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In this paper, modified Einstein’s field equations are solved in the presence of bulk viscous fluid for
spatially homogeneous and anisotropic Bianchi Type-V cosmological model by using the average
scale factor as 4(s) =7 — lt ,which leads to the time varying deceleration parameter. We also use the

barotropic equation of state for pressure and density. The physical aspects of this model have been
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INTRODUCTION

Alternative theories of gravitation proposed by Einstein is a
generalization of Einstein’s General theory of relativity. In the
last decade, as an alternative to general relativity, scalar tensor
theories and modified theories of gravitation have been
proposed. Brans and Dicke, Saez and Ballester have much
importance amongst the scalar-tensor theory gravity and f(R,T)
theory of gravitation. Recently, f(R) gravity theory (Bertolami
et al., 2007; Nojiri and Odintsov, 2006; Nojiri and Odintsov,
2007) has much importance amongst the modified theories of
gravity because this theory is supposed to provide natural
gravitation alternatives to dark energy and explain current
acceleration expansion of the universe. From the cosmological
observations, it is known that the energy composition of the
universe has 76% dark energy, 20% dark matter and 4%
Baryon matter. This is confirmed by the high red shift
supernovae experiments (Perlmutter ef al., 1997; Perlmutter et
al., 1998) and cosmic microwave background radiation
observations (Reiss et al., 1998; Perlmutter et al., 1999). Many
authors have studied f(R) theory of gravitation in different
context (Antonio De Felice, 2010; Adhav, 2006; Hollenstein
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and Lobo, 2008; Sharif et al., 2009; Sharif and
RizwanaKausar, 1967). Cosmic microwave background
radiation suggests that the matter behaves like a viscous fluid at
the early stages of the evolution of the universe. There are
several processes which are expected to give rise to viscous
effect. The strong dissipation due to the neutrino viscosity may
considerably reduce the anisotropy of the black-body radiation
studied by Misner (1967, 1968). Murphy (1973) shows that the
combination of cosmic fluid with bulk deceptive pressure can
generate the accelerated expansion of universe. The interesting
feature of the solutions is that the big-bang singularity appears
in the infinite past. Fabris et al. (2006) discussed that the bulk
viscosity leading to an accelerated phase of the universe. Coley
(1990) have studied Bianchi-V viscous fluid cosmological
models for a barotropic fluid distribution. Padmanabhan and
Chitre (1987) have investigated the effect of bulk viscosity on
the evolution of the universe at large stage. They showed that
bulk viscosity leads to inflationary like solutions. Moreover,
Singh and Baghel (2010) examined Bianchi type-V
cosmological models with bulk viscosity.

The bulk viscosity plays an important role in the early phase
evolution of the universe. Many authors have studied modified

theory of gravitation by using source of matter is bulk viscous
fluid. Naidu et al. (2013) have examined FRW viscous fluid
cosmological model in f(R,T) gravity. The Non-existence of
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Bianchi type-III bulk viscous string cosmological model in
f(R,T) gravity have studied by Kiran et al. (2013). Ghate

et al. (2014) studied Bianchi type-IX viscous string
cosmological model in f(R,T) gravity with the special form

of declaration parameter. Reddy et al. (2013) have discussed
Kaluza-Klein universe with cosmic strings and bulk viscosity
in f(R,T) gravity. Mahanta et al. (2014) have investigated

bulk viscous cosmological model in f(R,T) gravity. Reddy et

al. (Reddy et al., 2014) have investigated Kantowski-Sachs
bulk viscous string cosmological model in f(R,T) gravity.

Same author (Reddy et al., 2013) have studied LRS Bianchi
type-II universe with cosmic strings and bulk viscosity in a
modified theory of gravity. Naidu et al. (2013) have studied
Bianchi type-V bulk viscous string cosmological model in

f(R,T)gravity. Reddy et al. (Naidu et al, 2012;

BhaskaraRao ef al., 2015; Naidu ef al., 2013) have investigated
bulk viscous string cosmological model in different modified
theory.

