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Abstract In this paper, we have constructed the cosmo-
logical model of the universe in a two-fluid environment
with a newly developed mathematical formalism. In order
to construct the model, Binachi type V (BV) space time is
considered with a time varying deceleration parameter. Both
the fluids, the viscous fluid and the dark energy (DE) fluid
have shown their dominance respectively in early time and
late time of the cosmic evolution. The scale factor that sim-
ulates the cosmic transition based on the value of the bulk
viscous coefficient. Within the developed formalism, a gen-
eral form of the skewness parameters is also obtained as a
functional form of the scale factor. The physical parameter
of the model such as equation of state (EoS) parameter is
also derived and analysed. The state finder diagnostic pair
is also obtained to understand the geometrical nature of the
model.

1 Introduction

Several observational studies such as type Ia supernovae (SN
Ia) [1,2], baryon acoustic oscillations (BAO) [3], galaxy clus-
tering [4], cosmic microwave background (CMB) [5–7] and
weak lensing [8] confirm the accelerated expansion of the
universe. This has posed a challenging theoretical problem
to the cosmologists to know the exact reason of the expansion.
Therefore, cosmologists studied various energy components
of the universe. It has been revealed that the reason behind
the accelerated expansion of the universe is due to some form
of exotic energy stuff dubbed as DE. From the recent Planck
results, it is observed that DE has occupied almost 70% of
the total mass energy budget of the universe [9,10]. It is also
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observed that DE possesses negative pressure which leads to
the increase of rate of expansion of the universe [11]. The-
oretically, the cosmological constant (�), once abandoned
by Einstein, is put forward as a simplest candidate of DE.
However, this cosmological constant is not well defined with
respect to the fine-tuning and cosmic coincidence puzzles
[12]. This research triggers cosmologists to study DE mod-
els with dynamical DE characterized by an effective EoS
parameter (EoS) ωDE = pDE

ρDE
�= −1 [13,14].

On larger scales, our universe is isotropic and homoge-
neous. Recently Planck collaboration revealed that this prop-
erty of isotropic and homogeneity of the universe is well
defined by the �CDM model in the Friedmann-Robertson-
Walker (FRW) geometry. However, at low multi-poles the
�CDM cosmology shows a poor fit to the CMB tempera-
ture power spectrum [9,10]. This indicates that the isotropy
and homogeneity were not the essential features of the early
universe. Moreover, the recent Planck data results motivate
us to construct and analysed the cosmological models with
anisotropic geometry to get a deeper understanding on the
the evolution of the universe. In this regard, BV space–time
is of fundamental importance since it provides the requisite
framework.

On the other hand, cosmologists have given a lot of impor-
tance to viscous fluid matter which is in contrast with the tra-
ditional approach. In this approach, usually the cosmic fluid
remains ideal (non-viscous). Hydrodynamicists suggest that
because of the turbulence phenomena, inclusion of viscosity
becomes mandatory even in homogeneous space without any
limits. There are two viscous coefficients discussed in litera-
ture such as the the shear viscosity and bulk viscosity. Shear
viscosity is the dominating one as compared to bulk viscosity
[15]. Since a lot of interesting results are available on viscous
cosmology on the past universe, the methods from particle
physics can also be applied to understand the influence of
viscosity on the evolution of universe in homogeneous DE
models. Also referring the present observational results for
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the Hubble parameter and standard Friedman formalism, we
may explain the description of the universe back up to the
inflationary era, or else we may go to the opposite extreme
and analyse the probable ultimate fate of the universe. In
early universe, the results of both shear and bulk viscosity
were explained by Hogeveen et al. [16] using kinetic the-
ory. Also, it is indicated that in early universe the impact
of viscosity is very small whereas in future universe the
impact is significant. Brevik et al. [17,18] have investigated
viscous cosmology in the early universe for both homoge-
neous and inhomogeneous EoS and examined the viscosity
effects on the various inflationary observables. They have
also analysed the viscosity-induced crossing through the
quintessence-phantom divide and examined the viscosity-
driven cosmological bounce. Since viscosity appears to be an
important dissipative phenomena in FRW cosmology, there-
fore it is expected that cosmological models embedded with
bulk viscosity fluid would produce some remarkable results
in the two fluid situations. Moreover, viscosity embedded
cosmological models indicates a substantial contribution of
bulk viscosity at the inflationary phase [19–21]. The bulk vis-
cous driven inflation leads to a negative pressure term, which
in process results in repulsive gravity and ultimately became
a cause for the rapid expansion of the universe [22–26].

