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explored bouncing cosmology in the  Gf  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  Gf  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  TRf  ,  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
 Gf  [16]. In  Gf  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  Gf  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  Gf  is classically
equivalent to some Horndeski Theory [17-19]. In the literature, it is found that
 Gf  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  Gf  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  Rf  such that

  3
0 1031  Rf  where R0 is the curvature of the universe at present. In the

light of the GW170817, the constraints for  Gf  gravity are 0G , equation
of motion and f

GG
 > 0 [24]. Besides it was shown that there are some viable  Gf

models that can pass the solar system test [25-26]. The action of the  Gf  gravity
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is given by the following equation
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where g is the determinant of the metric tensor g
ij
, nGL  82 , G

N
 is the constant

of Newtonian, s  is the action of matter. The matter is minimally coupled to the
metric tensor g

ij
 which means  Gf  is a purely metric theory of gravity,   represents

the matter field. The  Gf  is an arbitrary function of G which is given by

, 42 
 ij
ij

ij
ij RRRRRG (2)

where R is the Ricci scalar, R
ij
 stands for Ricci tensor and ijR  denotes

Riemannian tensors. Varying the action (1) with respect to the metric g
ij
 we obtain

the field equations as
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here   denotes the covariant derivative and f
G
 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 T 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;
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In FRW space time, the angles 0  and  20  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:
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where over dot denotes differentiation with respect to t. The energy momentum
tensor of domain walls is given as

  . jijiijij PgT  (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 T

ij
 of domain walls contain normal matter m  and

pressure P
m
 as well as tension d  with the relation dmPP  , dm 

satisfying   mmP  1 , 21  . For the line element (4) with the help of
euations (3) and (7) we have the following set of field equations.
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Very recently, Houndjo et al. [31] have presented solutions for cylindrically
symmetric metric in  Gf  theory of gravitation. Sharif and Ikram [32] have
explored warm inflation in the background of  Gf  theory of gravitation. Atazadeh
and Darabi [3] have studied the viability of an alternative gravitational theory
 GRf  , . Sharif and Fatima [33] have discussed role of Gauss Bonnet term for

the early and late time acceleration phase of the universe in  Gf  theory. Garcia
et al. [34] have studied  Gf  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

  1 GGf (10)

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

  . 12  tb
S
SSq



(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



123FRW  DOMAIN  WALLS  IN  f(G)  THEORY  OF  GRAVITY

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   mttb  , we get the
LVDP proposed by Akarsu and Dereli [22]. Equation (11) further leads to

 
. 1

dttbS
S






(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:
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Sahni et al. [37] have introduced a new geometrical diagnostic pair for dark energy.
It is called state finder pair sr  , . It is constructed from scale factor S and its
derivatives up to the third order. In this pair r  is natural extension of Hubble
parameter and deceleration parameter q whereas s is a linear combination of r
and q. For spatially flat universe in the LCDM the pair corresponds to a fixed
point  1 ,0) ,( rS . 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 t0 is given by t - t0 and we call it
as photon travel time or look back time. It is defined as


S

S S
dstt

0

0  (15)

where S0 is the present value of the scale factor of the universe. The redshift Z
can be given by the equation

. 1 0

S
SZ  (16)

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

. 
0

0 
t

t S
dtSD (17)

3. Case I. In this case we assume the following form of the function b(t)

  . sech2 ttb  (18)

The deceleration parameter and scale factor are obtained as
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1sech2  tq (19)

. sinh tS  (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

  . coth242coth
sinh
12 22

2 tt
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kG  (21)

The energy density  , Pressure P and tension of the domain walls d  have the
following expressions
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where
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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 d  is zero throughout the evolution
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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  TRf  ,  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:

Fig.1. Plot of energy density with cosmic time.
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Fig.2. Plot of tension of domain wall with cosmic time.
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Fig.3. Plot of deceleration parameter with redshift.
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The Hubble parameter is decreasing function of time t. 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 r  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 ( rs  , ) varies from (0.003, 0.98) to (0, 1) which corresponds
to flat CDM  model in state finder plane. From Fig.5, it is clear that ( rq  , ) varies
from (-0.98, 0.98) to (-1, 1) which corresponds to steady state universe.

4. Case II. In this case we assume the b(t) in the following form
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The scale factor and deceleration parameter are obtained as
2tS  (32)
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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
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The energy density, pressure and tension of the domain walls have the following
expressions
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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 d  tends to zero
as 1Z  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:

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    31 ,0 ,  sr  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  Gf  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 d  indicate that the domain walls exists in the early epoch of the universe
which vanish at the present. The value of a statefinder pair ( sr  , ) indicate that

Fig.7. Plot of tension of domain wall with redshift.
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the universe is at like CDM  model whereas the pair ( qr  , ) 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 1Z . Thus, domain walls
exist in the past and will be zero in the future. We have const  when 1Z .
The universe may be steady state in the future. The statefinder pair ( sr  , ) 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 q 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 ÄÎÌÅÍÍÛÅ ÑÒÅÍÊÈ  Â
ÌÎÄÈÔÈÖÈÐÎÂÀÍÍÎÉ ÒÅÎÐÈÈ ÃÐÀÂÈÒÀÖÈÈ f(G)

Ñ.Ä.ÊÀÒÎÐÅ1, Ñ.Ï.ÕÀÒÊÀÐ2, Ï.Ñ.ÄÓÄÕÅ3

Â ñòàòüå  èññëåäóåòñÿ ïðîñòðàíñòâî-âðåìÿ Ôðèäìàíà-Ðîáåðòñîíà-Óîêåðà
ïðè íàëè÷èè äîìåííûõ ñòåíîê â ðàìêàõ  Gf -òåîðèè ãðàâèòàöèè. Ïðåäëàãàåòñÿ
îáîáùåíèå ëèíåéíî èçìåíÿþùåãîñÿ ïàðàìåòðà çàìåäëåíèÿ. Îòìå÷àåòñÿ, ÷òî
Âñåëåííàÿ óñêîðÿåòñÿ è ðàñøèðÿåòñÿ. Çíà÷åíèÿ ïàðàìåòðà {r, s} áëèçêè ê
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ìîäåëè CDM . Ïîäðîáíî îáñóæäàþòñÿ íåêîòîðûå ôèçè÷åñêèå ïàðàìåòðû
ïîëó÷åííûõ ìîäåëåé.

Êëþ÷åâûå ñëîâà: äîìåííûå ñòåíêè: FRW: ãðàâèòàöèÿ  Gf
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