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Abstract In this paper, we introduce the bulk viscosity in
the formalism of modified gravity theory in which the grav-
itational action contains a general function f (R, T'), where
R and T denote the curvature scalar and the trace of the
energy—momentum tensor, respectively, within the frame-
work of a flat Friedmann—Robertson—Walker model. As an
equation of state for a prefect fluid, we take p = (y — 1)p,
where 0 < y < 2 and a viscous term as a bulk viscos-
ity due to the isotropic model, of the form ¢ = ¢y + 1 H,
where ¢o and ¢ are constants, and H is the Hubble param-
eter. The exact non-singular solutions to the corresponding
field equations are obtained with non-viscous and viscous
fluids, respectively, by assuming a simplest particular model
of the form of f(R,T) = R+ 2f(T), where f(T) = «T
(o is a constant). A big-rip singularity is also observed for
y < 0 at a finite value of cosmic time under certain con-
straints. We study all possible scenarios with the possible
positive and negative ranges of « to analyze the expansion
history of the universe. It is observed that the universe accel-
erates or exhibits a transition from a decelerated phase to
an accelerated phase under certain constraints of ¢y and ;.
We compare the viscous models with the non-viscous one
through the graph plotted between the scale factor and cos-
mic time and find that the bulk viscosity plays a major role
in the expansion of the universe. A similar graph is plotted
for the deceleration parameter with non-viscous and viscous
fluids and we find a transition from decelerated to accelerated
phase with some form of bulk viscosity.

1 Introduction

Recently, the modified theory of gravity has become one of
the most popular candidates to understand the problem of
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dark energy. In the literature, a number of modified theories
have been discussed to explain early and late time expansion
of the universe. In this context, f(R) gravity (R being the
Ricci scalar) is the simplest and most popular modification
of general relativity (GR). f(R) gravity was first introduced
in [1] and later used to find a non-singular isotropic de Sitter
type cosmological solution [2] (for recent reviews on f(R)
gravity, see [3-6]). In f(R) gravity, it has been suggested
that the cosmic acceleration can be achieved by replacing the
Einstein—Hilbert action of GR with a general function f(R).
Many authors [7-11] have investigated several aspects of
f(R) gravity in different cosmological models. f(R) grav-
ity can produce cosmic inflation, current cosmic acceleration,
and the behavior of dark matter. f(R) gravity is also com-
patible with the observational data [12—15]. Other modified
gravities like scalar Gauss—Bonnet f(G) gravity [16], f(T)
gravity [17], where T is the torsion, etc., have been proposed
to overcome many problems in cosmology. Therefore, mod-
ifying the law of gravity is a possible way to explain the
acceleration mechanism of the universe.

Bertolami et al. [18] generalized f(R) gravity by intro-
ducing an explicit coupling between an arbitrary function of
the Ricci scalar R and the matter Lagrangian density Lp,. It
provides a non-minimal coupling between matter and geom-
etry in a more general manner at the action level. A maximal
extension of the Einstein—Hilbert Lagrangian was introduced
in [19], where the Lagrangian of the gravitational field was
considered to be a general functionof R and Ly,. In (R, L1,)
gravity, it is assumed that all the properties of the matter are
encoded in the matter Lagrangian £,. Harko and Lobo [20]
generalized this concept to the arbitrary coupling between
matter and geometry.

Recently, Harko et al. [21] have introduced another exten-
sion of GR, the so-called f (R, T) modified theory of gravity,
where the gravitational Lagrangian is given by an arbitrary
function of the Ricci scalar R and the trace T of the energy—
momentum tensor. The authors suggested that the coupling
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of matter and geometry leads to a model which depends
on a source term representing the variation of the energy—
momentum tensor with respect to the metric. This theory
has been recently introduced as modifications of Einstein’s
theory, possessing some interesting solutions which are rel-
evant in cosmology and astrophysics. Houndjo et al. [22-
24] investigated f (R, T) gravity models to reproduce the
four known finite-time future singularities. Alvarenga et al.
[25] tested some f(R,T) gravity models through energy
conditions. Pasqua et al. [26] studied the particular model
f(R,T) = uR + vT, which describes a quintessence-like
behavior and exhibits a transition from a decelerated to an
accelerated phase. Sharif and Zubair [27] considered two
forms of the energy—momentum tensor of dark components
and demonstrated that the equilibrium description of thermo-
dynamics cannot be achieved at the apparent horizon of the
Friedmann—Robertson—Walker (FRW) universe in f(R, T)
gravity. Azizi [28] showed the matter threading of the worm-
hole may satisfy the energy conditions and the effective
energy—momentum tensor is responsible for violation of the
null energy condition in f (R, T') gravity. Chakraborty [29]
incorporated conservation of the energy—momentum tensor
in the field equations and discussed the energy conditions in
f (R, T) gravity with perfect fluid. Recently, Singh and Singh
[30] have presented the reconstruction of f (R, T) gravity
with perfect fluid in the framework of FRW model for two
well-known scale factors.