In mixed fluid environment such as dark fluid matter along
with usual ordinary matter (Baryonic matter), a number of
literature has motivated the researchers to investigate differ-
ent models in the back drop of General Relativity with dif-
ferent Bianchi forms. DE models with constant deceleration
parameter have been constructed and investigated by Akarsu
and Kilinc [27,28] for Bianchi type I and III space time.
With a variable Equation of State (EoS) parameter, Yadav
et al. [29] constructed BV DE cosmological models where
the deceleration parameter was assumed to be constant. Sev-
eral theoretical two fluids DE models either interacting or
non-interacting have been discussed widely in the literature
[30–34]. Mishra et al. [35,36] have constructed DE cosmo-
logical models with two non interacting fluid situations such
as DE fluid with cosmic string and nambu string. In both the
models, they have shown that the models are mostly dom-
inated by Phantom behaviour. In a similar approach of two
fluid, DE cosmological models were constructed in different
general scale factors [37]. With this motivation, here we have
considered the BV space time as

ds2 = dt2 − A(t)2dx2 − e2αx
[
B(t)2dy2 + C(t)2dz2

]

(1)

The exponent α �= 0 in (1) is an arbitrary constant. The
total energy momentum tensor (EMT) in presence of both
the viscous and DE fluids can be expressed as,

Ti j = T vis
i j + T de

i j , (2)

where, EMT of barotropic bulk viscous fluid is

T vis
i j = (ρ + p̄)uiu j − p̄gi j , (3)

and EMT of DE fluid is

T de
i j = diag[ρDE ,−pDE(x),−pDE(y),−pDE(z)]

= diag[1,−ωDE(x),−ωDE(y),−ωDE(z)]ρDE

= diag[1,−(ωDE + δ),−(ωDE + γ ),−(ωDE + η)]ρDE ,

(4)

Here, ui is the four velocity vector of the fluid in a co-
moving coordinate system. ωDE and ρDE are respectively
the EoS parameter of the DE fluid and DE density param-
eter. The skewness parameters δ on x-axis, γ from y-axis
and η on z-axis are deviations from the EoS parameter ωDE

on these three directions. With these consideration on the
parameters, in the subsequent section, we have developed
the mathematical formalism of the problem.

In Sect. 2, the basic equations for BV space time in pres-
ence of viscous fluid and DE fluid are formulated along
with the physical and kinematic parameters. The pressure
anisotropy is incorporated in three dimensions to obtain the
anisotropy in the cosmic fluid. In Sect. 3, the scale factor
known as hybrid is used to obtain a viable solution. The
physical importance of the scale factor also discussed. More-
over. the characteristics of deceleration parameter is pre-
sented w.r.t. the hybrid scale factor. The functional form of
the skewness parameter and EoS parameter are expressed.
Also with the help of skewness parameters, the dynamics of
the model are described in Sect. 4. At the end, summaries
and results are presented in Sect. 5. The adopted Physical
quantities, in the manuscript, are expressed in Planckian unit
system (c = G = h = 1). Also, we have considered, 1 unit
of cosmic time = 2 billion years, where c, G and h are the
generic constants in the Einstein field equation of general
relativity

2 Mathematical formalism of the model

In the two fluid description of EMTs as discussed in the previ-
ous section, Einstein’s field equations of General Relativity,
for the space–time (1) can be calculated as,

B̈

B
+ C̈

C
+ ḂĊ

BC
− α2

A2 = −p + 3ζH − (ωDE + δ)ρDE (5)

Ä

A
+ C̈

C
+ ȦĊ

AC
− α2

A2 = −p + 3ζH − (ωDE + γ )ρDE

(6)
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Ä

A
+ B̈

B
+ Ȧ Ḃ

AB
− α2

A2 = −p + 3ζH − (ωDE + η)ρDE (7)

