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Abstract. The modified theories of gravity have engrossed much attention
in the last decade, especially f(R)gravity. In this contextual exploration, we
investigate interaction between barotropic fluid and dark energy with zero-
mass scalar field for the spatially homogeneous and isotropic flat FRW uni-
verse. In this universe, the field equations correspond to the particular choice
of f(R) = R + bRm. The exact solutions of the field equations are obtained
by applying volumetric power law and exponential law of expansion. In power
and exponential law of expansion, the universe shows both matter dominated
and DE era for b ≤ 0 and b ≥ 0 and remain present in dark era respectively, but
power law model is fully occupying with real matter for b > 0 and for b < 0
exponential model expands with negative pressure and remain present in matter
dominated phase respectively. The physical behavior of the universe has been
discussed by using some physical quantities.

PACS codes: 98.80.-k, 04.50.Kd, 98.80.Jk

1 Introduction

Recent cosmological observations indicating that our universe experiences an
accelerated expansion. The accelerating expansion of the universe is driven by
mysterious energy with negative pressure known as Dark Energy (DE). The ev-
idence of the existence of DE comes from the Supernova observations [1,2] and
other observations, such as cosmic microwave background (CMB) anisotropy
measured with WMAP satellite [3] and large-scale structure [4], suggest that
nearly two-third of our universe consists of DE, and the remaining consists of
relativistic dark matter and baryons [5]. In spite of all the observational evi-
dence, the nature of DE is still a challenging problem in theoretical physics.
A very important parameter for the DE investigation is that of the equation of
state parameter (EoS). For pressure less dust, radiation and stiff-fluid dominated
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universe, one can assume the values 0, 1/3, and 1, respectively. DE is usually
parameterized by an EoS parameter of the form ω = p/ρ, where p and ρ are
the pressure and the density. On/or after Friedman equation, one can see that a
value of EoS parameter ω < −1/3 is required for accelerated cosmic expansion.
Possibilities of evolving EoS parameter were also explored in many dynamical
DE models. Primary candidates in this category are scalar field models, such as
Quintessence [6-9] and K-essence [10-12]. A common example to quintessence
is the energy of a slowly evolving scalar field that has not yet reached the min-
imum of its potential V (φ), similar to the inflation field used to describe the
inflationary phase of the universe. In quintessence models the range of EoS pa-
rameter is −1 < ω < −1/3, and the DE density decreases by a scale factor a(t)
as ρ ∝ a−3(1+ω) [13]. A specific exotic form of DE denoted phantom energy,
with ω < −1, has also been proposed in [14,15].

The alternative way to explain cosmic acceleration is to anticipate that large scale
dynamics of the Universe is not governed by Einstein’s equations. In a classical
generalization of general relativity (GR) one replaces the Ricci scalar R in the
Einstein-Hilbert action by an arbitrary function of R of the well-known f(R)
modified gravity. These models consist of higher order curvature invariants as
functions of the Ricci scalar. Carroll et al. [16] have explained the presence of
a late time cosmic acceleration of the universe in f(R) gravity. Viable f(R)
gravity models have been proposed by Nojiri and Odintsov [17] showing the
unification of early-time inflation and late-time acceleration. Capozziello et al.
[18] achieve both phases – the dust matter and DE phases – by deriving the exact
solution from a power law f(R) cosmological model. Some other useful aspects
of f(R)gravity inspected by Nojiri and Odintsov [19]. Exact solutions of static
spherically symmetric space-times in f(R) gravity coupled to non-linear elec-
trodynamics has been analyzed by Hollenstein and Lobo [20]. Using the same
theory Azadi et al. [21] have studied vacuum solution in cylindrically symmet-
ric space time. Standard cosmological evolution in a wide range of f(R) gravity
have been investigated by Evans et al. [22]. Miranda et al. [23] have discussed
a viable singularity-free f(R) gravity without a cosmological constant. Sharif
and Yousaf [24] have studied the impact of DE and dark matter models on the
dynamical evolution of collapsing self-gravitating systems in this gravity.