The modified Einstein’s field equations are the system of
highly non-linear differential equations. Berman (1983) has
proposed a law of variation for Hubble’s parameter to obtain
solutions of the field equations. Interesting feature of the
Hubble law is that yields a constant value of deceleration
parameter. In earlier literature cosmological models with a
constant deceleration parameter have been studied by Berman
and Gomide (1988), Johri and Desikan (1994), Singh and
Desikan (1997), Maharaj and Naidoo (1993), Pradhan et al.
(2002). The universe is decelerating for the value of q within
the range 0 < q < 1. But today’s situation quite different
because of the observations of Type la Supernovae (SNe)
provide the evidence of expansion history of the universe. The
result of these observations is that the expansion of the universe
is accelerating. So we can consider the cosmological models
with time variable deceleration parameter.

Bianchi type models are important because these are
homogeneous and anisotropic, from which the process of
isotropization of the universe is studied through the passage of
time. From the theoretical point of view anisotropic universe
has a greater generality than isotropic models. Motivating by
the above investigations of bulk viscous Bianchi type models
in modified theories of gravitation, in this paper, we have
developed spatially homogeneous and anisotropic Bianchi
Type-V cosmological model in the presence of Bulk viscous

fluid in f'(R) gravity. The modified Einstein’s field equations
are solved by using the average scale factor )=/ - % ,which
leads to the time varying deceleration parameter. We also use
the barotropic equation of state for pressure and energy

density. The physical aspects of this model have been
discussed.

S(R) Gravity Formalism

The action for the f(R) gravity is given by

S:J.[;f(R)Jer}H d*x, )

162G

where f(R) is a general function of Ricci scalar R, g is the

determinant of the metric g i and L, is the metric Lagrangian

on that depends on g ..

The field equations resulting for this action are the following
form

1.
F(R)R; _Ef(R)gg/‘ -V, V,; F(R)+g; 0 F(R) = kT, 2
df (R
where F(R)z%, 0=V,V,, 3)

Here, V, is the covariant derivative and T, is the standard
matter energy-momentum tensor derived from the Lagrangian
872G

-
C

L, andk =

The contraction of equation (2) gives

F(R)-2f(R)+30F(R)=kT, 4)

Thus we have calculated f'(R) from this equation.

Using equations (4) and (2), the field equations can be written
as

F(R)R; -V, V; F(R)—kT}; = %[F(R)R ~OF(R)-kT1g;» (5)
Bianchi type-V metric

We consider the Bianchi type —V space time.
ds? = di* — A*dx* — *™[B*dy* + C?dz?), (6)

where 4, B and C are metric coefficients and are the functions
of cosmic time £, m # 0 is a any arbitrary constant.

The corresponding Ricci scalar becomes

R:2é+§+£+ﬁ+B—C+AC 3m (7
A B C AB BC AC 4

>

where overhead dot represents derivative with respect to time
t.

The energy momentum tensor 7} for a bulk Viscous fluid

distribution is given by
T, =(p+pluu; —pgy, (®)
andp=p-&ul;, )

where p is the energy density, p is the effective pressure,

P the isotropic pressure, & is the coefficient of bulk viscosity
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and U, = /g, (1,0,0,0) is the four velocity vector in co-

moving co-ordinates.
With the help of equation (5) the Einstein’s field equations are
written as

B C 4B AC AF F 2m’

k —
————t—+—+ ——=—(p+p), 10
B C AB AC AF F 4° F(p P) (10)

A C AB BC BF F 2m*> k  _
—— ettt — Ve =;(p+p), (11)

A C 4B BC BF F

i B BC AC CF B om® Kk,
TR Tt b I CA O B E)

A B BC AC CF F

The 01- component can be written as by using equation (2) in
the following form

—. -——- — =0, (13)
Integrating equation (13), we obtain

A* =k BC, (14)
where k| is a constant of integration.

For the sake of simplicity, we take k, =1, so that the
equation (14) becomes

A* =BC, (15)

The conservation equation for energy momentum T;j =0
leads to

: |4 B C
p+(p+p)|:z+g+zi|=0, (16)

The physical quantities of observational interest in cosmology
are volume scale V, average scale factor @, average Hubble

parameter /1, expansion scalar €, average anisotropy

parameter A and the deceleration parameter q.

