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ABSTRACT

In this paper, Bianchi type- Vlo cosmological model with Wet Dark Fluid (WDF) in f(R,T) gravity , where R is the
Ricci scalar and T the trace of stress energy-momentum tensor, in the context of late time accelerating expansion of
the universe has been studied. The exact solutions of the field equations are obtained by using a linearly varying
deceleration parameter (LVVDP). The universe ends with big rip. Our model initially shows acceleration for a certain
period of time and then decelerates consequently. Several dynamical and physical behaviors of the model are also

discussed in detail.
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I. INTRODUCTION

The discovery of modern cosmology is that the current
universe is not only expanding butalso accelerating. This
late time accelerated expansion of the universe has been
confirmedby the high red-shift supernovae experiments
(Riess et. al. (1998), Perlmutter et. al. (1999), Bennet et.
al. (2003)).The universe consists of 76 % dark energy
and 20 % dark matter. In view of the late time
acceleration of the universe and the existence of the dark
matter and dark energy, very recently, modified theories
of gravity have been developed. There are various
modified theories namely f(R),f(G),f(R,G) and
f(R,T) .One of the interesting and prospective versions of
modified gravity theories is the f(R,T)gravity proposed
by Harko et al. (2011) wherein the gravitational
Lagrangian is given by an arbitrary function of the Ricci
scalar R and the trace of the stress energy tensor T. In
f(R,T)gravity, the field equations are obtained from the
Hilbert-Einstein type variational principle. The f(R,T)
gravity models can explain the late time cosmic
accelerated expansion of the Universe. Adhav (2012)
has obtained Bianchi type | cosmological model in f
(R,T ) gravity. Several Relativists ( Katore and
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Shaikh(2012),Myrzakulov (2012), Mubasher et al.
(2012), Sharif and Zubair (2012a), Sharif and Zubair
(2012b), Sharif et al. (2013) , Ahmed and Pradhan
(2014) , Reddy et al.(2014), Shamir (2015), Momeni et
al. (2015),Santos and Ferst (2015),Shaikh and
Wankhade (2015), Shaikh and Bhoyar
(2015),Shaikh,A.Y.(2016), Katore and Shaikh(2016)
A.Y.Shaikh(2016)) studied different cosmological
models in f(R,T) theory of gravity. Singh and Bishi
(2015) have investigated Bianchi | universe model with
quadratic EoS in f(R,T) gravity with A .Sofuoglu (2016)
has researched Bianchi type IX universe model in f(R,T)
gravity. Shaikh and Wankhade (2017) investigated
Hypersurface-Homogeneouscosmological model in
f(R,T) theory of gravity with a term A.

The purpose of this paper is to study Bianchi type-Vly
space time cosmological model in the frame of the
newly established extension of the standard general
relativity known as the f(R,T ) theory of gravity

II. Wet Dark Fluid
Wet Dark Fluid (WDF) is a new candidate for Dark
Energy (DE) in the script of generalized Chaplygin gas,
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where a physically motivated equation of state is offered
with the properties relevant for a DE problem. The
equation of state for a WDF is

PwpF *
— TP =pPwDoF
[0)

1)
Equation (1) is good approximation for many fluids,
including water. The parameter @wand p " are taken to be
positive and restricted to 0 <@ <1. Note that if C,
denotes the adiabetic sound speed in WDF, then c?

(Babichev et. al. (2004)). To find the WDF energy
density, the energy conservation equation is used

)

From equation of state (1) and using 3H :% in equation

Pwor +3H(pw e + AwpE)=0.