In recent years the observations like type Ia supernovae
[31-34], the cosmic microwave background [35,36], and the
large scale structure [37,38] are evidence for an accelerated
expansion of the universe. In most of the cosmological mod-
els, the content of the universe has been considered as a per-
fect fluid. It is important to investigate more realistic models
that take into account dissipative processes due to viscosity.
In ahomogeneous and isotropic universe the bulk viscosity is
the unique viscous effect capable to modify the background
dynamics. It is well known that when the neutrino decoupling
occurred, the matter behaved like a viscous fluid in the early
stage of the universe. There were remarkable cosmological
applications of viscous imperfect fluids already in the 1970s
[39—43]. In the context of inflation, it has been known since a
long time ago that an imperfect fluid with bulk viscosity can
produce an acceleration without the need of a cosmological
constant or some scalar field. An inflationary epoch driven
by bulk viscous pressure has also been proposed in the 1980s
[44-47]. All these works have analyzed the role played by
the bulk viscosity in the early universe.

In the framework of homogeneous and isotropic universe,
for a sufficiently large bulk viscosity, the effective pressure
becomes negative and hence it can explain late time accel-
eration of the universe. The dark energy phenomenon as an
effect of the bulk viscosity in the cosmic medium has been
first investigated in [48]. All these cited works are pioneer
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papers on the cosmological bulk viscosity, but it is also worth
noting some recent applications of viscous fluids as candi-
dates for dark matter [49], dark energy [50-54] or unified
models [55-60], i.e., when a single substance plays the role
of both dark matter and dark energy simultaneously. Indeed,
it has been shown that for an appropriate viscosity coeffi-
cient, an accelerating cosmology can be achieved without
the need of a cosmological constant [61-64]. In [65-70], the
bulk viscous cosmological models have been studied in var-
ious aspects. In an accelerated expanding universe it may be
natural to assume the possibility that the expansion process is
actually a collection of states out of thermal equilibrium in a
small fraction of time due to the existence of a bulk viscosity.
Hence, FRW cosmology may be modeled as a bulk viscosity
within a thermodynamical approach. A well-known result of
the FRW cosmological solutions, corresponding to the uni-
verse filled with perfect fluid and bulk viscous stresses, is the
possibility of violating dominant energy condition (DEC).
At the late times, since we do not know the nature of the
universe content (dark matter and dark energy components)
very clearly, concern about the bulk viscosity is reasonable
and practical. To our knowledge, such a possibility has been
investigated only in the context of the primordial universe,
concerning also the search of non-singular models. But many
investigations show that the viscous pressure can play the
role of an agent that drives the present acceleration of the
universe. The motivation of the present work is to drive the
present acceleration using the bulk viscous pressure within
the cosmic fluid instead of any dark energy component in
modified f (R, T') gravity theory.

In the present paper, we study the FRW model with bulk
viscosity in modified f (R, T') gravity theory and investigate
the effects of the bulk viscosity in explaining the early and late
time acceleration of the universe. The model contains the per-
fect fluid with bulk viscosity of the form ¢ = {o+¢1 H, where
¢o and ¢ are constants and H is the Hubble parameter. The
exact solutions of field equations are obtained with constant
and varying bulk viscosity by assuming a simplest particular
formof f(R,T) = R+2f(T),where f(T) = «T.Westudy
all possible scenarios according to the values of « and under
the constraints of ¢p and ¢; to analyze the behavior of the scale
factor and matter density, and we discuss the expansion his-
tory of the universe. We find cosmological solutions which
exhibit a big-rip singularity under certain constraints. There-
fore, the negative pressure generated by the bulk viscosity
cannot avoid the dark energy of the universe to be phantom.

The paper is organized as follows. In Sect. 2 we present
the brief review of the modified f (R, T') gravity theory as
proposed by Harko et al. [21]. Section 3 presents the cosmo-
logical model and its field equations with a bulk viscous fluid.
Section 4 deals with the solution of the field equations and
is divided into Sects. 4.1 and 4.2. In Sect. 4.1 we present the
solution of non-viscous fluid in f (R, T) gravity theory. Sect.
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4.2 deals with the viscous cosmology which is divided into
Sects 4.2.1 and 4.2.2. In Sect. 4.2.1 we present the solution
of the field equations with constant bulk viscosity whereas
the solution of time-dependent bulk viscosity is presented in
Sect 4.2.2. In Sect. 5 we summarize our results.

2 Brief review of modified f (R, T) gravity theory

The f (R, T) theory is a modified theory of gravity, in which
the Einstein—Hilbert Lagrangian, i.e., R is replaced by an
arbitrary function of the scalar curvature R and the trace
T of the energy—momentum tensor. In [21], the following
modification of Einstein’s theory is proposed in the units
nG=1=c:

1
5= / d*x /gL f (R, T) +2Ln]. M

where g is the determinant of the metric tensor g,., and Ly, is
the matter Lagrangian density. The energy—momentum ten-
sor T},,, defined from the matter Lagrangian density Ly, is
given by

2 8(V=8 Lm)

gk

. 2

T =—
and its trace by T = g""T},,. Assuming that the matter

Lagrangian density £,, depends only on the metric tensor
components g,,,, not on its derivatives, we obtain

Ly,

o 3)

T;w = g,uv»cm

The equations of motion by varying the action (1) with
respect to the metric tensor are given by [21]

1
Sr(R, T)Ruv - Ef(Ra T)gp.v + (g;wD - Vp,vu)fR(R7 T)
:Tu.v_fT(Ra T)Tuv_fT(R, T)@[,L\)s (4)
where fr and fr denote the derivatives of f(R, T) with
respect to R and T, respectively. Here, V,, is the covariant

derivative and OJ = V,V# is the d’ Alembert operator and
Opv 1s defined by

ST, 8
O = g“ﬁgg% (5)
Using (3) into (5), we obtain
3L
Ouv = 2Ty + guvlm — 280”6 = (6)

agﬂvagaﬂ :

The equations of f(R, T) gravity are much more compli-
cated with respect to the ones of GR even for the FRW metric.