Ȧ Ḃ

AB
+ ḂĊ

BC
+ Ċ Ȧ

C A
− 3α2

A2 = ρ + ρDE (8)

2
Ȧ

A
− Ḃ

B
− Ċ

C
= 0 ⇒ A2 = k1BC (9)

where an over dot represents the derivatives of corresponding
field variable with respect to t and in Eq. (9) k1 = 1. It
can be noted that the product of the field variables A, B
and C gives the volume scale factor from where the average

scale factor can be deduced as R = V
1
3 . If Hx , Hy and Hz

respectively denotes the Hubble parameter in the direction
of x ,y and z respectively, then the mean Hubble parameter
H = 1

3
Hi = Ṙ
R , where i = x, y, z.

The proper pressure p, in case of barotropic cosmic fluid,
is given as, p = ξρ, (0 ≤ ξ ≤ 1). Moreover, the bulk vis-
cosity related to energy density with the help of Hubble’s
parameter as 3ζH = ε0ρ. So, the effective pressure which is
the mixture of proper pressure and barotropic bulk viscous
pressure can be written as, p̄ = p−3ζH = (ξ −ε0)ρ = ερ,
where, ε can be considered as effective viscous coefficient. It
can be noted that, 3ζH is the bulk viscous pressure which is
considered in the present work to be a barotropic one. Tripa-
thy et al. [22,38], have suggested this form of barotropic bulk
viscous pressure from a dimensional analysis. Moreover, as
claimed by Tripathy et al. [22,38] and others [39,40], such a
bulk viscous pressure may provide a negative pressure which
may be helpful for the understanding of the late time cosmic
speed up. Now, replacing pressure terms (p − 3ζH) in field
equations as p̄ and framing field variables in terms of Hubble
parameter, we obtain

2Ḣ + 4
(m2 + m + 1)

(m + 1)2 H2 − α2

A2 = − p̄ − (ωDE + δ)ρDE

(10)
(
m + 3

m + 1

)
Ḣ + (m2 + 4m + 7)

(m + 1)2 H2 − α2

A2

= − p̄ − (ωDE + γ )ρDE (11)
(

3m + 1

m + 1

)
Ḣ + (8m2 + 4m + 1)

(m + 1)2 H2 − α2

A2

= − p̄ − (ωDE + η)ρDE (12)

(2m2 + 6m + 4)

(m + 1)2 H2 − 3α2

A2 = ρ + ρDE (13)

The energy conservation equation for viscous fluid,
T i j (vis)

; j = 0 and DE fluid, T i j (de)
; j = 0 can be obtained

respectively as

ρ̇ + 3( p̄ + ρ)
Ṙ

R
= 0 (14)

and

ρ̇DE + 3ρDE (ωDE + 1)
Ṙ

R
+ ρDE (δHx + γ Hy + ηHz) = 0

(15)

From (14), incorporating the relation between Hubble
parameter and scale factor, we get the energy density for
the matter field as,

ρ = ρ0[
e
∫
H.dt

]3(ε+1)
(16)

where ρ0 is the integration constant or rest energy density of
present time.

From the literature, it is evident that bulk viscous fluid has
an important role in the study of the recent claim of acceler-
ated expansion of the universe. It is already mentioned that
the barotropic bulk viscous pressure includes the contribu-
tions both from the usual cosmic fluid and from the coeffi-
cient of bulk viscosity ε. The contribution from bulk viscosity
to cosmic pressure is assumed to be proportional to the rest
energy density of universe [22]. From the analysis of p = ερ,
we can note that, in case contribution from bulk viscosity
becomes more than the usual perfect fluid pressure then the
total effective pressure becomes negative with a negative ε.
The accelerated expansion in the present epoch is usually
attributed to a fluid with negative pressure and hence, it can
be thought that the contribution coming from the bulk vis-
cosity is greater than the usual pressure. If the usual pressure
from perfect fluid equals to the contribution from cosmic
bulk viscosity, then the cosmic fluid in the model behaves
like a pressure less dusty universe. However, the presence of
an exotic DE form leads to a negative pressure of the uni-
verse which simulates an anti-gravity effect that drives the
acceleration. If the time variation of the mean Hubble rate is
known, then the rest energy density of the universe can be
calculated from (16) for a given value of ε.

