
proper distance, luminosity distance, and a pair of state finders as follows:

T T T T T T

0.18

0.14

0.1

Energy density

0.06

0.02

Redshift Z

Fig.6. Plot of energy density with redshift.
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The Hubble parameter is decreasing function of time. Therefore, the rate of
expansion of the universe is slowing down with increasing time. The state finder

pair has fixed value i.e (r*,s =(0, 1/3) which is the quiessence model of the
universe.

5. Conclusion. In this paper we have studied Friedmann-Robertson-Walker
space time with domain walls in the context of f (G) theory of gravitation. We
have investigated two different cases in which we have following observations:

1. In the case I, the model is in favor of closed universe. The behavior of
term o, indicate that the domain walls exists in the early epoch of the universe
which vanish at the present. The value of a statefinder pair (7,s) indicate that
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the universe is at like ACDM model whereas the pair (7", ¢) indicate the steady
state universe.

2. In the case II, we find that the energy density as well as tension of domain
wall behave alike. The universe may be closed or open. The energy density was
large in the past and tends to constant in the future whereas tension of domain
walls was large in the past and tends to zero as Z — —1. Thus, domain walls
exist in the past and will be zero in the future. We have p — const when Z — —1.
The universe may be steady state in the future. The statefinder pair (#*,s) is
constant which shows the quiessence model of the universe.

3. The Hubble parameter is decreasing function of time i.e. the rate of
expansion is decreasing with increasing time.

4. It is important to note that in both the cases we have g is negative therefore
the universe is accelerating

5. The look back time, proper distance, luminosity distance have also been
calculated.

In the summary of two cases we found that the universe may be steady state
in the future. The domain walls was exist in the past and vanish at the present.
The universe is expanding and accelerating.
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FRW JOMEHHbIE CTEHKHN B
MOINDPULITMPOBAHHOU TEOPUU T'PABUTALIMU f(G)

C.A.KATOPE!, C.I1.XATKAP?, I1.C.AYIXE?

B cratbe mcciemyercst mpocTpaHCcTBO-BpeMs D punamana-PobepTcoHa-Yokepa
MpY HAJTMYMU JOMEHHBIX CTEHOK B paMKax f’ (G) -Teopur rpaButaumu. [Ipemiaraercsa
00001IeHNe TMHEITHO U3MEHSIoIIeTocs MmapaMeTpa 3amemieHus. OTMedaercsl, 4To
Bcenennast yckopsieTcss M paciumpsieTcsl. 3HaUYeHMs ItapamMeTpa {r, s} OJIM3KU K
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Moaean ACDM . IMoapo6GHO 0OCyXaaloTcsl HEKOTOPhbie (PU3NUYECKHE MapaMeTphl
TOJIYYEHHBIX MOJICJICH.
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