For this reason many possible forms of f (R, T') have been
proposed to solve the modified field equations, for exam-
ple, f(R.T) = R+ 2f(T), f(R.T)= ufi(R) + vfo(T),
where f1(R) and f>(T) are arbitrary functions of R and T,
and p and v are real constants, respectively [21-26], and
f(R,T) =R f(T) [29], etc. In this paper we consider the
following simplest particular model (cf. [21]):

J(R,T)=R+2f(T), )

i.e. the action is given by the same Einstein—Hilbert one
plus a function of 7. The term 2 f(7T) in the gravitational
action modifies the gravitational interaction between matter
and curvature. Using (7), one can re-write the gravitational
field equations defined in (4) as

1
R//,v _ERguv = T,uv - 2(T/,LU + @uv)f/(T) + f(T)g,uv,
3

which is considered as the field equation of f (R, T') gravity.
Here, a prime stands for the derivative of f(7") with respect
to T'. The assumption (7) is a particularly interesting choice,
since for p = Oonehas T' = p and, by choosing f(T) = «T
where « is a constant, one can construct a model with an effec-
tive cosmological constant. In order to compare (8) with Ein-
stein’s case, we find that the gravitational field equations (8)
can be recast in such a form that the higher order corrections
coming both from the geometry , and from matter—geometry
coupling, provide an energy—momentum tensor of geometri-
cal and matter origin, describing an effective source term on
the right hand side of (8).

The main issue now arises of the content of the universe
through the energy—momentum tensor and consequently of
the matter Lagrangian £,, and the trace of the energy—
momentum tensor.

3 Metric and field equations

We assume a spatially homogeneous and isotropic flat FRW
metric,

ds? = dt? — az(t)(dx2 + dy2 + dzz), )

where a(t) is the cosmic scale factor.

In comoving coordinates, the components of the four-
velocity u* are u® = 1, u’ = 0. With the help of the
projection tensor A, = g, + Uy Uy, we have the energy—

momentum tensor for a viscous fluid [71,72]
Tp,v = puyly — ﬁh;w, (10)

where p denotes the effective pressure. In the first order ther-
modynamics theory of Eckart [73], p is given by
p=p—3tH. (1D
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Thus, for large ¢ it is possible for a negative pressure term
to dominate and an accelerating cosmology to ensue. Here,
H = a/a is the Hubble parameter, where an overdot means
differentiation with respectto ¢, and p, p, and ¢ are the energy
density, the isotropic pressure, and coefficient of bulk viscos-
ity, respectively. Therefore, the Lagrangian density may be
chosen as £,, = —p, and the tensor O, in (6) is given by

Opy = _ZT[M) - Iag//.v. (12)

Using (10) and (12), the field equations (8) for the bulk vis-
cous fluid become

1
Ry — ERguv :T;w+2f/(T)T;w+(2ﬁf/(T)+f(T)) 8-
(13)

The field equations (13) with the particular choice of the
function f(T) = «T, where « is a constant (see, Harko
et al. [21]) for the metric (9) yield

3H? = p+2a(p+ p) +aT, (14)
2H +3H?> = —p+aT, (15)

where T = p — 3p. We have two independent Eqgs. (14) and
(15), and four unknown variables, namely H, p, p, and ¢ to
be solved as functions of time. In the following section we
choose an equation of state (EoS) and bulk viscosity and try
to solve for H.

4 Solution of field equations

From (14) and (15) we get a single evolution equation for H:
2H + (14 2a)(p + p) —3(1 +20)cH = 0. (16)
Thus, if an EoS connecting p and p is chosen in the form

p=—Dp, (17

where y is a constant known as the EoS parameter lying in the
range 0 < y < 2, then (16) can be solved for any particular
choice of ¢.

Let us assume the general bulk viscosity ¢ of the form
[70,74,75]:

(=% +4H, (18)

where o and ¢; are two constants conventionally. The moti-
vation of considering this bulk viscosity is to be found in
fluid mechanics. We know that the transport/viscosity phe-
nomenon is involved with the “velocity” @, which is related to
the scalar expansion & = 3a/a. Both ¢ = ¢y (constant) and
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¢ o 0 are separately considered by many authors. Therefore,
a linear combination of the two is more general.
Using (11), (17), and (18) in (14), we have

3H[(1 — H—
_ 3HIA —aby) OlC()]' (19)
1+40 —ay
4.1 Cosmology with non-viscous fluid

In this case, where ¢ = 0, (16), with the help of (17), (18),
and (19), reduces to

3 y(1+2a)H?