From (13) and (16), we can retrieve, the DE density as,

ρDE = 2(m2 + 4m + 1)

(m + 1)2

(
Ṙ2

R

)
− 3α2

R2 − ρ0R
−3(ε+1)

(17)

With the help of the second part of the conservation equa-
tion (15),which corresponds to the deviation of equation of
the state parameter and other is deviation free part and incor-
porated value of η from (12), we formalize the EoS parameter
of DE as,

ωDE = − 1

ρDE

[
2(m2 + 4m + 1)

3(m + 1)2

(
F(R) − 3

Ṙ2

R2

)

− α2

R2 + ερ0R
−3(ε+1)

]
(18)

123



34 Page 4 of 8 Eur. Phys. J. C (2019) 79 :34

where, F(R) = R̈
R +4 Ṙ2

R2 . With the help of Eqs. (17)–(18),
Eqs. (10)–(12) can be formulated as:

δ = −
(
m − 1

3ρDE

)
χ(m)F(R) (19)

γ =
(

5 + m

6ρDE

)
χ(m)F(R) (20)

η = −
(

5m + 1

6ρDE

)
χ(m)F(R) (21)

where, χ(m) = m − 1

(m + 1)2 .

3 Solution of the model using Hybrid scale factor

Based on the recent outcomes on the present universe, mostly
the scale factors are chosen to be either the exponential law
expansion universe or power law expansion, whose deceler-
ation parameter turns out to be constant. However, the time
dependence of the directional scale factor would be decided
by specific choices of scale factors. In the present work, we
have considered the specific scale factor, the hybrid scale
factor which at late time results into a constant decelera-
tion parameter. The hybrid scale factor has two factors in the
form, R = eat tb, where a = (m+1

2

)
ξ and b = (m+1

2

)
n are

positive constants. The cosmic dynamics is dominated by the
power law (tb)in the early phase, whereas it is dominated by
the exponential factor (eat ) at late phase. However, eventu-
ally, the hybrid scale factor is found to be more dominant
in the late phase of the evolution. It can be noted that in the
hybrid scale factor, when the exponent a = 0 and b = 0,
it recovers power law and exponential law respectively. For
this model, the Hubble parameter and the directional Hubble
parameter can be obtained respectively as H = Hx = a+ b

t ,
Hy = 2m

m+1 (a + b
t ) and Hz = 2

m+1 (a + b
t ). Hence, with

the hybrid scale factor the energy density of the matter from

(16) would be ρ = ρ0[
e
∫
H.dt

]3(ε+1) = ρ0(eξ t tn)− 3
2 (m+1)(ε+1).

Subsequently, DE density and the effective EoS parameter
can be written as,

ρDE = (m2 + 4m + 1)(n + ξ t)2

2t2 − 3α2

(eξ t tn)(m+1)

− ρ0

(eξ t tn)
3
2 (m+1)(ε+1)

(22)

and

− ωDEρDE = −2(m2 + 4m + 1)�(t)

+ α2(eξ t tn)−(m+1) − ερ. (23)

where �(t) =
[

ξ2t2+n2−2ξnt
4t2

− n
3(m+1)t2

]
. Similarly, the

skewness parameters can be expressed as,

δ = −
(
m − 1

ρDE

)
(m − 1) f (t) (24)

γ =
(

5 + m

2ρDE

)
(m − 1) f (t) (25)

η = −
(

5m + 1

2ρDE

)
(m − 1) f (t) (26)

Here, f (t) =
[
�(t) +

(
ξ t+n

2t

)2
]

.

It is observed that both ρ and ρDE are decreasing when
time period is gradually increasing. The decrease in ρDE

is decided by three different factors i.e. 1
t2

, 1
tn(m+1) and

1

t
3n
2 (m+1)(ε+1)

. However, only the third term contains the bulk

viscous coefficient for the DE density. When, ε = −1, the
contribution from cosmic fluid for the DE density becomes
time invariant. Similarly whenever ε = − 1

3 , the denomi-
nator of second and third term of (22) becomes same and
the rest energy density along with the constant α decides
the behaviour of DE density. Since bulk viscous coefficient
(ε) acts as EoS parameter (p = ερ) for viscous source
of matter, the above two values of ε reduces the model to
vacuum and radiation dominated respectively in absence of
DE. So, in order to understand the behaviour of the matter
throughout, we have chosen a value ε = − 2