The volume scale factor V' and the average scale factor a are
defined as

V = ABC, (17)
1
a=(ABC)3, (18)

The average Hubble’s parameter is given in the form

H:%[HX+H))+HZ], (19)

A B C
where H, =—, H, =—, H, =— are the directional Hubble
| B C
parameters along X, ) and Z axes respectively.

Using equation (18) and (19), we obtain
Va1

Hzﬁzzzg[Hx+Hy+Hz], (20)

The expansion scalar (6) and shear scalar (o°°) are defined

as follows
9=u.§=ﬁ+£+£, 1)
4 B C
, 1 . 6* |4B BC AC
0" =-0;0" =——| —+—+—1|, (22)
2 3 AB BC AC

1 1
where o :E(Vjui +Viuj)—§gl-jt9.
To examine whether expansion of the universe is anisotropic

or not, we define anisotropy parameter A4

— I(H-HY (o}
=315 {3 -

The important observational quantity deceleration parameter
q is given by

ad d(1
S 24
1 a’ dt[Hj %)

Here the deceleration parameter ¢ measures the rate of

expansion of the universe and ¢ > 0 indicates inflation of the

universe ¢ <0 denotes deflation of the universe while g =0
shows expansion with constant velocity.

Solution of Field Equations

We have four independent field equations with seven
unknowns 4,B,C,p,p, p,&. We should adopt additional

assumption to solve these field equations. For a Baratropic
fluid, the combined effect of the proper pressure and the
Baratropic bulk viscous pressure can be written as

=P, (25)
where p=y,p, 0<y<l1 (26)

Subtracting equations (10), (11), (12) from (11), (12), (10)
respectively, we get
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A B (4 BYC F
—_———t | — | —+— =0, (27)

B C (B CY\4 F

—_———t | — | —+— =0, (28)
B C (B C](A FJ

A4 C (4 CYB F

—_——— | ——— | —+— =0, (29)
A C (A4 C\B F

Using the equations (27) —(29), we get

A 1

Z=d, ex J-—dt , 30
B ! L{Cl a’F } 0
B [ 1

—:d (), J_dt N 31
C 2 p_cz OF } G
A [ 1

—:d (), J-_dt N 32
c p_c3 OF } (32)

Where ¢; and d; (i =1, 2,3) are constants of integration which

satisfy the relation

¢ +c,+c =0, (33)

did,d, =1. (34)

Using equations (15). (30),(31),(32), we can write the metric
function as

A=a,
(35
1
B=P |, 36
an{Q e } (36)
1 |
ngaex;{—QJ‘aS—th}, 37)

where P and Q are arbitrary constants.

Using the power law relation between F’ and a , we have
F=ld" (38)

where [ is a constant of proportionality and b is any integer
(here taken as -2)

Now we take the following average scale factor a,as
increasing function of time as

a(t) =t—%, (39)

Using equations (24) and (39), the deceleration parameter
becomes
—> (f; =] (40)
@+
The above choice (39) of scale factor yields a time dependent
form of deceleration parameter.

Using equation (38), equation (38) leads to

N2
le(z—;] , (1)
The metric coefficient A4, B and C turn out to be
1
A=t--, (42)
t
1 2
B= P[t —-j(z2 -, (43)
t
0
1 1 2 Yl
C=—|t—|t"-1 %, 44
ey w“

The volume scale factor V' becomes

1 3
V:[t—;j , (45)

The directional Hubble parameter are calculated as

2 +1
H, = R (46)
Ot ?+1
= 5 4
(S VI () @7
2
: -0t t“+1 (8)

NN

The generalized mean Hubble parameter [ and expansion
scalar @ are found to be

_ 2+l 49)
12 -1)’
3% +1)
0= ,
1(t* -1) (50)

The shear scalar o is given by
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2.2 .
t x 10
o= % , (51) 14 T T T T T T T T T
I (A
The average anisotropy parameter A becomes e
_ 2 2 t4 10+
A-—o ., (52)
37t +1) X
-
From the equations (16), (20) and (25), we get °
6 L
p=ca>"7, (53) .
where ¢ is a constant of integration.
2 -
Using equation (39) in equation (53), the energy density is
given by s 5