In studies of cosmological models with DE, DE and matter are usually viewed
as independent substances so that the energy-momenta of the partial fluids are
independently conserved. Earlier, Xin [25] has studied an interacting two-fluid
scenario for quintom DE. Xin-He et al. [26] have considered Friedman cos-
mology with a generalized EoS and bulk viscosity to explain DE dominated
universe. The tachyon cosmology in interacting and non-interacting cases in
non-flat FRW Universe has been studied in [27]. Recently, an interacting and
non-interacting two-fluid scenario for DE models in FRW universe has been ex-
amined by Amirhashchi et al. [28] and Pradhan et al. [29].

The study of interacting fields, one of them being zero-mass scalar field, is a
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fundamental challenge to look into the yet unsolved problem of the unification
of the gravitational and quantum theories. In the last few decades there has
been renewed concern focused on the theory of gravitation signifying zero-mass
scalar field coupled with gravitational field [30,31]. Maniharsingh [32], Singh
and Bhamra [33] and Singh [34,35] have studied different one-fluid models cou-
pled with a scalar field. Singh and Deo [36] have investigated the problem of
zero-mass scalar field interactions in the presence of a gravitational field for
FRW space-time in general relativity and showed that the ‘Big-Bang’ of the uni-
verse at the initial stage can be avoided by introducing a zero-mass scalar field;
along with this some authors [37,38] have investigated cosmological model with
zero-mass scalar field.

Incited by above discussions, in this paper, we study interaction between
barotropic fluid and DE with zero-mass scalar field for the spatially homoge-
neous and isotropic flat FRW universe by applying volumetric power law expan-
sion and exponential expansion. In doing so, we consider an interacting case.
This paper is organized as follows: In Section 2, we describe a brief review of
the f(R) theory. In Section 3, the metric and the basic equations are described.
Section 4, deals with the solutions of the field equations with power law and
exponential law expansion for interacting two-fluids. Finally, conclusions are
summarized in the last Section 5.

2 A Brief Review of the f(R)f(R)f(R) Gravity

The f(R) theory of gravity is a generalization of the general relativity. The three
main approaches in the f(R) theory of gravity are: (i) metric approach; (ii) Pala-
tine formalism; and (ii) affine f(R) gravity’. In metric approach, the connection
is the Levi-Civita connection and variation of the action is done with respect to
the metric tensor. While, in Palatine formalism, the metric and the connection
are independent of each other and variation is done for the two mentioned pa-
rameters, independently. In metric-affine f(R) gravity, both metric tensor and
connection are treated independently and it is assumed that the matter action
depends on the connection as well.

The action for this theory is given by

S =
1

2k2

∫
d4√−gf(R) +

∫
d4xLm(gµν , φm). (1)

Here, f(R) is a general function of the Ricci scalar, k2 = 8πG = 1g is the
determinant of the metric gµν , and Lm is the metric Lagrangian that depends on
gµν and the matter field φm.

It is noted that this action is obtained just by replacingR by f(R) in the standard
Einstein–Hilbert action.

The corresponding field equations are found by varying the action with respect
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to the metric gµν

F (R)Rµν −
1

2
f(R)gµν −∇µ∇νF (R) + gµν�F (R) = TMµν , (2)

where � ≡ ∇µ∇µ,

F (R) ≡ df(R)

dR
, (3)

∇µ is the covariant derivative and Tµν is the standard matter energy-momentum
tensor derived from the Lagrangian Lm.

3 Metric and Field Equations

We consider the spatially homogeneous and isotropic flat Friedman-Robertson-
Walker (FRW) universe of the form

ds2 = −dt2 + a2(t)[dr2 + r2dΩ2], (4)

where a is the metric potential or the scale factor and dΩ2 = dθ2 + sin2 θdϕ2.

The corresponding Ricci scalar for the universe (4) is given by

R = 6

[
ä

a
+
ȧ2

a2

]
, (5)

where overhead dot represents derivative with respect to time t.