3 , which is in
the range [−1,− 1

3 ]. Consequently, for this choice, in spite
of the presence of the time factor f (t),the skewness parame-
ters become constant and independent of time, so the change
in the isotropic pressure in all directions remain constant.
To investigate some more details on the DE model, we have
derived some physical parameters of the model. The scalar
expansion and shear scalar are respectively given by,

θ = 3H = 3

(
a + b

t

)
(27)

σ 2 = 1

2
(H2

x + H2
y + H2

z − θ2

3
) =

(
m − 1

m + 1

)2(
a + b

t

)2

(28)

The anisotrpic parameter can be expressed as,

Am = 1

3

∑(� Hi

H

)2

= 2

3

(
m − 1

m + 1

)2

(29)

Here, the parameterm dealt with the anisotropic behaviour of
the model and became isotropic for m = 1. The parameters
H, θ and σ 2 start with an extremely large values and continue
to decrease with expansion of universe; whereas the spatial
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Fig. 1 Deceleration parameter vs. time

volume grows with cosmic time which mimic the present
scenario of the universe.

4 Dynamical behaviour of the model

The deceleration parameter q = − RṘ
Ṙ2 describes the cosmic

dynamics of universe. Positive value of it indicates deceler-
ating universe where as negative values confirms the accel-
erated expansion of the universe. In view of the observa-
tions of high red shift supernova, Type Ia supernova obser-
vations combined with BAO and CMB, models transiting
from early decelerating universe to late time accelerating
universe gained much importance in recent times. Accord-
ing to recent observational data at present time, the most
favourable value for q to be −0.81 ± 0.14. The decel-
eration parameter for the hybrid scale factor, turns to be

q = −1 + 2n

(m + 1)(ξ t + n)2 = −1 + b

(at + b)2 . So, at

an early phase of cosmic evolution, i.e. whenever t → 0,

q → −1 + 1

b
whereas at late phase i.e. whenever t → ∞,

q � −1. The parameter b is constraint here to be in range
0 < b < 1

3 to get a transient universe [41]. In Fig. 1, we have
represented the deceleration parameter with cosmic time. At
early phase the deceleration parameter is positive decreases
rapidly and at late phase it appears to be negative. At present
time, the deceleration parameter value found to be (� −0.9),
which is in alignment with the observational data.

In Fig. 2, we observe, the DE density (ρDE ) remains posi-
tive till late phase of evolution, satisfying weak energy condi-
tion (WEC) and null energy condition (NEC) for the present
model. It is worth to mention that, behaviour of DE density
does not depend on change in value of viscous coefficient(ε)
and remains alike. ρDE decreases with increase in cosmic
time and reaches to a positive value at present epoch instead
of coming closer to zero as in case of the hybrid model embed-
ded in string fluid [35]. This indicates that viscous fluid has

0 2 4 6 8 10 12 14
0.0

0.1

0.2

0.3

0.4

0.5

t

ρ

Fig. 2 DE density parameter vs. time

w
 D
E

Fig. 3 DE EoS parameter vs. time for different viscous coefficients

w
 D
E

Fig. 4 DE EoS parameter vs. time for different α with ε = −0.66

smaller effect on ρDE than string fluid. However, this small
effect due to mix fluid matter cannot be ruled out.

Figure 3 represents variation of EoS parameter (ωDE )

w.r.t appropriate choices of bulk viscous coefficients (ε =
0,− 1

3 ,− 2
3 ,−1). When compared to the de Sitter model and

power law model [42], we found nature of EoS parameters are
directly proportional to the increasing value of viscous coeffi-
cients (ε) till late phase. But the behaviours of the parameters
greatly affect the dynamics at early phase of evolution where
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Fig. 5 DE skewness parameters vs. time

as the late phase is smooth and mildly affected by the viscous
coefficient values, falling in the preferred range, determined
by observational data. The reason of this drastically affected
early phase is due to the substantial contribution of bulk vis-
cous fluid. The pink line (ε = −1) confirms that the less is
the viscous coefficient value, lesser is the possibility of occur-
ring ωDE within the observed length (Quintessence region).
However, for much lower value of (ε) (beyond ε = −1),
the decrement of EoS parameter is more rapid. Also, ωDE