(2), we obtain

@ * C
pWDF:(mjp +\/17*_“’T , 3)
where ¢ is the constant of integration and V is the
volume expansion. WDF naturally includes these
components, a piece that behave as a cosmological
constant as well as a standard fluid with an equation of

state Pp=a@p . It is shown that if we take ¢ >0, this
fluid will not violate the strong energy condition
p+p=0.Thus,

bwor+ Awpr = (L+ @)pypr-op” =1+ w(VTf*_“’TJ >0 (4)

The wet dark fluid has been used as dark energy in the
homogeneous, isotropic FRW model by Holman and
Naidu (2005).The Bianchi type-l universe filled with
dark energy from a wet dark fluid has been investigated
by Singh and Chaubey (2008). The Bianchi type-V
universe filled with dark energy from a wet dark fluid
has been studied by Chaubey (2009).Adhav et. al. (2010)
has investigated Bianchi type Il cosmological models
with dark energy in the form of Wet Dark energy in the
presence and absence of magnetic field. Plane
Symmetric Universe filled with dark energy from a wet
dark fluid has been considered by Katore et. al.(2011).
Katore et. al.(2011) have discussed Bianchi type Vio
universe with wet dark fluid in general relativity. The
higher dimensional Bianchi type | Universe filled with
dark energy from a wet dark fluid has been studied by
Katore et. al. (2012). Mishra and Sahoo (2013)
discussed the kink space-time with wet dark fluid (WDF)

in the scale invariant theory of gravitation .Many
Relativists (Jain et. al. (2012), Adhav et. al. (2013),
Samanta (2013),Mishra and Sahoo (2014a,b), Deo et. al.
(2016), Mete et. al. (2016), Shaikh,A.Y(2016)) studied
cosmological models with WDF in General Relativity
and theories of gravitations.

III. Gravitational field equations of F(RT)
gravity

The f(R,T) gravity is the generalization of General

Relativity (GR). In this theory, the field equations are
derived from a variation, Hilbert-Einstein type principle
which is given as

szijﬁf(R,T)d“HjﬁLmd“x, )
167

where f (R,T)is an arbitrary function of the Ricci scalar
(R) and trace of the stress energy tensor (T) of the
matter T,; (T=g"T;;) and L, is the matter Lagrangian

density.
The stress energy tensor of matter is defined as
r, -2 009w ()
J-g &gl

Assuming that the Lagrangian density L, of matter

depends only on the metric tensor components g;; and

not on its derivatives, in this case

o(Lm)
—mZ2 7
o (7)

The f(R,T) gravity field equations are obtained by

Tij = GijLm -

varying the action S with respect to the metric tensor
components g;; ,

1 .
fR(RT)R; - f(R.T)gj+ fR(R,T)(gijV'Vi —ViVj)=

. (8)
8Ty - fr R TITy- fr (R T )0y
where
2
_ op 0L
®ij = _2Tij + glj Lm — Zg (%ij@gmaﬂ . (9)
¢ OfRT) o _GfRT)
Here 'R R L IT ST
éTaﬂ
05 =9 —- 10
® 1] ( )

and v is the covariant derivative.
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The contraction of equation (8) yields
fr(R,T)R+3fz(R,T)-2f(R,T)=(87 - f{(R,T)IT - fr(RT)O

withe=g'e;;. (11)
Equation (10) gives a relation between Ricci scalar and
the trace of energy momentum tensor.
Using matter Lagrangian L, the stress energy tensor of
the matter is given by

Tij =(Pwpr + AvDAUiUj + PwpETij,
whereu' =(0,0,0,1) denotes the four velocity vector in
co-moving coordinates which satisfies the condition

(12)

uiui =1. pyorand pypeis energy density and pressure

of the fluid respectively.

The variation of stress energy of perfect fluid has the
following expression
©jj =—2Tjj — PYjj . (13)

On the physical nature of the matter field, the field
equations also depend through the tensor ®;;. Several

theoretical models corresponding to different matter
contributions for f(R,T) gravity are possible. However,

Harko et al.(2011) gave three classes of these models
R+2f(T)
f(RT)=1f1(R)+ f2(T)
f1(R) + f,(R) 3(T)
Here we consider a particular form of the function
f(R)=4R and f,(T)=2,T where 4 and 2, are any
parameters such that
f(R,T)= 4R+ 4,T. (15)
Using equation (12) , the gravitational field equations
(13) reduces to

1 8T+ 1
ERgij = {Hj Tij +%(P+§Tj 9ij  (16)

(14)

GijERij— /1,1

IV. Metric and Solution of Field Equations

We take a spatially homogeneous and anisotropic
Bianchi type VI, space-time in the form
ds? = —dt? + aZdx? + aZe?*dy? + afe 2*dz? |
17)
where the metric functions a;, a,, a; are the functions
of talone.