The energy-momentum tensor due to the barotropic fluid, DE and zero-mass
scalar field is taken as

Tµν = (ρ+ p)uµuν + pgµν +
(
ψµψν −

1

2
gµνψ,mψ

,m
)
, (6)

together with
uµuµ = −1, (7)

where uµ is the four velocity vector, p, ρ and ψ are the isotropic pressure, the
energy density and the zero-mass scalar field, respectively.

p = (pm + pd), ρ = (ρm + ρd).

pm and ρm are the pressure and the energy density of barotropic fluid, pd and ρd
are the pressure and the energy density of DE, respectively. Also, pm = wmρm
and pd = wdρd.

The scalar field ψ satisfies the equation

ψµ;µ = 0. (8)
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In the co-moving co-ordinate system, we have from equation (6)

T 1
1 = T 2

2 = T 3
3 = p+

1

2
ψ̇2 , T 4

4 = −ρ− 1

2
ψ̇2 , Tµν = 0 , µ 6= ν. (9)

From the equation of motion (2), the Friedman equation for two fluid scenarios
with zero-mass scalar field reduces to the following set of equations(

2
ȧ2

a2

)
F − 1

2
f(R)− 2

ȧ

a
Ḟ − F̈ = p+

1

2
ψ̇2 , (10)

3
ä

a
F − 1

2
f(R)− 3

ȧ

a
Ḟ = −ρ− 1

2
ψ̇2, (11)

φ̈+ 3
ȧ

a
φ̇ = 0. (12)

The overhead dot represents the differentiation with respect to time t.

Now we define some parameters for the universe, which are important in cos-
mological observations.

We define average scale factor and spatial volume, respectively as:

a =
3
√
V , V = a3 ; (13)

the generalized Hubble parameter,

H =
1

3

V̇

V
=

1

3
(H1 +H2 +H3) =

ȧ

a
; (14)

the mean anisotropy parameter,

Am =
1

3

3∑
i=1

(
Hi −H
H

)2

. (15)

The expansion scalar and shear scalar are defined as

θ = uµ;µ = 3H = 3
ȧ

a
, (16)

σ2 =
3

2
AmH

2 ; (17)

the deceleration parameter,

q = −aä
ȧ2

= − ä

aH2
=

d

dt

(
1

H

)
− 1. (18)

For any physically relevant model, the Hubble parameter H and deceleration
parameter q are the most important observational quantities in cosmology. The
deceleration parameter q measures the rate of expansion of the universe. The
sign of q indicates the state of expanding universe. If q < 0 it represents inflation
(expansion of the universe is accelerating); for q > 0 it represents deflation
(expansion of the universe is decelerating); while q = 0 shows that universe
increases with constant velocity.
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4 Solution of the Field Equations

In order to solve the field equations completely, we first assume that the
barotropic fluid and DE components interact minimally. Therefore, the energy
momentum tensors of the two sources may be conserved separately.

The energy conservation equation (Tµν:ν = 0) of the barotropic fluid leads to

(ρ̇m) + 3
ȧ

a
(ρm + pm) = 0 , (19)

whereas the energy conservation equation (Tµν:ν = 0) of the DE component
yields

(ρ̇d) + 3
ȧ

a
(ρd + pd) = 0. (20)

We assume that the EoS parameter of the perfect fluid to be a constant (which is
considered by Akarsu [39] and Kumar [40])

ωm =
pm
ρm

= const. , (21)

while wd has been admitted to be a function of time t.

Since, the set of field equations (10)– 12) are coupled system of highly nonlinear
differential equations containing six unknowns, namely a, ρ, p, F, f, ψ. Thus,
we can introduce conditions to obtain unique solutions of the field equations.
The solutions to the field equations are generated by using two different forms
of volumetric expansion laws: (i) power law; and (ii) exponential law [41]

V = c1t
3k, (22)

V = c2e
3m1t, (23)

where c1, c2, k, and m are constants.

