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Abstract

The ground breaking reality of accelerating expansion of the universe is becoming a most important topic of
research at present in cosmology. In the present work, the thermodynamics analysis is applied to interacting
holographic dark energy model in the framework of Brans-Dicke theory of gravity. We have assumed the universe
to be isotropic and homogenous. The Brans-Dicke scalar field ¢ is assumed to be of logarithmic form. It is
observed that the model satisfied the GSL of thermodynamics and ‘Stot remains positive for early and late
evolution of the universe. The result has been shown graphically.
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Introduction
Recently modified theories of gravity paid much attention to explain the recent accelerated expansion
of the universe which was confirmed with observation in 1998 by Type Ia supernovae [1, 2, 3, 4]. This
accelerated expansion also confirmed by cosmic microwave background radiation [5, 6], large-scale
structure [7, 8], baryon acoustic oscillations [9] and Planck data [10, 11]. Now, it is interesting to
find the factor responsible for this accelerating expansion of the universe. There must exists some
unknown type of component with negative pressure known as Dark Energy(DE). The observation
suggests that 70% of the cosmos is filled with this unknown type of DE. In the literature, a large
number of theories of gravity were proposed to explain the mysterious concept of accelerated expan-
sion of the universe. Brans-Dicke theory of gravity is one of the important theory of gravity to spot
the present accelerated expansion of the universe. The DE models namely quint- essence [12, 13], K-
essence [14, 15], tachyon[16, 17|, phantom [18, 19, 20|, quintom [21, 22, 23], holographic dark energy
[24, 32], agegraphic dark energy [26, 27] have been discussed in the literature to solve the mysteries
of DE.
't Hooft [28] introduced the DE models based on the holographie principle which was studied by
L. Susskind [29], have obtained a lot of attention. These models of DE, are known as holographic
dark energy (HDE) models. [30] shows that the formation of black holes puts an upper bound on
the DE density in the formalism of quantum field theory. Li [31] proposed that if pp is the quan-
tum zero-point energy density caused by a short distance cut-off, the total energy in an area of
size L should not exceed the mass of a black hole of the same size. Taking in to consideration the
largest IR cut-off L, the author obtained pp, = 302_-'1-1’31,_2_._ where ¢ denotes a dimensionless constant
and M is the reduced Planck mass. A number of authors have discussed various aspects of HDE
[32, 33, 34, 35, 36, 37, 3R, 39]. It was shown [32] that the Hubble horizon as IR cut off leads to an
incorrect Equation of State (EOS) of DE. The interaction between dark sector of the universe i.e Dark
Matter (DM) and DE may give correct EOS when identified I with Hubble horizon I = H~! [33].
The HDE models have been studied extensively in literature to discuss the evolution of the universe
[40, 41, 42].
The Brans-Dicke theory (BD) proposed by Brans and Dicke [43] in 1961 is natural extension to
General Theory of Relativity which is able to explain the present accelerated expansion of the universe.
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In this theory the gravitational constant G is not assumed to be constant but is proportional to inverse
of the scalar field ¢ known as BD scalar field. The BD theory gives appropriate framework to study
HDE. The BD theory has got a lot of attention due to it’s association with string theory and extra
dimensional theory. The HDE in BD theory is discussed in literature to explain the recent accelerated
expansion of the universe [44, 45, 46, 47, 48]. In literature, it is shown in numbers of models the power
law form ¢ o a” of BD sealar field leads to constant deceleration parameter [49, 50, 51]. The authors
[48] introduced logarithmic form of BD scalar field which is able to resolve the problem of constant
deceleration parameter and evolve slowly to show slow variation of G. In the present study, we extend
the work of [48] and shows the thermodynamics analysis of the model in BD theory.

This paper is organized as follows: Section 2. is devoted to model and field equation in presence
of interaction between DM and DE. Section 3. discusses with logarithmic form of BD sealar field.
Section 4. focuses on thermodynamics analysis of the model. We end with conclusion of the work in
section 5.