For the space-time given by Eq.(17), the following are
the formulae for physical and kinematical parameters
which are useful to solve the field equations of this
theory.

The spatial volume and the average scale factor is
defined as

V=al=aaja; (18)
The average Hubble parameter is given by
_a_1Vy _lra @ a (19)
a 3V 3ly a, ag )’

The expressions for scalar expansion @ and shear scalar
o are given by

6=3H, (20)
2_ g H2A (21)
The average anisotropy parameter is
L (Hi—H Y 22
A= §§[T] (22)

where H, (i =1,2,3) represents the directional Hubble
parameter in the directions of X, Y, z respectively.

Another important dimensionless kinematical quantity is
the deceleration parameter q , which tells whether the

universe exhibits accelerating volumetric expansion or
not
ad d(1
g3
Using co-moving coordinates and equations (5) and (12),

the f(R,T) gravity field equations, (16), for metric (17)
can be written as

(23)

pWDF+/1_2p\NDF, (24)
2 9 2

dy 83 dydy 1 167 + 34
_2+_3+_2_3+_2:_[ 2
8 a a3 af h

d, & 4 @ 167 + 34 A
a_3+ﬂ+a_3ﬂ_i2:_[ ™+ ZJpWDF+_2p\NDF (25)
d3 a4 d3 9 a ﬁ.]_ 2 /11 2
ﬂ+a_z+ﬂa_z_i2:_[15”+3}sz Pwor , A2 Awor (26)
a & P af A 2 4 2
& & da 1 _ (167+3% |pwor A Pwoe  (27)
a, a3 a3 al i 2 2
B _B_ (28)
a; a,

where a dot hereinafter denotes ordinary differentiation
with respect to cosmic time.

On integrating equation (28) we get
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a, =¢,a,, (29)
where C, is constant of integration and assume it as
unity.

Using equation (29) , the set of equations (24)- (28)
reduces to

2
a a 1
2_2+ *2 _|__2=_
do do &

167 +34 | Pwor . 4 AwpE
) 2 4 2

(30)
5_1+a_2+ﬂ3_2_i=_[1677+3/12]PWDF+/1_2PWDF
8 a &8 a’ ) 2 K 2

(31)

2
zﬁa_z{a_zJ 1 [167T+3/12]PWDF_/1_2 Pwor
ya, (8 af ] 2 K 2
(32)

Since field equations (30)-(32) are three equations which
are highly nonlinear having four unknowns

a,,ds, Py o and py, o, an extra condition is needed

to solve the system completely. A law of variation for
Hubble parameter proposed by Berman (1983) and
Berman and Gomide (1988) within the context of FRW
space times in general relativity that yields constant

deceleration parameter g :_ff‘_;: m—1 (where a is
a

the scale factor and m > Ois a constant). In Berman’s

law the deceleration parameter can get value q>-1,

and since —1< <0 corresponds to the accelerating

expansion, many authors have studied cosmological
models using this law in the context of dark energy
following the discovery of current acceleration of the
universe.