1 =3(1+y)
p= c[t—;} , (54)
Using equation (25) and (54), we have
1 =3(1+y)
ﬁzc;/[t—;} ) (55
From equations (26) and (53), we get
| T30
P=C7o[f—;} , (56)
The coefficient of Bulk Viscosity becomes
—Gy+4
Lo, y)z?n t 1T
3 0 t2 p > (57)
The Ricci scalar becomes
o) 2
R=-———|* Qz =3m® +3]4+9|. )
2% +1) /

The function of Ricci scalar, f(R) is

6 [.. @ +1)2(5-3)

U [9—+t4(£22——45)}
@ +1y I

1 P 3(1+7)
——ke(1=3p)| — | ,
5 ( ﬂL_J

JR)=

Expansion Scalar

Time
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Conclusion

In this paper, we have studied the behavior of Bianchi Type-V
cosmological model filled with bulk viscous fluid as a source
of matter in f(R) theory of gravity. The proposed law of

variation of scale factor as increasing function of time which
yields a time dependent form of deceleration parameter which
indicates model of the universe is expanding from initial
decelerated phase to present accelerating phase (as shown in
Fig.(1). This is a good agreement with recent observations. The

Fig.(2) indicates that the expansion scalar € tends to infinity
for ¢t = 0 and vanishes for ¢ — 00. This model has point type

singularity at ¢ =1. The all metric coefficients and volume
scale factor are zero at this singularity and the physical

parameters H,fand o are all infinite at this point of
singularity and decrease with time t as shown in Figure

(2),(3),(4) respectively. Since %;ﬁo as t — o, the model

approaches to anisotropy. Moreover anisotropic nature of the
model is shown in Figure (5). The Figures (6),(7),(8),(9) show
that, the parameters P, p, p,& are well behaved and are
decreasing functions of time. Also shear scalar tends to infinity
for t—>0o0 and vanishes fort — 0. Hence the model
describes a shearing and expanding universe. We hope that our

model will be useful in the study of structure formation and
accelerating expansion of the universe at present.

REFERENCES

Adhav, K. S. 2012. “Bianchi Type III string cosmological Model
in f(R) Gravity”, Bulg.J.Phys., 39, 197-2006.

Antonio De Felice 2010. “f{R) Theories”, arXiV:1002. 4928v2(gr-
qc) 23 Jan 2010.

Berman M. S. and F. M. Gomide, 1988. Gen. Rel. Grav., 20, 191.

Berman, M. S. 1983. NuovoCimento B 74, 182.

Bertolami O. et al. 2007. “Extra force in f{R) modified theories of
gravity”. Phys.Rev., D75, 104016 arXiv:0704.1733
(gr-qe)

BhaskaraRao M. P. et al. 2015. “Bianchi type-V bulk viscous
string cosmological model in a self-creation theory of
gravitation”, Astrophysics and Space Science, 359(2).

Coley, A. A. 1990. General Relativity and Gravitation, 22, 3

Fabris, J.C. and S.V.B. Goncalves, R. 2006. de Sa Ribeiro, Gen.
Relativ.Gravit.38 495.

Ghate H.R. er al. 2014. “Bianchi Types-IX viscous string
cosmological model models in f(R,T) gravity with special form
of declaration parameter”, International Journal of
Theoretical and Mathematical Physics, 4(6),240-247.

Hollenstein, L. and Lobo, F.S.N. 2008. “Exact solutions of f{R)
gravity coupled to nonlinear electrodynamics”, Phys. Rev.
D78, 124007.

Johri V. B. and K. Desikan, 1994. Pramana - J. Phys., 42, 473.

Kiran M. et al. 2013. “Non-existence of Bianchi type-IIl bulk
viscous  string cosmological model f(R,7) gravity”,
Astrophysics and Space Science, 346(2). p.521

Mahanta K. L. et al. 2014 “Bulk viscus cosmological models in
f(RT) gravity”, Astrophysics and Space Science, Doi
10.1007/s10509-014-2040-6

Mabharaj S. D. and R. Naidoo, 1993. Astrophys. Space Sci., 208,
261.