H = 20
+2(l+4a—ay) (20)
On solving (20) for y # 0, we get
1
H= 3(1+42a) ’ @D
o)y
[C T 2 +da—an) t]

where C is a constant of integration. Using H = a/a, (21)
gives the power-law expansion for the scale factor of the form

2(1+4a—ay)
3y (1+2a)
t} L @E-172),
(22)

3y(142a)
—D|o+ T
“ [ (U tda—ay)

where D is another constant of integration. This scale factor
can be rewritten as

2(1+4a—ay)

Ty
t} ) (23)

where H = Hy > 0 att = ty. The cosmic time #y cor-
responds to the time where the dark component begins to
become dominant. The energy density is given by

3y(1 +2a)Hy

= 1 _—
a a0|: +2(1+4a—ay)

3y (1 4 2a) Hy

)
2(1 + 4o — ay) t:| ’ @4

,0=/00[1+

where pg = 3H§/(1 +4a —ay).Fory < 0 we get abig-rip
singularity at finite time fp; = —2(1 + 40 — ay)/3y (1 +
2a)Hy > to as the scale factor and energy density tend to
infinite at this time.

The cosmological inflation or the accelerated expansion
of the universe is characterized by the deceleration parameter
q defined by ¢ = —Z—g In this case, we get

3y(1+2a)

= 7 1, (25)
2(1 +4o —ay)

which is constant throughout the evolution of the universe.
As we know that ¢ > 0 determines the expansion of the uni-
verse with decelerated rate, ¢ < 0 describes the accelerated
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expansion of the universe and ¢ = 0 gives the coasting or
marginal inflation. Thus, for suitable values of o and y we
can obtain a decelerated and accelerated expansion of the
universe. In this case, the model does not exhibit a phase
transition due to the constant value of ¢g.

For y = 0ie. p = —p, (20) gives H = Hy, which
corresponds to a = age™’ i.e. a de Sitter type expansion
of the universe. Both p and p are constant, and ¢ = —1
throughout the evolution of the universe.

4.2 Cosmology with viscous fluid

On the thermodynamical grounds, ¢ in (18) is convention-
ally chosen to be a positive quantity and may depend on the
cosmic time ¢, or the scale factor a, or the energy density p.
Therefore, different forms of viscosity can be used to make
(16) solvable numerically or exactly. We investigate in the
following some different choices for ¢.

4.2.1 Solution with constant bulk viscosity

From a bulk viscosity point of view, the simplest case is
thought to be a constant bulk viscosity. Therefore, assuming
¢1 = 01in (18), we get ¢ = ¢p. In this case (19) reduces to

3H? —3aoH

p = 2 — Sl (26)
(1+4a —ay)

Substituting (17) and (26) into (16), we get
3 14+20)H 1+ 4
3 yU+20H [ ol +40]_ 0,
21440 —ay) y

In what follows we solve (27) for y # 0 and y = 0O sepa-
rately.

Case I: Solution for y # 0

Solving (27) for y # 0, we find

3 (14+2a0) (1+4a)gg
ef (1+4a—ay)

H = , (420 (T4t (28)
€0+ Mg ©

3
27 (I+4a—ay)

where cg is a constant of integration. Using H = a/a, the
scale factor in terms of 7 is given by

2 (Hda—ay)
y §(l+20t)(l+401)(ol 3 y(IRa)
a=cy C0+— e2 (Ha—ay) ,
(1+4a)go

(29)

where ¢; > 0 is another integration constant. This scale
factor may be rewritten as

v Hy 3 (H20) (H40)gg E “;‘(‘&EZ)V !
sormaieg (SRR )]
(14+4a)¢o
(30)

The energy density can be calculated as

(14+2e) (1+42) ¢
T(Ha—ay) !

3
_ 3Hy e?
(1+4a—ay) | 4 2Ho (eg <1zzﬁ$jx;zo - 1)

(1+4a)¢o
—a %o
z_l)

For 0 < y < 2, the viscous solution satisfies the DEC, i.e.,
p+ p > 0.If y <0 we have a big-rip singularity at a finite
value of cosmic time

0

3 (I+2a)(1+4a)n ‘
HO e2 (Hda—ay)

3 (I+20)(1+40)5g
1 + v Hy ef (I+4a—ay)
(IH4a)Co

3D

2(1 +4a — ay) ( 1+ 4a)§‘o>
for Inf1—-—2) > g

= 31+ 20)(1 + 4a)0o y Ho
(32)

One may observe that there is a violation of DEC. The energy
density grows up to infinity at a finite time ¢ > fy, which leads
to a big-rip singularity characterized by the scale factor and
Hubble parameter blowing up to infinity at this finite time.
Therefore, there are cosmological models with viscous fluid
which present in the development of this a sudden future
singularity.
The deceleration parameter is given by

3
2

(14+2a) [ _ (1+4a)§0]
_ 2(+4a—ay) v Hy _1 (33)
9= 3 (20 (14007 )

eZ (1+4a—ay)

which is time dependent in contrast to the perfect fluid.
Thus, the constant bulk viscous coefficient generates a time-
dependent ¢, which may also describe the transition phases
of the universe along with deceleration or acceleration of the
universe. Let us observe the variation of ¢ with bulk viscous
coefficient ¢y for various ranges of « in different phases of
the evolution of the universe for y > 0, which are presented
in Tables 1, 2 and 3.