decreases with increase in cosmic time in these cases. With
increase in viscous coefficient value, this model gathers some
energy in early phase and behave differently. The black line
(ε = 0) represents the cosmic fluid without usual matter
but only of dark fluid. This line is most closer to �CDM line
than other EoS parameter lines which are embedded with vis-
cous fluid. It also indicates that without any viscous fluid, the
model behaves like quintessence field with cosmic growth.
The green line (ε = − 2

3 ) and blue line (ε = − 1
3 ) emerge at

early phase, showing little deflection due to presence of vis-
cous fluid and decrease smoothly in the quintessence region
with evolution. At late phase of cosmic evolution, ωDE , for
all the cases considered here except (ε = −1), decrease to
achieve larger negative value. In spite of the presence of bulk
viscous fluid, the DE seems to be dominant the universe.
Hence, it indicates that there is a very little impact of bulk
viscous on the dynamics of EoS, that too in the early phase
of evolution.

DE EoS parameters can also be useful in testing the
model w.r.t certain other parameters. In fact, one has the
liberty to test the impact of EoS parameter for different
choices of parameter α, shown in Fig. 4. ωDE remains in
the quintessence region for all considered values of α but the
behaviour changes over time and inclined towards �CDM
line. Behaviour of ωDE is same as compared to different vis-
cous coefficient values. But when the value of α increases,
ωDE increases most rapidly. Also, the value of ωDE for
α = 0.05(red line) is more for higher values of α and lies

very similar to ωDE for more suitable viscous coefficient
value (ε = − 2

3 ).

In absence of cosmic bulk viscous fluid (dotted lines),
the anisotropic parameters execute almost non-evolving
behaviour in most of the early phase evolve a little towards
late phase [42]. The DE pressure along x- direction, remains
unaffected mostly during evolution. But the anisotropy in DE
pressure along y-direction, γ (blue dotted line) increase a lit-
tle, where as, along z-direction, DE pressure η(black dotted
line) decrease a little at late times. One can also conclude
that, at initial phase of evolution, the skewness parameters
may merge into one line indicating the isotropic universe but
at late phase it is anisotropic w.r.t small scale contribution. In
presence of cosmic bulk viscous fluid, the early phase is dom-
inated and affected mostly by bulk viscous but remain unal-
tered as in case of no viscous fluid, towards δ(red dotted line)
late phase. γ (blue solid line) and η(black solid line) show
similar increasing and decreasing behaviour, being affected
by viscous fluid. In fact, they both evolve as mirror image
to each other in both presence and absence of cosmic vis-
cous fluid. However, the viscous fluid affects the skewness
parameter δ(red solid line) mostly as compared to the other
two skewness parameters. δ increases as it moves towards late
phase and changes sign at some cosmic time. This impact on δ

may be due to the fact that, we have considered the mean Hub-
ble parameter is same as directional Hubble parameter along
x-axis (H = Hx ). Also, the effect of anisotropic param-
eter (m), parameters α and n are investigated w.r.t pressure
anisotropy. But they do not find to have any significant impact
on the overall behaviour of skewness parameters.

The geometrical behaviour of the DE model can be
assessed through the state finder diagnostic pair (r, s). The
acceptability of corresponding DE Hybrid (DEH) model can
be decided through the (r, s) diagnosis comparing with the
standard �CDM model. Hence, we have analysed the evo-
lutionary behaviour of both the parameters r and s for the
DE universe along with �CDM universe. Both parameters
evolve continuously with time from big bang time (t → 0)

to large value at late time (t → ∞). The pair can be obtained
as,

r = 1 − 6n

(m + 1)(ξ t + n)2 + 8n

(m + 1)2(ξ t + n)3

s = − 12(m + 1)(ξ t + n)n + 16(m + 1)n

12(m + 1)(ξ t + n)n − (m + 1)2(ξ t + n)3

Here, q and r are respectively be the deceleration
parameter and jerk parameter. Parameter s is introduced
to characterize the property of DE. The values of (r, s)
depend on the anisotropic parameter (m) and constant (n)

of the hybrid scale factor chosen. At early cosmic time
(big bang time), the state finder pair can be calculated as(

1 − 6n(m+1)+8
(m+1)2n2 ,− 12n+16

12n+(m+1)n2

)
. At later phase of cosmic
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evolution (t → ∞), the model obtained here may behave
like standard �CDM model as (r, s) value tends to (1, 0).
The reason of the similarity may be due to the restrictions of
calculations and dynamics of the model to non-perturbative
level as we deal with small scale cosmology in the present
context (Fig. 5).

