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Abstract In a spatially homogeneous and anisotropic
Bianchi type-V space-time the consequences of the
presence of dynamically anisotropic dark energy and
perfect fluid with heat-conduction are studied. We as-
sume that dark energy is minimally interacting with
matter and has an equation of state which is modified
in a consistent way with the conservation of energy
momentum tensor. Exact solutions of Einstein field
equations are obtained by taking constant value of
deceleration parameter. We find that this assumption
is reasonable for the observation of the present day
universe. The physical and geometrical properties of
the models, the behavior of the anisotropy of dark
energy and the thermodynamical relations that govern
such solutions are discussed in detail.

Keywords Cosmology - Dark energy - Hubble’s
parameter - Deceleration parameter - Bianchi
models - Perfect fluid - Heat conduction

1 Introduction

Observations of Supernova Type Ia (SN Ia) [1-3], Cos-
mic Microwave Background (CMB) anisotropy [4-6]
and studies on large scale structure formation strongly

C. P. Singh (X))

Department of Applied Mathematics,

Delhi Technological University (Formerly Delhi College of
Engineering), Bawana Road, Delhi-110 042, India

e-mail: cpsphd@rediffmail.com

indicate that our Universe is spatially flat, with two
thirds of the energy contents resultant from dark en-
ergy, a substance with negative pressure that can make
the universe expanding in an accelerating fashion. Per-
haps the most natural, although definitely not unique,
reason for this acceleration is the presence of cosmic
vacuum of nonzero energy and pressure; because of
that, investigation of various cosmological models in-
cluding a positive cosmological constant becomes in-
teresting once again. Dark energy is generally repre-
sented by a phenomenologically motivated equation
of state (EoS) p'® = wp“®, where p@ and p“® are
the pressure and energy density of the dark energy,
interlinked by a dimensionless EoS parameter w [7].
Present observation data [8] constrain the range of
the EoS of dark energy as —1.38 < w < —0.82, which
indicates the possibility of dark energy with w < —1,
debuted as Phantom [9]. In order to produce the ac-
celerated expansion, it requires w < —1/3. In recent
years, several theoretical models have been proposed
to understand the nature and dynamics of dark energy,
however almost all these models either require tuning
of their model parameters or yield quantum or gravita-
tional instabilities that are needed to be removed.
Most prominent dark energy proposals are based on
cosmological constant A [10, 11], quintessence [12, 13],
k-essence [14, 15], phantom energy [16], quintom model
[17, 18], geometric dark energy [19], holographic dark
energy [20] and tachyons [21], to name a few. One of
the favorite candidates among the dark energy mod-
els is related to dynamic cosmological constant A. In
fact, the concept of dark energy and the physics of
accelerating Universe appears to be inherent in the A
-term of FEinstein’s field equations. The cosmological
model is the simplest case with w = —1. Models with
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cosmological constant predict a transition to an acceler-
ated expansion of the Universe. Quintessence models
have an equation of state parameter w greater than
—1. Observation constraints on w do not exclude the
possibility of w being less than —1 at present epoch.
This leads to the possibility that the present cosmic ac-
celeration may be driven by a phantom field (w < —1).
The energy density of phantom field increases as the
Universe expands. The phantom energy with a constant
w lead to a singularity (Big Rip) after finite time in the
future [9, 22]. Akarsu and Kilinc [23] have studied LRS
Bianchi type I models with anisotropic dark energy and
cosntant deceleration parameter where the dark en-
ergy is minimally interacting and has dynamical energy
density.

It is certainly of interest to study cosmologies with
a richer structure, both geometrically and physically,
than the standard perfect fluid Friedmann-Robertson-
Walker(FRW) or LRS Bianchi models. Bianchi type
V models are of particular interest since they are
sufficiently complex as the Einstein tensor has off-
diagonal terms while at the same time are a simple
generalization of the negative curvature FRW models.
The cosmological models of this type have a significant
role in the description of the Universe in the early
stages of its evolution.