We observe from Tables 1, 2 and 3 that the universe accel-
erates throughout the evolution when o > 0 for any {p > 0
in the inflationary phase whereas it shows a transition from a
decelerated phase to an accelerated phase when o > —0.25

@ Springer
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Table 1 Variation of ¢ for

y =2/3 Range of « Constraints on o q Evolution of universe
a>0 Forall ¢p > 0 Negative Accelerated expansion
—-025<a <0 0<¢< % +ve to —ve Transition from dec. to acc.
Zo > % Negative Accelerated expansion
—0.30 <a < -0.25 Forall 5o > 0 Positive Decelerated expansion
—0.50 <o < —-0.30 Forall ¢p > 0 Negative Accelerated expansion
a < —0.50 0<¢< % —ve to +ve Transition from acc. to dec.
Lo > % Positive Decelerated expansion
Table 2 Variation of g for - - -
y =4/3 Range of o Constraints on o q Evolution of universe
a>—0.25#0) 0<¢ < % +ve to —ve Transition from dec. to acc.
Zo > % Negative Accelerated expantion
—0.375 <a < -0.25 Forall o > 0 Positive Decelerated expansion
—50 <a <—-0.375 Forall o > 0 Negative Accelerated expansion
a < —0.50 0<¢ < % —ve to +ve Transition from acc. to dec.
Lo > % Positive Decelerated expansion
Table 3 Variation of g for B B -
y=1 Range of o Constraints on ¢p q Evolution of universe
a>—025#0) 0<¢ < M{W +ve to —ve Transition from dec. to acc.
Lo > Mf% Negative Accelerated expantion
—033 <a <-0.25 Forall {p > 0 Positive Decelerated expansion
—0.50 <@ < —0.33 Forall {p > 0 Negative Accelerated expansion
a < —0.50 0<¢ < M{% —ve to +ve Transition from acc. to dec.
Lo > MW Positive Decelerated expansion

for smaller values of ¢y and acceleration for larger values
of ¢p in radiation and matter-dominated phases. It is to be
noted here that the larger values of ¢y make the effective
pressure more negative to accelerate the universe through-
out the evolution. We find that the universe decelerates in
—0.30 <o < —0.25fory =2/3,in —0.375 <« < —0.25
fory = 4/3 and in —0.33 < o« < —0.25 for y = 1 for
all £g > 0. Further, we find that the universe accelerates in
—0.50 <o < -0.30fory =2/3,in —0.50 <« < —0.375
fory = 4/3 and in —0.50 < o < —0.33 for y = 1 for
all o > 0. When o < —0.50, the model shows a transition
from an acceleration to a deceleration phase for small values
of ¢y and decelerates for large values of ¢p. In conclusion
we can say that the universe accelerates or shows a transi-
tion from a decelerated phase to an accelerated phase for
o > —0.25 with a constant viscous term in all phases of its
evolution.

For y < 0, where the solution has a big-rip singularity, g
is always negative for o > 0 during any cosmic time.

@ Springer

Case II: Solution for y = 0.
In this case, (27) reduces to

H— %(1 +2a)¢0H =0, (34)
which gives the solution for H in terms of ¢ as

H = cpe2 120001 (35)
where ¢; > 0 is a constant of integration. The scale factor in

terms of t is given by

2c9 e%(l+2a){0r
a = cze30+205

, (36)

where ¢3 > 0 is another constant of integration. This scale
factor may be rewritten as

2H, 3 (1420)¢1
eS(l+2a){0 <e2 0'—1

37)

a = agp

We find that the scale factor shows the superinflation in the
presence of constant bulk viscous coefficient whereas it has
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Table 4 Variation of ¢ for

y =0 Range of o

a > —0.50 (o # 0)
o < —0.50

—2Hy
0 = 30120)

Forall {p > 0

_2H
0<% < 307209

Constraints on &g q Evolution of universe
Negative Accelerated expansion
—ve to +ve Transition from acc. to dec.
Positive Decelerated expansion

a de Sitter expansion in the non-viscous case. The energy
density is given by

3Hoe%(l+2a){ot

3
Hoe3 (2050 — g5, | 38
0+ da) [ 0 %o (38)
We observe that p varies with time in contrast to the perfect
fluid solution where it is constant. Both a(¢) and p tend to a
constant at # = 0 and tend to infinity at # — oo. In this case
the deceleration parameter is given by

_ _3(0(1 + 2a) e_%(l.;_za)go, _1, (39)
2Hy

which is time dependent. We study the variation of ¢ with the
bulk viscous coefficient ¢y for various ranges of «, which are
summarized in Table 4. From Table 4 we observe that ¢ is
always negative for @ > —0.50 and the universe accelerates
for all values of ¢y > 0. For « < —0.50, the value of ¢
varies from negative to positive, that is, the universe shows
a transition from an accelerated phase to a decelerated phase
for small values of ¢y and always decelerates for large values
of &op.

4.2.2 Solution with variable bulk viscosity

In this section, we present the solution for £y = 0 and {y # 0.
Case I: ¢p = 0.

For ¢y = 0, the form of the bulk viscosity assumed in (18)
reduces to ¢ = ¢ H [76]. This is the most interesting case.
As ¢ is assumed to be positive, for this the constant {1 must
be positive.