In this paper, we propose a generalized, linearly varying
deceleration parameter.

ad

q=—— =—-kt+m-1 (33)
a

where k>0 and m>0 are constants and k=0
reduces to the law of Berman (1983) which yields
models with constant deceleration parameter. Reddy et.
al. (2016) have considered a minimally interacting
holographic dark energy Bianchi type-1X cosmological
model in Saez-Ballester (1986) scalar-tensor theory of
gravitation and to obtain the cosmological model they
have used linearly varying deceleration parameter

proposed by Akarsu and Dereli (2012) specified by
equation (33). Bianchi type-1ll holographic dark energy
model in Brans-Dicke theory with constant deceleration
parameter have been studied by Umadevi and
Ramesh(2015) while Reddy et al(2016) obtained
Kantowski —Sachs holographic dark energy model the
deceleration parameter given by Eq.(33). Here we are
concerned with linearly varying deceleration parameter
given by Eq. (33) when k > 0andm = 0.

Solving (33) one obtains three different form of
solutions for the scale factor:

2 kt—-m
arctanh[ }
[2_ [2_
a=ke'" 2k m -2k fork >0andm >0 (34)
1
a=ky(mt+cy)™m fork =0andm >0 (35)
a = kge™ fork =0andm =0 (36)

where k;,k,,ks,¢1,¢5,¢4 are constants of integration.

The last two of these solutions are for constant g and
hence corresponds to the solutions under Constant
Deceleration Parameter (CDP) ansatz. For convenience,
Reddy et. al. (2016) considered the solution for
k > 0,1 >0 and choose the integration constantc, =0.
The reason for considering the solution only for
k>0,1>0 is not only for simplicity but also for
compatibility with the observed universe. The condition
k>0 means that we are dealing with increasing
acceleration g=-k <0 . k>0 is the only way to
shift the deceleration parameter to values higher than

-1).

With above assumptions and following Reddy et. al.
(2016) , the equation (34) reduces to

2 [kt j

—arctanh| ——
a(t)=ke™ m

(37)

In order to get exact solutions for the set of equations
(30)-(32), we assume that &, =V’ where 7 is any
constant.
Using equations (29) and (37), we obtain the exact
values of the scale factor as

Q arctan h[kt—lj
m

a; =k¥e™ (38)
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3(1-7) 6(1-y )arctanh(kt— j
a,=ag=k 2 e 2M m
(39)
Metric (17) with the help of equations (38) and (39) can
be written as

i —=arct nh(ﬁ—lj 6l y)arctanh(kt
ds* =—dt’ +|k¥e " o +| ke "

(40)
Using equations (38),(39) , we get the energy density
and pressure as

)1( e dy? +e‘2xdzz)

- i (167 +34, )[216(17 7)? +4801- 7)(kt—m)]—ﬁz’72(1— 7)? +144(1 - mL 8(47 + Ay)
'WDF = 7 3
l/LZZ - (16” +34, )2] (th— ktz)2 ) ze%arclauh'\%flJ
(41)

A I [216(1— N2+l 7)(kt—m)]—(16/r+322)[72(17 7 +1441- ;/)yL 847 + 1)

pWDF:[AZZ —(167[+3/12)2J

(Zl'ﬂl - ktz )Z %arctanh‘/%—l]

(42)
Using equations (41),(42) , we obtain the parameter @
and p* as follows

iarclanhlﬂfl] 2

kZe™ \m {(16,7 +34, )[216(1 — )2 +48(1- y)(kt — m)]— 2 [72(1 — )2 +14401 - y);/]}+ 8(4z + 12)(2mt - th)
4 tanh)| \‘

ki Ze™

kt
I
€

0=
/ L{Z [216(14)2 + 4801 y)(kt — m)]— (167 + 342)[72(17 7)? +14401 - y)y]h 8(4r + 4y )(th— th)z

(43)

242, (y —2)(4z+ A)

_ 48@— 3+ (kt—m)]
o T 2 —@er v 34, P Jomt— ki?)