The purpose of this work is to study dark energy cos-
mology in a Bianchi type -V spatially homogeneous and
anisotropic model where the source of the gravitational
field is the perfect fluid with heat flow and dark energy.
We assume that dark energy is minimally interacting
with matter and has an equation of state which is
modified in a consistent way with the conservation of
energy momentum tensor.

The paper is organised as follows. In Section 2 of this
work, we present the model of the Universe and the
expressions for basic equations. We discuss, in Section
3, the basic assumption on deceleration parameter and
two types of solutions for the average scale factor of
the model, one is of power-law type and other of expo-
nential form for Bianchi type-V metric. Using these two
forms of the average scale factor, two classes of exact
solutions of Einstein field equations in the presence of
a perfect fluid with heat flow and dark energy, which
correspond to singular and non-singular cosmological
models, are presented. We also discuss the physical and
geometrical behaviors of the models in each cosmology.
The thermodynamical relations related to the heat flow
are discussed in Section 4 We conclude, in Section 5,
with some final remarks.
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2 Model and Field Equations

We consider the Bianchi type -V space-time with metric

ds* = di* — A*(ndx* — & [B*(ndy* + C*(ndz*], (1)

where A, B, C are functions of cosmic time ¢ and « is a
constant.

The generalized mean Hubble parameter H in
anisotropic model (1) is given by

a 1(A B C
H=-=-|—+—=-4+—=], 2
a 3 (A * B * C ) @
where a = (ABC)'/3 is the average scale factor. A dot
denotes a derivative with respect to cosmic time .
The directional Hubble parameters in the directions of
x, y and z may be defined as
A B ¢
—, Hy=—, H,=—.
A B T cC
An important observational quantity is the decelera-
tion parameter g defined as

H,= (3)

q=—=- “4)

The physical quantities of observational interest in cos-
mology are the expansion scalar 6, the shear scalar o
and the average anisotropy parameter A(> 0), which
are defined as

A B C
9=(A+B+C>, ()
o\ 2 L\ 2
02 l O-lw_l é + E 4+ g _02
T 21\ A B C 6’
(6)

A= () "

The Einstein’s field equations (in the unit 87G = ¢ =
1) read as

1
Ry = s8R = =T} = T} (8)

[
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where T and T are the energy momentum ten-
sors of perfect fluid with heat flow and dark energy,
respectively.

The energy-momentum tensor of a perfect fluid with
heat flow has the form [24-26]:

T = (0" + p" ) uput, — p" gy + Quity + Qv

)

where p is the energy density, p™ the thermody-
namic pressure, u,, the four-velocity of the fluid and Q,,
is the heat flow vector satisfying

O"u, =0, QO"Q,>0.

we assume that heat flow is in x-direction only so that
0, = (0, 01,0,0), O, being a function of time.

The energy momentum tensor for dark energy (DE)
is given by [23]

(10)

T = diag[p, —p{@, —pi', —p™]

)

= diag[l, —wy, —w,, —wz]p(de)

= diag[1, —(w+38), —(w+y), —(w+y)]p™, (11)

where p@ is the energy density of the DE component;
Dx» Py and p, are the pressures and w,, w, and w,
are the directional EoS parameters of the DE along
the coordinate axes x, y and z, respectively. w is the
deviation -free EoS parameter of p® = wp@® in the
case of DE; 6 and y are skewness parameters that are
the deviations from w, respectively, along x, y and z
and may be considered as constant or functions of the
cosmic time ¢.

In a co-moving coordinate system, the field equa-
tions (8), in case of model (1) and energy momentum
tensors (9) and (11), yield

P — (w + 8)p' (12)

A B _AB &
Tttt A P - wEye e 13)
A ¢ Ac &
Z‘FE*‘ZE—ﬁ: P — (w+ y)p (14)

AB AC BC 3

AB+AC+BC A2

= p" 4 p@ (15)

(16)

Taking into account the conservation equation, we have

P+ 3 (" + p™) H + p9 + 3 (1 + w) Hp'™

A B C 2a
s= (de) _ =7 ,
(A‘H’B'H/C) A2Q1

We assume that the perfect fluid and dark energy
components interact minimally. Hence, the energy mo-
mentum tensor of the each component is to be con-
served separately for minimally interaction.