Figure 6 describes the state finder diagnosis on rs-
plane. Horizontal and vertical lines intersect at �CDM point
through which the curve passes along with cosmic evolution.
It ensures that our considered DEH model is well acceptable.
Also, the present value of (r, s), indicated by a black dot in
the figure, is in nice agreement with recent observational data
[10].

In Fig. 7, the evolutionary behaviour of the present DEH
model and �CDM model are plotted in the rq- plane. For
similar kinematics, this is an effective way to compare and
differentiate different cosmological models. Vertical lines
stand for different eras of cosmic evolution, starting from
BBN( big bang nucleosynthesis) to de-Sitter state (q ∼ −1).
It is observed that the present DEH model evolves from a
radiation dominated era to the de Sitter phase. Several dif-
ferent models have different evolution trajectories whereas
evolutionary behaviours in those models remain in the range
q � 0.5, approaching to same future (de Sitter universe).
But in the DEH model developed here, the universe may be
described from the primordial nucleosynthesis time of uni-
verse [43]. According to general relativity the evolution of
the universe start from dust dominated era (q = 0.5 and
r = 1) whereas in our presented DEH model the universe
starts evolving from the BBN times.

5 Conclusion

In this work, we have investigated the anisotropic behaviour
of the cosmological model constructed in a two fluid situa-
tions: the usual bulk viscous fluid and DE fluid. The scale
factor considered here is the hybrid scale factor which can
be attributed to power law cosmology and de Sitter universe
for appropriate value of the constant. The parameters of the
scale factor has been chosen appropriately from some phys-
ical background. Along, x-direction, the anisotropy in DE
pressure has a very little effect on the pressure anisotropy
whereas along y-direction, it increases and along z-direction
decreases at late times. Presence of viscous fluid substantially
affects the DE density at early phase of cosmic evolution;
however at late phase DE density dominates over viscous
fluid. One more observation is that, the DE EoS parameter
remains unaffected for different viscous coefficients how-
ever for different value of the constant α, it remains in
the quintessence region. The anisotropic parameters remain
almost non-evolving in most of the early phase in the absence
of viscous fluid however in the presence of viscous fluid it
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has impact. In the late phase the DE fluid has the dominance
over bulk viscous fluid. From the evolutionary behaviour
of the state finder pairs, we can infer that the model may

123
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bear a similarity to the �CDM universe at a non-perturbative
level.

Acknowledgements BM and PPR acknowledge DST, New Delhi,
India for providing facilities through DST-FIST lab, Department of
Mathematics, where a part of this work was done. The authors are
thankful to the anonymous referee for the valuable suggestions and
comments for the improvement of the paper.

DataAvailability Statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: This is a theoretical
study and no experimental data has been listed.]

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. S. Perlmutter et al., Nature 391, 51 (1998)
2. A.G. Riess, Astron. J. 607, 665 (2004)
3. D.J. Eisenstein, SDSS Collaboration. Astron. J. 633, 560 (2005)
4. U. Seljak, Phys. Rev. D 71, 103515 (2005)
5. R.R. Caldwell, M. Doran, Phys. Rev. D 69, 103517 (1998)
6. Z.Y. Huang, B. Wang, J. Cosmol. Astropart. Phys. 05, 013 (2006)
7. M. Tegmark, SDSS Collaboration. Phys. Rev. D 69, 103501 (2004)
8. A. Dev, D. Jain, S. Jhingan, S. Nojiri, M. Sami, I. Thongkool, Phys.