Misner, C. W. 1967. Nature, 214, 40.

Misner, C. W. 1968. Astrophys. J., 151, 431.

Murphy G.L. 1973. Phys. Rev. D 8 4231.

Naidu R. L. et al. 2012. “LRS Bianchi type-II Universe with
cosmic strings and bulk viscosity in a scalar tenser theory of
gravitation”, Astrophysics and Space Science, 338(2). p.351

Naidu R. L. et al. 2013. “A five dimensional Kaluza-Klein bulk
viscous string cosmological model in Brans-Dickescalar tenser
theory of gravitation®, Astrophysics and Space Science,
347(1).p.197.

Naidu R., K. Dasu Naidu, T. Ramprasad, D.R.K. Reddy 2013.
Global Journal of Science Frontier Research Physics and
Space Science, 13 55-57.

Naidu R.L. et al. 2013. “Bianchi Types-V bulk viscous string

cosmological model in f (R, T)gravity”, Astrophys. Space

Sci. DOI 10.1007/s10509-013-1540-0.

Nojiri S and S D Odintsov 2006. Phys. Rev., D 74 086005.

Nojiri, S. and Odintsov, S.D. “Problems of Modern Theoretical
Physics”, A Volume inhonour of Prof. Buchbinder, I.L. in the
occasion of his 60thbirthday, p.266-285, (TSPU Publishing,
Tomsk), arXiv:0807.0685.

Nojiri, S. and Odintsov, S.D. 2007. “Introduction to modified
gravity and gravitational alternative for dark energy”, Int. J.
Geom. Meth. Mod.Phys. 115.

Padmanabhan, T., & Chitre, S. M. 1987, Physics Letters A, 120,
433

Perlmutter, S. et al. 1997. “Measurement of the cosmological
parameters Q and A from the first seven supernovae at z >
0.35”. The Astrophysical Journal, 483, 565. http://dx.doi.
org/10.1086/304265

Perlmutter, S. et al. 1998. “Discovery of Supernovae Explosion at
Half the Age of the Universe”. Nature, 391, 51-54.
http://dx.doi.org/10.1038/34124

Perlmutter, S. et al. 1999. “Measurement of and 42 high-Redshift
Supernovae”. The Astrophysical Journal, 517, 565-
586.http://dx.doi.org/10.1086/307221

Pradhan A. and I. Aotemshi, 2002. Int. J. Mod. Phys. D 9, 1419.

Pradhan A., V. K. Yadav and I. Chakrabarty, 2001. Int. J.
Mod.Phys.D 10, 339.

Reddy D. R. K. ef al. 2013. “LRS Bianchi type-II universe with
cosmic strings and bulk viscosity in modified theory of
gravity” , Astrophysics and Space Science, 346(1). p.219

Reddy D. R. K. et al. 2013. Kaluza-Klein universe with cosmic
strings and bulk viscosity in f(R,T) gravity Astrophysics and
Space Science, 346(1). p.261

Reddy D. R. K. et al. 2014. “Kantowski-Sachs bulk viscous string
cosmological model in f(R,T) gravity”, The FEuropean
Physical Journal Plus, 129(5).

Reiss, A.G., et al. 1998. “Observational Evidence from super-
novae for an Accelerating Universe and a Cosmological
Constant”. The Astrophysical Journal, 116, 1009-1038.

Sharif M. and H. RizwanaKausar, 2011. “Anisotropic Fluid and
Bianchi Type III Model in f(R) Gravity”, arXiV:1101.3372
v1(gr-qc) 18 Jan.

Sharif M. et al. 2009. “Energy distribution in f{R) gravity”,
arXiV:0912.3532 vi(gr-qc) 18 Dec.

Singh G. P. and K. Desikan, Pramana, 1997. J. Phys., 49, 205.

Singh, J. P. and Baghel, P. S. 2010. International Journal of
Theoretical Physics, 49, 2734.

seskeskoskoskookok