The law of energy-conservation equation T . =
0, of the perfect fluid gives

(17)

A B C 2a
5 (m) (m) (m) ] = 1
2"+ (™ + p )<A+B+C> -2 (3

whereas the energy conservation equation of the dark
energy component 7@ . = 0 yields

A B C
- (de) 1 (de)
Y +(+w)<A+B+C>

A B C
S +y—+y=]p=0.
+( A—i—yB—H/C),O

Once again we may split (19) into two parts: deviation
free part and the term arises due to deviation from w.
Thus, we have

(19)

A B C
- (de) 1 (de) _ 2
0 +(+w)(A+B+C> 0, (20)
which also results
A B C
d— - — ) p = 21
(A‘H/B'H/C)P 0, (21)

where p@® £ 0. The field equations (12)—(15) can also
be written as

2
p" + (3w +842y)p % = H*2q — 1) —0? +

A2
(22)
3 2
p™ 4+ plO = 3F — 52 — %, (23)
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The Raychaudhuri equation is found to be

. 1 1
6 =— 5(p"”> +3p™) — 592 — 202

1
—5Gw+8+2y + 1)p', (24)

We have a system of six equations (12)-(16) and (19)
with ten unknown variables, namely, A, B, C, p,
P, p w8 y and Q;. In order to solve the system
completely we need four extra relations among these
variables.

To get general solutions, we assume that the devia-
tion parameters § and y are function of the cosmic time
t. Therefore, a special dynamics of § and y, which is
consistence with (21) are assumed to be

B C A
8(t)=’6(B+C)’ V(f)=—,327 (25)

where g is an arbitrary constant, which parameterizes
the anisotropy consistently with the energy momentum
conservation and 8 = 0 implies that the DE is isotropic.

We also take the deviation free EoS parameter w as
a constant. Therefore, (20) gives

(de) _ péde)af3(l+w)’ (26)

0

where p(()de) is a constant of integration.

Subtracting (12) from (14), (12) from (13) and
(14) from (13), we get the following three relations,
respectively [27]

A (de)
— =djexp |:k| /a’3dt - ﬁ'oo/am*w)dt} (27)
B w

A (de)
= =dexp (kz / a3dr— PP f a‘3(1+w)dti| (28)

w

B
c =dexp (k3 / a*3dr) , (29)

where di, dy, ds and k;, k;, k3 are constants of integra-
tion. Using a = (ABC)'/3, the quadrature form of the
metric functions can be written explicitly as

2 (de)
A(t) = Laexp |:X1 /a‘3dt — ?)fa_3(l+w)dt} ,
w

(30)

3w

By
B(t) = haexp XZ/a_3dt+ L/a_ﬂ”w)dt ,

@31
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Bos™
C(t) = lzaexp X3/a_3dt+ L/-a_m““)dt ,

3w
(32)
where

L= m, L=\ldds, 5= /(dyd3)~",

kit ko X ks -k X, = —(ky + k3)
= s 2 = ) - .

3 3 3

The constants X, X», X3 and /4, [, /5 satisfy the follow-
ing two relations:

Xi

Xi+ X+ X3=0, LbLi=1. (33)

Thus the metric functions are found explicitly in terms
of the average scale factor a.

3 Solution of Field Equations

For any physically relevant model, the Hubble H and
deceleration g parameters are the most important ob-
servational quantities in cosmology. The first quantity
sets the present time scale of the expansion while
the second one is telling us that the present stage is
speeding up instead of slowing down as expected before
the Supernovae type la observations. Berman [28] and
Berman and Gomide [29] proposed a law of variation
for the Hubble parameter in the FRW model that yields
a constant value of the deceleration parameter and
gives two forms of the scale factor in terms of cosmic
time f. Recently, Singh et al. [30] extended this ap-
proach to anisotropic Bianchi-V models and obtained
some exact solutions. In the following we extend this
work to anisotropic dark energy models.

Suppose that the deceleration parameter g is con-
stant:
q= —Z—Z =n — 1 = constant, (34)
where n(> 0) is a constant.