Rev. D 78, 083515 (2008)
9. P.A.R. Ade, Astrn. Astrphys. 571, A16 (2014)

10. P.A.R. Ade, Astrn. Astrphys. 594, A13 (2016)
11. P.J.E. Peebles, B. Ratra, Rev. Mod. Phys. 75, 559 (2003)
12. E.J. Copeland, M. Sami, S. Tsujikava, Int. J. Mod. Phys. D 15,

1753 (2006)
13. P.J. Steinhardt, L.M. Wang, I. Zlatev, Phys. Rev. D 59, 123504

(1999)

14. R.R. Caldwell, Phys. Lett. B 545, 23 (2002)
15. L.D. Landau, E.M. Lifshitz, Pergamon Press: Oxford, England

(1987)
16. F. Hogeveen, W.A. Van Leeuwen, G.A.Q. Salvati, E.E. Schelling,

Phys. A Stat. Mech. Appl. 134, 458 (1986)
17. I. Brevik et al., arXiv:1706.02543v1 [gr-qc], (2017)
18. I. Brevik et al., arXiv:1708.06244v1 [gr-qc], (2017)
19. J.D. Barrow, Phys. Lett. B 180, 335 (1986)
20. W. Zimdahl, Phys. Rev. D 53, 5483 (1996)
21. D. Pavon, J. Bafaluy, D. Jou, Class. Quantum Gravity 8, 347 (1991)
22. S.K. Tripathy, D. Behera, T.R. Routray, Astrophys. Space Sci. 325,

93 (2010)
23. R. Maartens, Class. Quantum Gravity 12, 1455 (1995)
24. M.K. Mak, T. Harko, Int. J. Mod. Phys. D 11, 447 (2002)
25. M. Zeyauddin, B. Saha, Eur. Phys. J. Plus 129, 177 (2014)
26. I. Brevik, V.V. Obukhov, A.V. Timoshkin, Astrophys. Space Sci.

355, 399 (2015)
27. O. Akarsu, C.B. Kilinc, Astrophys. Space Sci. 326, 315 (2010)
28. O. Akarsu, C.B. Kilinc, Int. J. Theo. Phys. 50, 1962 (2011)
29. A.K. Yadav, F. Rahaman, S. Ray, Int. J. Theo. Phys. 50, 871 (2011)
30. A. Sheykhi, M.R. Setare, Mod. Phys. Lett. A 26, 1897 (2011)
31. H. Amirhashchi, Astrophys. Space Sci. 345, 439 (2013)
32. H. Amirhashchi, A. Pradhan, H. Zainuddin, Res. Astron. Astro-

phys. 13, 119 (2013)
33. S.K. Tripathy, B. Mishra, P.K. Sahoo, Eur. Phys. J. Plus 132, 388

(2017)
34. S. Kumar, Grav. Cosmol. 19, 284 (2013)
35. B. Mishra, P.K. Sahoo, Pratik P. Ray, Int. J. Geom. Methods Mod.

Phys, 14, 1750124, (2017)
36. B. Mishra, S. K. Tripathy, Pratik P. Ray, Astrophys. Space Sci. 363,

86 (2018)
37. B. Mishra, Pratik P. Ray, S.K.J. Pacif, Eur. Phys. J. Plus, 132, 429

(2017)
38. S.K. Tripathy, S.K. Nayak, S.K. Sahu, T.R. Routray, Astrophys.

Space Sci. 323, 281 (2009)
39. C.P. Singh, Pramana J. Phys. 71(3), 33 (2008)
40. B. Li, J.D. Barrow, Phys. Rev. D 79, 103521 (2009)
41. B. Mishra, S.K. Tripathy, Mod. Phys. Lett. A 30, 1550175 (2015)
42. B. Mishra, Pratik P. Ray, S.K.J. Pacif, Adv. High Energy

Phys.,2018, 6306848 (2018)
43. O. Akarsu, S. Kumar, R. Myrzakulov, M. Sami, Lixin Xu, JCAP

01, 022 (2014)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1706.02543v1
http://arxiv.org/abs/1708.06244v1

	Bulk viscous embedded hybrid dark energy models
	Abstract 
	1 Introduction
	2 Mathematical formalism of the model
	3 Solution of the model using Hybrid scale factor
	4 Dynamical behaviour of the model
	5 Conclusion
	Acknowledgements
	References