The model describes accelerating volumetric expansion with power law and ex-
ponential law for k > 1, and for k < 1 the model exhibit a decelerating volu-
metric expansion.

4.1 Model with power law expansion

In this section we discussed the acts of interaction between barotropic fluid and
DE using power law expansion with the changing aspects of physical behavior
of universe.

In this case, the energy densities of DE and matter no longer satisfy independent
conservation laws, they obey instead

(ρ̇m) + 3
ȧ

a
(ρm + pm) = Q , (24)

(ρ̇d) + 3
ȧ

a
(ρd + pd) = −Q . (25)
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The quantity Q (Q > 0) expresses the interaction term between the DE and the
barotropic matter components. It should be noted that the ideal interaction term
must be motivated from the theory of quantum gravity. In the absence of such a
theory, we rely on pure dimensional basis for choosing an interaction since we
are interested to investigate the interaction between DE and matter. In our work
we consider the interaction term in the form of Q ∝ Hρm, which is already
well-thought-out by Saha [42] and Amirhashchi [43]

Q = 3Hσρm , (26)

where σ is the coupling coefficient which can be considered as a constant.

Using equation (24) and (26), we obtain an energy density of barotropic fluid as

ρm = (t)−3k(1+wm−σ) . (27)

The physical parameters of the universe, such as energy density, isotropic pres-
sure, and the equation of state parameter of dark fluid in interacting two fluid
models with power law expansion are:

(i) Energy density,

ρd =
6k(2k − 1)

2t2
− α1 [6k(2k − 1)]

m−1

t2m
− 1

2t6k
− 1

t3k(1+ωm−σ)
. (28)

In power law expansion of the universe, it is observed that the energy density is
always positive and decreasing function of time t. At the initial stage t→ 0 the
universe has infinitely large energy density ρ → ∞ but with the expansion of
the universe it declines and at large t → ∞ it is null ρ → 0. Thus, our derived
universe is free from big rip. This behavior is clearly shown in Figure 1, as a
representative case with appropriate choice of constants and other parameters
using reasonably well known situations.

(ii) Isotropic pressure,

pd =
α2 [6k(2k − 1)]

m−1

t2m
− [3k(2k − 1)]

t2
− 1

2t6k
− ωm
t3k(1+ωm−σ)

. (29)

From equation (29), it is observed that in the power law expansion of the uni-
verse, at the initial epoch t → 0, when the universe starts to expand, the fluid
pressure is infinitely large p → ∞ throughout the universe and decreases with
the expansion of the universe and at t→∞, p→ 0.

(iii) EoS parameter,

ωd = −

α2 [6k(2k − 1)]
m−1

t2m
− [3k(2k − 1)]

t2
− 1

2t6k
− ωm
t3k(1+ωm−σ)

α1 [6k(2k − 1)]
m−1

t2m
− [6k(2k − 1)]

2t2
+

1

2t6k
+

1

t3k(1+ωm−σ)

. (30)
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From equation (30), we observed that the equation of state parameter of DE )( is time dependent. The graphical 
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Figure 1. Energy density versus time t with the appropriate choice of constant k = 1,
m > 0(2), b < 0(−1).

From equation (30), we observed that the equation of state parameter of DE (ω)
is time dependent. The graphical behavior of EoS parameter versus time t is
shown in Figure 2. At the initial stage when the universe started to expand, the
EoS of the universe has value of ω > 0, i.e. the model behaves as like matter was
dominated once at early stages, while at late times it becomes ω < 0. At late
time the EoS parameter varies from phantom ω < −1 region to quintessence
ω > −1 region; this is a situation in early universe, where the phantom field
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Figure 2. Equation of state parameter of DE versus time t in power law expansion with
the appropriate choice of constant k = 1, m > 0(2), b < 0(−1).
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Figure 3. Equation of state parameter of DE versus time t in power law expansion of the
universe with the appropriate choice of constant k = 1, m > 0(2), b > 0(1).

dominated universe may be playing an important role of the EoS parameter while
for whole interval of time it remain present in quintessence region ω > −1. It is
interesting to note that EoS takes a negative value, which is an acceptable form
found within Supernova observations.