In the present anisotropic model, the assumption
(34) amounts to

a=mn"'",  (n#£0), (35)
and for n = 0 we have
a = ¢y exp(lr) (36)

where /(> 0) is a constant and ¢, is the constant of
integration. It is however possible to have / =0 for
which we would have a static universe. But [ > 0 is
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consistent with observation for which the universe must
be expanding. Hence we disregard a static universe.

Now we solve the quadrature equations (30)—(32) in
the following two cases depending on the values of n as
defined in (35) and (36).

Case I: Solution with n # 0

Using the power-law form of a from (35) into (30)-(32),
the solution of the metric functions can be written as

(n

A(t) = I, (nlt) " exp [ (nlt) "

I(n—3)
ﬁp(de) (n=3w-3) 31 3)
3wl(n— 3w—3)( a5 B37)

(n=3)

(nlt) =

1 X
B(t) = bLy(nlt) " exp [ o _23)

Boy™
3wl(n—3w-3)

(nlt) "= ”] (38)

C(t) = 13 (nl[)rlz exp |:l(nAX7_33)(nl[) (n’—laj

(de)

3wl(n— 3w 3) :|’ (39)

where n # 3 and 3(1 + w).
Substituting (37)—(39) in (16), the heat flow is given by

3 ,B,O(de) 3(1+: )
0, =3aX (nl) » — =2 (nlt)~ (40)
The directional Hubble parameters are given by
(de)
Hy = (n)™" + X, (nl)y ™ — ﬂp (I~ (41)
(de)
= () + Xo(nltyTr + ﬁ p (i~ (42)
(de)
Heo= o 4 Xl F + P05 (@3)
whereas the mean Hubble parameter is given by
H=nn". (44)

Using (41)-(43) into (25), we get the following expres-
sions for skewness parameters of DE:

,Bp(de) 3w i|

5(0) = B [2(:1[)-‘ — Xyl + 2 iy

(45)

<de>
vy =-p [(nt)_1 + Xi(nlt) "7 — ﬁp }

(46)

The directional EoS parameters of the dark energy are

given by
(de)
)0 (n It 0" ( +u)i|

wy = w+p [2(;11)—1 — Xi(nlt)y"n +

(47)
wy=we=w—p [0+ Xl
(de) )

épw (nly~+ . (48)

The kinematical parameters 6, o> and A have the
following expressions:

0 =3nt)" ",
! 49
(de) 3 +u 2 (de) (|+U
o = A(nlty " — lﬂp ZIPPO_ Gy ﬂ (nlt)= "
(50)
- 1 2n=3 2X (de) 3
Azﬁ[x(z)" 7”3’) )

2 GO% sy
i =), (51)

(il
where A = X7 + X7 + X, Xa.
The energy-density and pressure of the DE have the
expressions

3(1+u)

P! = p\ (nlty~ " (52)
P = wpf® (nle) 5 (53)
The energy density and pressure are given by
(de) 24w
P =30y — ptnyh 4 Xy
2 (dE) L e
,B ( lt)fé( + ) _ ,Oéde)(ﬂlt);(n —30[2A72,
(54)
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P = 2n — 3)(nt) "% — A(nlt)"»
(1 + w) X, By ™
LI

(nlpy~ "

2w — 1)B2p 0

G0 R0y
—wpl® (nlty " 4 a? A2 (55)

Using the above solutions, it can easily be verified that
the energy conservation equation (18) and Raychaud-
huri equation (24) are identically satisfied. Therefore,
we have obtained exact solutions of Bianchi type -V
perfect fluid model with heat flow and dark energy
components.