(th—ktz

]
(44)

4.1 A particular case of f(R,T)=R+24T.

For values of A, =1and A, =24

f(R,T)=R+24T.

in (15) we get

In this case the pressure , energy density, parameter @
and p* are as follows

1 {2 (87 + 32)216(1— 7)* +48(L— y)(Kt-m)|- 22[72(1- y)* +144(L- p)y] . 16(27 + 2)
Puor = B
4|7 —(8r+32F JL (omt —ke2f e o)
(49)

1 (21[216(17 7) +48(1- y)(kt—m)]- 2(87 + 32) [r2(1- )? + 14401 ;/)y] Z/r+4)

Pwor =17 7

4|2 (B +34) JL (ome—kef 2™ m{5-)
(46)

[k1 eiactah {(sn+3/1 [215(1 7)? +48(1—)(kt — m)] ;[72(1 )% +144(1- /)y]}+8(27r+4)(2m1 ktz}z:

o=
kl
L& e [ {}[216(17;/)2+48(lfy)(ktfm)]f 87r+3),)[72(1—y)2+144(1—y)y]}+8(27r+A)(th—kt)2

(47)
(48)

kt
\

48(r-2)@z+4) { 7B+ (kt - m] 4
4 74[2 87[+3A)2J(2mt kt ){ (th wf

2w arctan h(
k
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For the above particular values of A, =1 and

A, =24 the metric in Eqn. (17) together with eqgns.
(45)- (49) represents Bianchi type VI, cosmological
model with WDF in f(R,T) gravity with f(R,T)=R+2uT,
which is more general.

The spatial volumeV , average scale factora, scalar
expansion € , the mean Hubble directional Hubble
parameter H shear scalar o and anisotropy
parameter A for the metric (17) are obtained as
The mean Hubble parameter

2-y)

=7 49
(2mt—kt?) (49)
Expansion Scalar
6(1-»)
f=3H=—""7_ 50
(2mt—kt?) (50)
Shear Scalar
2
62 _ 6(827 -10y ""25) _ (51)
t°(2m—kt)
Mean Anisotropic Parameter
A (872107 +5) (52)

a-7%

The universe will exhibit decelerating expansion if
g>0, an expansion with constant rate if q=0,
accelerating power law expansion if —1<q<0 ,
exponential expansion(also known as de Sitter
expansion) if g =—1 and super-exponential expansion
if g <—1 (Carroll et al. 2003, Caldwell et al. 2003). In
our model, the universe has finite Iifetime It starts with

a big bang at t, =0 and ends at t,,q == . The energy

density of the fluid and the scale factor dlverge in finite

time as t - typg = . This is the big rip behavior first

suggested by Caldwell et al. (2003). We also observed
that the universe begins with g, =m—1 , enters into

m-1

the accelerating phase q <0 at t, == enters into

super-exponential phase( q<—-1) at t, =% and ends

with g =-m-1. Spatial volume and average scale

factor diverge in finite time , whereas expansion scalar
and Hubble parameter tends to zero as t »« . If we

consider the ratio Iim%:constant then our model does

t—oo
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not approaches isotopically. It may also be observed that
when y =1, A =050 that the universe becomes isotropic
which resembles with Bishi and Mahanta (2015). It is
also observed that the EoS parameter is function of
cosmic time t only. It is observed that energy density is
decreasing function of time.

V. CONCLUSION

Bianchi type- Vo cosmological models with WDF in
f(R,T) gravity , where R is the Ricci scalar and T the
trace of stress energy-momentum tensor in the context of
late time accelerating expansion of the universe has been
studied. To obtain the cosmological model we have used
linearly varying deceleration parameter proposed by
Akarsu and Dereli (2012). The model also shows initial

singularity and finite lifetime with t, :ZTm which

resembles with the investigations of S. Singh (2014) and
Akarsu and Dereli (2012). It starts with a big bang and
ends at a finite time. The energy density, pressure and

scale factors diverge in finite time as t — tgnq :sz' This

is called as Big Rip ( Caldwell et. al.(2003)). We also
observed that the universe begins with g, =m-1 , enters

into the accelerating phase q<0 at t, = mT_l , enters into

super-exponential phase(q <-1) at t, :% and ends with

eng =-m—1 Which resembles with Adhav et. al. (2012).
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