Also, an interesting feature in power law expansion is observed that for b ≤ 0
the universe shows both matter dominated and DE era, but for b > 0 it is fully
occupying the real matter and there is no chance of DE. This behavior is shown
in Figure 3.

Kinematical parameters of the universe: power law expansion:
The spatial volume and the average scale factor V = a3 = c1t

3k.

The generalized Hubble parameter, H =
k

t
.

The expansion scalar, θ =
3k

t
.

Deceleration parameter, q =
1− k
k

.

The mean anisotropy parameter, Am = 0.

The shear scalar, σ2 = 0.

We observe that the spatial volume is zero at t → 0. Thus, the singularity
exists at an initial stage of the evaluation of the universe, i.e. the universe starts
evolving with a big-bang at t → 0. The expansion scalar decreases with the
expansion of the universe. Also the generalized Hubble parameter is initially
large at t → 0, and null at t → ∞. The expansion scalar θ → 0 as t → ∞
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indicates that the universe is expanding and the rate of expansion decreases with
increase of time. Anisotropic parameter and shear scalar comes out to be zero,
hence the universe does not approach anisotropy and the universe is shear free.

Also it is observed that the deceleration parameter q comes out to be constant
and it depends on the value of n. For n > 1 the sign of q becomes positive which
correspond to the standard decelerating behavior whereas for n < 1 the sign of
q becomes negative which correspond to the standard accelerating behavior of
the universe.

4.2 Model with exponential law expansion

In this section we discussed the pieces of interaction between barotropic fluid
and DE using exponential law of expansion with the changing aspects of physi-
cal behavior of universe.

Using equation (26) and (24), we obtain an energy density of barotropic fluid for
interacting case

ρm = (t)−3k(1+wm−σ). (31)

The physical parameters of the universe, such as energy density, isotropic pres-
sure and EoS parameter of DE, in interacting two fluid models with exponential
expansion are

(i) Energy density,

ρd = α3 −
1

2e6m1t
− 1

t3k(1+ωm−σ)
. (32)

In an exponential expansion of the universe, it is observed that the energy density
of DE is always positive and decreasing function of time t. From equation (32), it
is concluded that at the initial stage of the universe the energy density is infinitely
large, i.e. ρ→∞ and with the expansion of the universe it decreases and at large
expansion it is null, i.e. ρ→ 0. Thus, our derived universe is free from big rip.

(ii) Isotropic pressure,

pd = α4 −
1

2e6m1t
− ωm
t3k(1+ωm−σ)

. (33)

It is observed that, in the exponential expansion of the universe at the initial
epoch t → 0when universe start to expand the fluid pressure is infinitely large
throughout the universe p→∞ and decreases with the expansion of the universe
while at infinite expansiont→∞,p→ 0.

(iii) EoS parameter,

ωd =
α4 −

1

2e6m1t
− ωm
t3k(1+ωm−σ)

α3 −
1

2e6m1t
− 1

t3k(1+ωm−σ)

. (34)
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Figure 4. Energy density versus time t in an exponential expansion of the universe with
the appropriate choice of constant k = 1, m > 0(2), b < 0(−1), m1 = 0.5.

Equation (34) represents the EoS parameter of DE in an exponential expansion
which is a function of time t. The graphical behavior of EoS parameter versus
time t is shown in Figure 5. At the initial stage when the universe start to accel-
erate for small interval of time the EoS parameter of the universe having value
ω < 0 while for some interval of time it is ω > 0 and for whole interval of time it
is ω < 0, i.e. in an exponential expansion the universe expand with quintessence
ω > −1 region, for some interval it behave as like matter dominated once while
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Figure 5. Equation of state parameter of DE versus time t in an exponential expansion
of the universe with the appropriate choice of constant k = 1, m > 0(2), b ≥ 0(1),
m1 = 0.5.
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Figure 6. Equation of state parameter of DE verses time tin an exponential expansion
of the universe with the appropriate choice of constant k = 1, m > 0(2), b < 0(−1),
m1 = 0.5.

at late times it remain present in Phantom ω < −1 region, this is a situation in
early universe where the quintessence field dominated universe may be playing
an important role of the EoS parameter. It is interesting to note that EoS param-
eter takes a negative value which is an acceptable value observed by Supernova
data.