We observe that the physical parameters p, p,
0@ pl skewness and directional EoS parameters,
shear scalar and Q) tend to infinity at ¢ = 0. Therefore,
the universe starts evolving from initial singularity ¢t =
0 with infinite density, infinite internal pressure and
infinite internal heat flow. The three scale factors are
monotonically increasing function of time. The decel-
eration parameter is constant. We observe that the
spatial scale factors are zero at the initial moment ¢ = 0.
The model has a point of singularity. The scale factors
tend to infinity whereas energy density and pressure of
matter and DE tend to zero as t — oo. The dynamics of
the mean anisotropy parameter depends on the value
of n. For n <3, A has singular state, with infinite
energy density and zero scale factors. For small time,
A is increasing and in the large time limits, it ends
in a homogeneous and isotropic state. The model ap-
proaches isotropic during the late time of its evolution.
All physical and kinematical parameters tend to zero
as t tends to infinity. We also find that lim,_, o, 6%2/6 = 0,
which means that this model of the universe approaches
isotropy during the late time of its evolution.

For 0 <n <1, we have —1 < g < 0 and therefore
the model exhibits accelerating expansion, while n > 1,
i.e., g > 0 is the condition for decelerating expansion
of the universe. The mean Hubble parameter and the
expansion scalar decrease as ¢ increases and vanish as
t — oo . Thus the rate of expansion slows down as ¢
increases. The heat conduction is a decreasing function
of cosmic time ¢ and is maximum at the initial epoch.
It decreases at a faster rate due to the dark energy
component and diminishes as ¢ — oo .

The solutions for the scale factors have a combina-
tion of a power-law term and exponential term in the
product form. The DE term appears in exponential
form and thus effects their evolution significantly. For
B <0 and n > 3(1 + w), the DE contributes to the
expansion of A(#) while opposing to the expansion of

@ Springer

B(t) and C(¢). Likewise, for 8 > 0 and n > 3(1 + w),
the anisotropic DE opposes the expansion of A(¢) while
contributing to the expansion of B(¢f) and C(f). When
the power-law term is significant in the scale factors,
each of them expands with almost same rate, but when
the exponential term dominates, the DE term plays
an important role in the spatial geometry of universe
depending on the nature of constants appearing in the
scale factors. For instance, if 8 > 0, n > 3(1 + w), , =
I3 and X, = X3 <0, then A(t) > B(t) = C(¢) and thus
the universe has a prolate geometry. It becomes more
and more prolate as ¢ increases due to the significant
contribution of DE. If the constants are such that
A(t) < B(t) = C(¢), the spatial geometry of universe is
oblate.

The difference between the directional EoS parame-
ters and hence the pressures of the DE, along x-axis and
y-axis (or z-axis) is 38(nf)~!, which decreases as ¢ in-
creases. Therefore, the anisotropy of the DE decreases
as t increases and finally drops to zero as t— oco.
The behavior of DE density has been shown in Fig. 1.
We observe that p® increases in the phantom energy
model (w < —1), decreases in the quintessence region
(w > —1) and is constant when w = —1. Further, in the
quintessence model, the pressure and energy density
of the perfect fluid become negligible at late times as
may be observed from (54) and (55). This is acceptable
in view of the present observations of the universe.
Fig. 2 suggests that the overall anisotropy parameter
A decreases sharply with time and tends to zero as
t — oo for w > —1. Thus the observed isotropy of the
universe can be achieved in the quintessence model.
The shear scalar also tends to zero in this model. Thus,
in our analysis, the quintessence model is turning out as

Fig. 1 Plot of p0 versus t with n = 0.5, 1 = 2 and p(()de) =1
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2
de)
Xy 3 /3/05 —31(14w)t
Hy:l-i-?e’ +me wyt (61)
1 5 4 0 wco
X; Bry"
H, =1+ 23 4 0 p=3ld+wy (62)
<t A i z C(3) 3wc(3)(l+w>

0.5 1
ol— ‘ ‘ ‘ ‘
1 2 3 4 5 6
t
Fig.2 Plot of A versus t with/ =2, X; = 1,¢y = l,péde) = 1and
B=xr=1

a suitable model for describing the present evolution of
the universe.

Case II. Solution withn =0

In this case, using (36) into the quadrature equations
(30)-(32), we obtain

X
Al =1 It— —— e
() 1Co €Xp |: 31C3€

d
2,310(3 9 e*31(l+w)t (56)
9wl(1 4 w)cy ™ '

X
B(t) = hhepe It — ==
() 2Cp €Xp |: 31C8

(de)
_ ﬂpO e—3l(l+w)t (57)
wl(1 + wycg "+ ’

X3 3t
273 e

C(t) = lzcoexp [lt - G

3(1+w)

(de)
_ Bro o 3l+w) (58)
wl(1 4+ w)cy

where w # —1 and 0.