Using (17) and (19) in (16) we get

A 4+20)(y — &1 — 4064“1)1_12
1+40 —ay)

.3
H+ 3 =0. (40)

Solving (40), the Hubble parameter can be obtained in terms
of ¢ for any value of y in the range 0 < y < 2, except
y # (1 +4a)tanda # —1/2 as

1
H = S imen -t ’ @
o) (y—¢—4da
[ M Hha—ay) t+c4]

where ¢4 is a constant of integration. Correspondingly, the
scale factor in terms of t is given by

(1+4a—ay)

2
3(1420)(y — f1—darg) 00w
2(1+4a—ay)

3

a=cs [04 +
(42)

where c¢5 > 0 is another constant of integration. We find that
the form ¢ = ¢ H yields a power-law expansion for the scale
factor. This scale factor may be rewritten as

2(1+4a—ay)
} 30F2) (y—¢1 —4ag))

)

B [ 3(1+2a)(y — 1 —4a1) Ho
a=ap|1 (G
2(14+4a—ay)
(43)

where H = Hyatt = fy and #y corresponds to the time where
the dark component begins to be dominant, i.e., it describes
the present value. The energy density and bulk viscous coef-
ficient are, respectively, given by

3(1 — ag)HG

T (0 + 4o —ay)
-2
o [1 3(1+20)(y — &1 —4at1) Ho « —to)} ’
2(1 + 4o —ay)

(44)
B 3(1 4 2a)(y — &1 — 4at1) Ho -
§—§1Ho[1+ 20 1 4o —ay) (t—to)] )
(45)

In this case we get a deceleration parameter as follows:

_ 30 +20)(y — o —4alt)
o 2(1 + 4o — ay)

1, (46)

which is constant. The sign of ¢ depends on the values of
parameters y, @ and ¢;. It is always negative for y < 0,
o >0and ¢ > 0.

If we require the occurrence of a big-rip singularity in the
future then we have the following constraints on the param-
eters o, ¢1, and y:

21(1 +4a) > y, “an

which leads the scale factor and energy density tending to

infinity at a finite time,

_ 2(1 +4a — ay) -l
3(1+2a)(¢) +4ag —y) °

Tor (48)

@ Springer
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Table 5 Variation of ¢ for

y =2/3 Range of « Constraints on ¢p and ¢ q Evolution of universe

a>0 Forall {p > 0and ¢; > 0 Negative Accelerated expansion

—-025<a <0 0 < (¢ + Ho¢y) < % +ve to —ve Transition from dec. to acc.
(¢o + Ho¢1) > % Negative Accelerated expansion

—0.30 <a < -0.25 Forall ¢y > Oand ¢; > 0 Positive Decelerated expansion

—0.50 <o < —-0.30 Forallfp > 0and ¢; > 0 Negative Accelerated expansion

o < —0.50 0 < (¢o + Ho¢p) < % —ve to +ve Transition from acc. to dec.
(Go + Hot1) = % Positive Decelerated expansion

We can observe from (43) and (44) that the energy density
of the dark component increases with the scale factor for
1(1 +4a) > y.
Case II: ¢y # 0.

Using (17), (18), and (19) in (16) we get

H+

§(1+2a)(V—§1—4aC1)H [H—

(+4080 ]_,
2 I+4a —ay o

y—t1—4al
(49)

Solving (49), we find the following solution for any value
of y intherange 0 < y < 2, except y # ({1 + 4a¢1) and
a £ —1/2:

3(1+2a)(1+4a){0t

e 2(1+4a—ay)

H =

(50)

30420 (1 Hagy

C6+ (V_§1_4Ol§1)e (1 Ha—ay)

(T+4a)%o
where c¢ is constant of integration. The scale factor in terms
of tis given by

2(1+4a—ay)
— 1 — 3 (I+20)(1+4a)o 3(y—¢1 —4al)(T+2a)
(y =51 —4at1) ezz] T

(1+4a—ay)
(1+4a)¢0

I

a=cy [c6+
(51)

where c¢7 > 0 is a constant of integration. This scale factor

may be rewritten as
2(14+4a—ay)

Hy(y —¢1 —4aly) (e% (1+20)(1+4@)¢g [_1>] 37—t —AatD(F2a)

— 1 (I+4a—ay)
¢ “O[ T e

(52)

The energy density p and bulk viscosity ¢ can be calculated
as

3 (+20)(1+40g
3H, e2  (Ha—ay)
p =
— o (1420 (1 +4a)
(1+4a ay)[ (%% (il 44‘);4')[10 (a%hiaiim“”—lﬂ
+4a)go
3 (142a)(1-+4a)¢n
(1 —ag))Hye? o=y ! .
— g |,
3 (14+20) (1+4a)¢
i ()

(53)
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¢=h+a ( 3(1420) (14+4a) 5

(54)

Ho(y—¢1—4ag1) o—a
1+ W e 2001+4 2]

=)

With the constraint given in (47) we get a big-rip singularity
at

. 2(14+4a — ay) ( (1+4a)¢o )
"7 31420 (1+H40)g Ho(¢1+4ati — 7))
(55)
In this case the deceleration parameter is given by
30420 ey, py _ (+4)%
= Yy — & —4ad) ]
g= 2 (1+4a—ay) Hy . 1, (56)

3 o) Hag)
2 (+da—ay)
which shows that g is time dependent. Therefore, we study
the variation of g with bulk viscous coefficient {y + {1 H
for various ranges of « in different phases of evolution
of the universe, which are summarized in Tables 5, 6, 7
and 8.