Also, an interesting feature in our investigation is observed that for b ≥ 0 the
universe shows matter dominated and DE era and remain present in dark era but
for b < 0 universe expands with negative pressure and remains present in matter
dominated phase. The behavior is shown in Figure 6.

Kinematical parameters of the universe: exponential expansion
The spatial volume and the average scale factor as V = a3 = c2e

3m1t.

The generalized Hubble parameter, H = m1.

The expansion scalar, θ = 3m1.

The deceleration parameter, q = −1.

The mean anisotropy parameter, Am = 0.

The shear scalar, σ2 = 0.

We observe that the spatial volume approaches to positive small value at t → 0
and with the expansion of the time the universe expands exponentially. The
results of generalized Hubble’s parameter yield the constant values in an expo-
nential expansion.

The value of expansion scalar is constant and the sign of deceleration parame-
teris negative which shows that the accelerating expansion of the universe as we
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expect in this exponential law. The mean anisotropy parameter and shear scalar
are zero and so the universe is isotopically same in all directions and the model
is shear less.

5 Conclusions

Spatially homogeneous and isotropic two fluids model with zero-mass scalar
field have been investigated in f(R) theory of gravitation. The models have
been studied in relation to volumetric power law and exponential law expansion.
Our derived universe exhibited both accelerating as well as decelerating phase,
in both phases universe is expanding and the expansion of the universe is much
faster and then slows down for later time.

In power law expansion, the universe starts with zero volume, the Hubble pa-
rameter and the scalar expansion are the functions of time and initially t → 0
they attain infinitely large value and decreases with expansion and approaches
to zero at large expansion, the EoS parameter ω is a time dependent and for
small interval, it behaves like matter dominated once while at late time it remain
present in quintessence region ω > −1. Hence, our investigations are supported
to the observational fact that the usual matter described by known particle the-
ory is about 4% and the DE cause the accelerating expansion of the universe and
several high precision observational experiments, especially the WMAP satellite
experiment (DE occupies near about 73% of the energy of the universe and dark
matter is about 23% for accelerating expansion) [3].

In an exponential expansion the universe starts with constant volume for c2 > 0
and for c2 = 0 it starts with zero volume and expands exponentially with infinite
volume. The expansion scalar and the shear scalar are constant. EoS parameter
ω is time dependent, the universe expands with quintessence ω > −1 region,
for some interval it behaves like matter dominated once, while at late times it
remain present in phantom ω < −1 region.

References

[1] S. Perlmutter, et al. (1997) Astrophys. J. 483 565-581; S. Perlmutter, et al. (1998)
Nature 391 51-54; S. Perlmutter, et al. (1999) Astrophys. J. 517 565-586.

[2] A. Riess, et al. (1998) Astron. J. 116 1009-1038.
[3] D. Spergel, et al. (2003) Astrophys. J. Suppl. 148 175-194.
[4] L. Verde, et. al. (2002) Mon. Not. R. Astron. Soc. 335 432-440.
[5] G. Hinshaw, et al. (2009) Astrophys. J. Suppl. 180 225-245.
[6] P. Ferreira, M. Joyce (1997) Phys. Rev. Lett. 79 4740-4743.
[7] R. Caldwell, R. Dave, P. Steinhardt (1998) Phys. Rev. Lett. 80 1582-1585.
[8] I. Zlatev, L. Wang (1999) Phys. Rev. Lett. 82 896-899.
[9] P. Steinhardt, L. Wang, I. Zlatev (1999) Phys. Rev. D 59 123504.

168



Isotropic Background for Interacting Two Fluid Scenario Coupled with...