3a X, 20Bp8" i
0 = e exp (=3It — W@ . (59)
The directional Hubble parameters are given by
_ X1 s 2510(()(16) —3l(1+w)t

whereas the mean Hubble parameter is H =1[. The
kinematical parameters 6, o> and A are

6 = 3l (63)
(de) 2 (de)?
0_2:£efﬁlt _ Xi1Bpy e—3l+wy B Py —6l(14w)t
Cg wcg(2+w) 3w268(1+w)
(64)
(de)
A= b &efélt _ 2X1Bpy e+
32 CS wc(?;(2+w)
2, (de)?
2ﬂ Po eél(l+w)zi| (65)
2 6(14+w) :
3w,

The skewness and the directional EoS parameters of
DE, respectively, are given by

X1y, 2803
s =p|2— —e M4 ——
C(3) 3wc3(l+w)

e3l(1+w)1i| , (66)

X1 _y Zﬂp(()de) 314wyt
y() =B |1+ Fe " — W (67)
C(3) 3wc(3)(l+w)
X _ 2/395(13) -311
wy=w+ |2 — e 0w
x |: CS 3wc(3)(1+w)

(68)

X
a)yzwzzw—ﬂ|:l+3le_3h—

(de)
2Py a1y
C() 3w

cg(l+w)
(69)

The energy-density and pressure of the DE have ex-
pressions

p(de) — pédE)Ca3ef3l(l+w)t, (70)
p(de) — wpéde)ca3e_3l(l+w)t. (71)
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The energy density and pressure of the matter compo-
nent are given by

A X, 8p%
m _ 32 _ 7676” + 18Py p—3l+wy

P
c§ wc(3)(2+w)
2 (de)? (de)
__Bpg —6l(+wyr _ Po__ 310+
3w2C8(1+w) C(3]
—3a2A72, (72)
(de)
m _ _ap M e, AHWXiBPGT iy
p™ =3l ¢ 3arw) ¢
Cy wc,

Quw — 1)ﬂ2/)(()de)ze—sl<1+w): _ ﬁe—Sl(H—w)t
3w? CS(H—W) C?)

+a? A2 (73)
It can easily be seen that the equations (18) and (24) are
identically satisfied. We observe that the physical and
kinematical quantities are all constants at ¢ = 0. This
shows that the universe starts evolving with constant
volume and expands exponentially. We find that the di-
rectional Hubble parameters are time-dependent while
the mean Hubble parameter is constant. The expansion
scalar is constant throughout the time of evolution. The
heat flow is constant at t =0 and then decreases at
faster rate due to DE component. We observe that
the DE term appears in exponential form in the scale
factors and thus affects their evolution significantly. In
the phantom region for g < 0, the DE contributes to
the expansion of A(f) while opposing to the expansion
of B(¢) and C(r), whereas in the quintessence region, it
opposes the expansion of A(¢) while contributing to the
expansion of B(f) and C(¢). Thus, the spatial geometry
of the universe is affected by the anisotropic DE. The
difference between the directional EoS parameters of
the DE and hence the pressures of the DE, along x-
axis and y-axis (or z-axis) is 38/, which is constant
throughout the evolution of the universe. Therefore
the anisotropy of the DE does not vanish during the
evolution of universe.

As t — 00, the scale factors and volume of the uni-
verse become infinitely large whereas the skewness and
directional EoS parameters, directional Hubble para-
meters, anisotropy parameter and shear scalar become
constants. The flow diminishes as ¢t — co. The pressure
and energy density of the perfect fluid component also
become constants and show the relation p™ = —p™,
The density of DE (Fig. 3) and anisotropy parameter
shown in Fig. 4 exhibit a behavior consistent with the
present observations in the quintessence model.
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l/
’/
/
4 / 1
/
/
/S [—w=-09
— 3 // cw=—1
%J ’
2 ,/ ---w=-—1.1

(de)
o = 1

Fig. 3 Plot of 00 versus t with I = 2, ¢y = 1 and p,

For n =0, we get g = —1; incidentally this value of
deceleration parameter leads to % = 0, which implies
the greatest value of Hubble’s parameter and the fastest
rate of expansion of the universe. Therefore the uni-
verse exhibits the fastest possible rate of the expansion

among the all possible values of n.