We observe from Tables 5, 6, 7 and 8 that the universe
accelerates throughout the evolution when o > 0 for any pos-
itive values of ¢p and ¢ in inflationary phase whereas it shows
atransition from decelerated phase to accelerated phase when
o > —0.25 for smaller values of ({o+ Ho¢1) and shows accel-
eration for larger values of (o + Ho¢1) in the radiation and
matter-dominated phases. It is due to the fact that the larger
values of ¢y or ¢; or both make the effective pressure more
negative, accelerating the universe throughout the evolution.
We find that the universe decelerates in —0.30 < o < —0.25
fory = 2/3,in —0.375 < « < —0.25 for y = 4/3 and
in —0.33 < o < —0.25 for y = 1 for all {; > 0 and
Z1 > 0. Further, we find that the universe accelerates in
—0.50 <o < —0.30fory =2/3,in —0.50 < o < —0.375
fory = 4/3 and in —0.50 < o < —0.33 for y = 1 for
all o > 0 and ¢; > 0. For y = 0 and ¢ > —0.50, we
observe that universe shows accelerated expansion for posi-
tive values of ¢g and ¢;. When @ < —0.50, the model shows
atransition from acceleration to deceleration for small values
of Zo + Ho¢p and decelerates for large values of ¢y + Holp
for all phases.
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Table 6 Variation of g for

y =4/3 Range of o Constraints on ¢y and ¢ q Evolution of universe
a>—0.25#0) 0 < (& + Hoty) < % +ve to —ve Transition from dec. to acc.
(¢o + Hot1) > % Negative Accelerated expantion
—0375 <o < -0.25 For all 0 < (¢o + Ho¢1) Positive Decelerated expansion
—0.50 <@ < —0.375 For all 0 < (¢o + Ho¢1) Negative Accelerated expansion
o < —0.50 0 < (¢ + Holy) < % —ve to +ve Transition from acc. to dec.
(¢o + Hot1) > % Positive Decelerated expansion
Table 7 Variation of g for - - -
y=1 Range of o Constraints on ¢y and ¢ q Evolution of universe
a>—025#0) 0 < (¢o+ Hoy) < m +ve to —ve Transition from dec. to acc.
(¢o + Hot1) = 3(14_25% Negative Accelerated expansion
—033 <a <-0.25 Forall{p > 0and ¢ > 0 Positive Decelerated expansion
—0.50 <@ < —0.33 Forall{p > 0and ¢ > 0 Negative Accelerated expansion
o < —0.50 0 < (¢o+ Hoty) < m —ve to +ve Transition from acc. to dec.
(¢o + Hot1) > m Positive Decelerated expansion
;{‘3211(3)8 Variation of ¢ for Range of « Constraints on ¢y and ¢ q Evolution of universe
a > —0.50 (o #0) Forall p > 0Oand ¢; > 0 Negative Accelerated expansion
a < —0.50 0 < (& + Ho¢y) < —% —ve to +ve Transition from acc. to dec.
(%o + Hot1) > —% Positive Decelerated expansion

For ¢1(1 +4«) > y, where the model has a big-rip singu-
larity, g is always negative for « > 0 during any cosmic time.
We also see from (40) and (49) that H = 0 for o(14+4a) =y
or o = —1/2, which shows a de Sitter expansion of the scale
factor in both cases. The solutions for y = 0 can be obtained
directly from (43) and (52), and the big-rip singularity can
be observed at i, = 2/[3(1 + 2a)¢1 Ho] > tp in case I and

tor = m In (1 + %) > 19 in case II, respectively.

5 Conclusion

Harko et al. [21] proposed the modified f (R, T) theory of
gravity with perfect fluid (dust model) and obtained a power-
law singular solution by assuming f(R,7T) = R + 2uT,
where « is constant. Later on, many authors [22-29,77,78]
studied this modified theory with a combination of perfect
fluid and scalar field by reconstructing f (R, T) gravity with
the same form of f(R, T'). Most treatises on modified grav-
ity, as well as on standard gravity, assume the cosmic fluid
to be ideal, i.e., non-viscous. But many works as discussed
in Sect. 1 describe the evolution of the universe with dissi-
pative processes due to viscosity. Cosmic bulk viscosity is a
viable candidate to explain early and late time expansion of
the universe. Therefore, in this paper we have explored the
evolution of the universe driven by a kind of viscous fluid

by assuming general form of bulk viscous term. We have
extensively studied the effects of viscous fluid in f(R, T)
gravity within the framework of a flat FRW model. We have
investigated the dissipative processes of the standard Eckart
theory of relativistic irreversible thermodynamics. We have
discussed the expansion history of the universe with and with-
out bulk viscosity. Power-law, exponential, and superinfla-
tion non-singular solutions have been obtained according to
the choices of ¢. We have also found cosmological solutions
which exhibit a big-rip singularity under certain constraints.
Therefore, the negative pressure generated by the bulk vis-
cosity cannot avoid the dark energy of the universe to be
phantom. It is to be noted that we have discussed the various
phases and their possible transitions for all possible ranges
of o with ¢y and ¢;, which have not been studied in the
past in the cited works. It contains many new solutions like
power-law, exponential, and superinflationary scale factors
by assuming the same form of f(R, T)). We have obtained
both constant and time-dependent deceleration parameters
which describe the decelerated/accelerated phases and the
transition from the decelerated to the accelerated phase. As
we have considered all possible positive and negative ranges
of « with the inclusion of a viscous term in f(R, T) theory,
which is of physical interest, one may see that our results are
relatively more generalized than earlier work. We summarize
the results of each section one by one as follows:

@ Springer
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Fig. 1 a The scale factor in

a a
terms of cosmic time for & > 0. 7¢ R 4r
o _ _ o —_— (=0, {=0
Herey =a =a9p=Hy =1 ob— a=0 a0 0=0, &
and ¢y = ¢ = 0.1. b The scale
factor in terms of cosmic time S5F 7 f=0 420 R
fora <0.Herew = —1, 4F == %20, 4=0 -
y =agp=Hop=1and 3
So=1¢1=0.1
ot
1
1 1 1 1 t L 1 1 1 t
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
(@ (b)
q The energy density varies inversely as the square of the cos-
b —m — —_— —_— —_— —_— —_— — =

021

0.1

— )0, {70
—0271.- 420 420

= {H=0, {;=0
R

Fig. 2 Deceleration parameter in terms of cosmic time for @ > 0. Here
y=Hy=1,a=0.1,{ =0.01 and ¢; = 0.02

In the case of a perfect fluid distribution as presented in
Sect. 4.1, a power-law expansion for the scale factor has
been obtained for y # 0. It has been found that the energy
density decreases with time and the deceleration parameter
is constant throughout the evolution. For y = 0, i.e., when
p = —p, we have a de Sitter solution of the scale factor
where both p and p are constants. For y < 0, there is a big-
rip singularity at a finite value of the cosmic time describing
the phantom cosmology.

In the case of viscous cosmology, we have explored a bulk
viscous model composed of a perfect fluid with a general
bulk viscous form ¢ = ¢y + ¢ H. We have discussed three
different cases, depending on the composition of the bulk
viscosity. In the case of a constant coefficient of the bulk vis-
cosity, the scale factor varies exponentially for y # 0, which
avoids the big-bang singularity. We have observed that the
constant viscous term generates a time-dependent decelera-
tion parameter, which describes the different phases of the
universe and the transition to an accelerated phase. We have
shown the variation of ¢ and the corresponding evolution of
the universe in Tables 1, 2, 3 and 4 for various ranges of «. In
this case, we also have the big-rip singularity at finite value
of cosmic time for y < 0. When y = 0, a superinflation
for the scale factor has been found, whereas it has a de Sitter
solution in the non-viscous case.

In the case where the bulk viscosity is proportional to
the Hubble parameter, we have obtained a power-law expan-
sion of the scale factor similar to the perfect fluid model.

@ Springer

mic time whereas the bulk viscosity decreases linearly with
time. In this case the value of ¢ is constant and the sign of
g depends on y, «, and ¢;. This form of bulk viscosity gen-
erates a big-rip singularity when the constraint given in (47)
holds.

In the case of { = ¢o + ¢1H, we again have obtained
an exponential form of the expansion for the scale factor,
which is similar to the form with constant bulk viscous term.
It has been observed that the deceleration parameter is time
dependent, which can explain the expansion history of the
universe and the transition to an accelerated or a decelerated
phase (see Tables 5, 6, 7 and 8).

The behavior of scale factor with cosmic time is shown
in Fig. 1a, b for different models with the particular choices
of bulk viscosity. It has been observed that the scale factor
increases rapidly in all viscous models as compared to the
non-viscous model (perfect fluid model) for any positive val-
ues of o as shown in Fig. 1a. The rate of expansion depends on
the bulk viscous coefficient. The scale factor varies very close
to the non-viscous model when the bulk viscous coefficient
is assumed to be small. Figure 1a shows that the expansion
of scale factors deviates more rapidly from the perfect fluid
expansion rate for larger bulk viscous coefficient and the rate
of expansion is very fast when the bulk viscosity is consid-
ered in the form { = ¢y + ¢ H. The behavior of the scale
factor for different models is reverse for « < 0 as shown in
Fig. 1b. The variation of deceleration parameter with cosmic
time is shown in Fig. 2 for different models. In the models
with ¢ = 0 (perfect fluid) and { = ¢ H, where the scale
factor vary as a power law of the cosmic time, the values of g
are constant. On the other hand, in models with { = ¢p and
¢ = ¢o + ¢1 H, where the scale factor varies exponentially,
q is time dependent and transitions from positive to negative
values are observed.

In conclusion we emphasize that the perfect fluid is just
a limiting case of a general viscous medium, which is more
practical in the astrophysical sense. Therefore, it is worthy to
study the early and late time evolution of the universe with
a viscous fluid in f (R, T) theory of gravity which describes
the evolution of the universe with different ranges of «.
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