[10] T. Chiba, T. Okabe, M. Yamaguchi (2000) Phys. Rev. D 62 023511.
[11] C. Armendariz-Picon, V. Mukhanov, P. Steinhardt (2000) Phys. Rev. Lett. 85 4438-

4441.
[12] C. Armendariz-Picon, V. Mukhanov, P. Steinhardt (2001) Phys. Rev. D 63 103510.
[13] M. Turner (2001) astro-ph/0108103.
[14] R. Caldwell (2002) Phys. Lett. B 545 23-29.
[15] R. Caldwell, M. Kamionkowski, N. Weinberg (2003) Phys. Rev. Lett. 91 071301.
[16] S. Carroll, V. Duvvuri, M. Trodden, S. Michael (2004) Phys. Rev. D 70 043528.
[17] S. Nojiri, S.d Odintsov (2008) (TSPU Publishing, Tomsk), arXiv: 0807.0685
[18] S. Capozziello, P. Martin-Moruno, C. Rubano (2008) Phys. Lett. B 664 12-15.
[19] S. Nojiri, S. Odintsov (2007) Int. J. Geom. Meth. Mod. Phys. 4 115-146.
[20] L. Haldenstein L, F. Lobo (2008) Phys. Rev. D 78 124007.
[21] A. Azadi, D. Momeni, M. Nouri-Zonoz (2008) Phys. Lett. B 670 210-214.
[22] J. Evans, L. Hall, P. Caillol (2008) Phys. Rev. D 77 083514.
[23] V. Miranda, S. Joras, I. Waga (2009) Phys. Rev. Lett. 102 221101.
[24] M. Sharif, Z. Yousaf (2014) J. Cosmol. Astropart. Phys. 06 019; M. Sharif, Z.

Yousaf (2014) Astrophys. Space Sci. 352 943-954.
[25] Z. Xin (2005) Commun. Theor. Phys. 44 762-768.
[26] X.-H. Meng, R. Jie, M.-G. Hu (2007) Commun. Theor. Phys. 47 379-384.
[27] M. Setare, J. Sadeghi, A. Amani (2009) Phys. Lett. B 673 241-246.
[28] H. Amirhashchi, A. Pradhan, B. Saha (2011) Chin. Phys. Lett. 28 039801.
[29] A. Pradhan, H. Amirhashchi, B. Saha (2011) Astrophys. Space Sci. 333 343-350.
[30] S. Weinberg (1978) Phys. Rev. Lett. 40 223-225.
[31] R. Peccei, H. Quinn (1977) Phys. Rev. D 16 1791.
[32] K. Maniharsingh (1995) Gen. Relativ. Gravitation 27 1145-1165.
[33] K. Singh, K. Bhamra (1990) Int. J. Theor. Phys. 29 1015-1029.
[34] K. Singh (2010) Astrophys. Space Sci. 325 127-135.
[35] K. Singh (2010) Astrophys. Space Sci. 325 293-302.
[36] R. Singh, S. Deo (1986) Acta Physica Hungarica 59 321-325.
[37] S. Katore, A. Shaikh, M. Sancheti, J. Pawade (2012) Prespacetime J. 3 83-89.
[38] V. Chirde, P. Rahate (2012) Int J. Theor. Phys. 51(2012) 2262-2271.
[39] O. Akarsu, C. Kilinc (2010) Gen. Relativ. Gravitation 42 119-140.
[40] S. Kumar, A. Yadav (2011) Mod. Phys. Lett. A 26 647-659.
[41] O. Akarsu, C. Kilinc (2010) Gen. Relativ. Gravitation 42 763-775.
[42] B. Saha, H. Amirhashchi, A. Pradhan (2012) Astrophys. Space Sci. 342 257-267.
[43] H. Amirhashchi, A. Pradhan, H. Zainuddin (2013) Res. Astron. Astrophys. 13 129-

138; H. Amirhashchi, A. Pradhan, R. Jaiswal (2013) Int. J. Theor. Phys. 52 2735-
2752.

169