4 Thermodynamics Relations

Baryon conservation law In standard cosmology, con-
servation of total particle number gives

"o
N;M =0, (74)
0.4 X
[k ///
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0.3{"—_ // 7
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; /s
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Fig. 4 Plot of Aversustwithl =2, X; =1,¢9 = 1, p(()de) = 1land
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where N* = yu' is the particle flux and y is the particle
number density, which is given by

dx
dr
For the power-law solutions, the particle number den-
sity is

x =by (", (76)

—x0. (75)

and for the exponential solutions (n = 0), we get

b
X = — exp (=3l), (77)
C

where b and b, are constants of integration. We ob-
serve that the particle number density is large at t = 0
in the case of n # 0 and for n = 0, the particle density
is constant at t = 0.

Temperature gradient law The usual expression for
heat conduction [31] is

0" = —k (" +u"u”) (T + Tuyou®), (78)

where k > 0is the heat conduction coefficient, i.e., ther-
mal conductivity, 7T is the temperature, and u,.,u* is the
acceleration. Since in our case only the x-component of
heat flux is retained, from above equation we obtain
01 =«T,.

The temperature distribution for n #0 and n =0
respectively are given in the forms:

(de) 34w)
3a X (nlt)~n — 20 (niny =5
o 3o Xl e e )
k(1)
(de)
3(50)3(1 exp (_3[0 _ 321,7?()&“')6_31(1-'—“]”
T= L x+ (0, (80)

k(1)

where n;(f) and n,(¢) appear as integration functions,
which may either be an arbitrary functions of time or
constants. We observe that 7 diverges at the initial
epoch as long as the coefficient of thermal conductivity
remains finite. At the final stage of expansion t — oo,
we have T — n;(¢) in case of n 20 and T — n,(f) in
case of n = 0, which implies that the universe will be in
thermal equilibrium at the final stage of evolution.

5 Conclusion

We have studied anisotropic Bianchi type -V space
-time with dynamically anisotropic dark energy and
perfect fluid with heat flow in general relativity. We
have assumed that the DE is minimally interacting, has
dynamical energy density and anisotropic equation of

state. A more general EoS parameter has been intro-
duced for DE, and the isotropic DE can be recovered
by choosing g to be null. The field equations have been
solved by taking the constant deceleration parameter.
Exact solutions of Einstein field equations have been
obtained for Bianchi type V space-time in two types
of cosmologies. In the cosmology with the power-law
variation of the average scale factor, the solution corre-
sponds to a cosmological model which starts expanding
from the singular state with positive deceleration para-
meter. In the case of exponential variation of the aver-
age scale factor we have presented an accelerating non-
singular model of the Universe. We have also discussed
the physical behaviors of the models and the dynamics
of the anisotropic DE in two types of cosmologies.

We have observed that the ultimate spatial geometry
of the Universe is determined by the DE component.
In all the models the anisotropic DE contributes to the
expansion of one (or two) of the scale factors while
it opposes the expansion of the other two (or one)
scale factors, leading to the Universe to have prolate or
oblate geometry. We have found that the quintessence
model is consistent with the present and expected
future evolution of the Universe. The other models,
viz., phantom and dark energy vacuum models possibly
represent relatively earlier epochs of the Universe. We
can examine the possibilities that arise due to (22) and
(23) with the vacuum energy (which is mathematically
equivalent to the cosmological constant A and can
be represented with EoS parameter p@ = —p@ by
taking w = —1). We found that energy density of DE
component is constant, i.e., p® = const. and we can
get the solutions accordingly from field equations by
similar method. For p@ = 0, i.e., in the absence of DE,
we get the solutions presented in our earlier work [30]
on general relativity.
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