1 Model and Field Equation

The modified Einstein Hilbert action in BD theory is given by
1 )
5= [dtev=g [;(—c_f)m 006 006) + L 1)

where g, R and L,, represent the determinant of the metric tensor g, , Ricei scalar curvature, and
the matter Lagrangian density. w denotes the coupling parameter. We assume the universe to be
homozenous and isotropic, the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric given by the
equation

ds® = dt* — a*(t) [dz® + dy® + d=7] (2)

where a denotes the cosmic scale factor of the universe. Let us assume that the universe is filled with
pressureless DM and DE. The variation of the action (1) with respect to the metric tensor, g, for
the line element (2) will give the following field equations
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where p,,, pp and pp, stand for the energy density of DM, HDE and pressure of HDE. Let us consider
the interaction between HDE and DM. The conservation equations are given by [47, 53]

pm +3Hpm = @, (5)

P+ 3H (1 +wp)pn = —Q, (6)

where wp, denotes the equation of state(EOS) given by wy, = i—:. Let us take the interaction as

) = I'py. The sign of I' defines the interaction rate. The positive values of I' shows the energy
transfer from HDE to DM and viee versa. As I is proportional to Hubble parameter[53], So let us
take the value of Q = 3b2H p;, where b2 is coupling constant. The BD scalar field ¢ obeys the wave
equation

In i Pm T PR — 3ph

@+3qu—72w+3 (7)
In BD theory, the HDE density takes the form pp, = 3c¢?L~2, where ¢ is a scalar field which is
depending upon time which couples with gravity. We will take Hubble horizon as IR cut off which is
given by L = H~', then HDE takes the form

pn = 3c2H? (8)

where ¢? is dimensionless constant.
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2 Logarithmic Form of BD scalar Field

In literature, it has been shown by number of authors that the power law form of BD scalar field leads
to constant deceleration parameter and fails to achieve phase transition of the universe. Therefore,
we consider logarithmic form of BD scalar field. The logarithmic form was proposed by Kumar [48]
and resolve the problems associated with power law form. Recently, New Agegraphic Dark Energy in
Brans-Dicke Theory with sign changeable interaction for flat universe was studied by Pinki [54] and
obtained time dependent deceleration parameter. The value of BD scalar field is given by

¢ = ¢oIn(a + Ba), (9)

where ¢, @ > 1 and 5 > 0 are constants. [t is important to mention here that for 5 = 0, the General
Relativity is recovered. From equation (6), we can obtain

pi 4+ 3H(1 +wp,)pn, = —3b°Hpy, (10)

Using equation (8) and(9) in (10), we get

Ba E L
(a + Ba) In(a + Ba) + 2H2 +3(1 +wp) = —3b (11)

3 Thermodynamics Analysis

Thermodynamics is one of the most important branch of science as it’s never changes with new
discoveries and ideas. The motivation in this work follows from the fact to check thermodynamics
viability of HDE Model proposed by [48]. According to generalized second law of thermodynamics
(GSL), the total entropy of the universe can not decrease with time [55, 56, 57]. The total entropy
(Stor) is expressed as the sum of horizon entropy (Sp) and inside the horizon entropy (S;,) and given
by

Stot = Sh -+ S:n (12)

The rate of change in total entropy can be given by [54]

Stot el (13)
H(#+2)

To satisfy GSL of thermodynamics, S, > 0, otherwise the condition of GSL of thermodynamics is

violated. Equation (13) suggests that we need the value of % for analysis of GSL of thermodynamics.

The deceleration parameter is given by

H
1=-1-7 (14)
Stot
or =5 f=5 w=12
4_ = — q:?,,@:d,(ﬂ:ﬂ

Figure 1: We have plotted S.; against the scale factor a for various values of cv, 8 and w. We have
taken ¢ =0.77, b=1.05 and H =70

*Corresponding Author: Pinki 7 | Page



Thermodynamics Analysis for Interacting Holographic Dark Energy in Brans-Dicke Theory

The author [48] obtained the value of g as

2 28a 52a’ whZa?
= 3c"wn + 1+ Gigan(atBa) ~ (atBa)m(atBa) T 2(atBa)?[m(atBa)l (15)
= . ;
2+ (a+fPa) ll?(c:{»,':?a)
Using equation (15) into (14), the value of % can be given hy
. 2 23 .52 2 .BZ 2
H i 3cwp + 1+ Gy In(atpa) — [a+;9a)21?1[a-+;9a] + 2(a+,3a[;2[]r?(a+,3a)]2 (16)

Ba
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Let us check the behavior of S,,, in equation (13) with the help of equation (16). In the begin-
ning of evolution of the universe when a = 0, the terms like W hecomes zero, therefore
the denominator becomes H {_73 — 3'32#) and numerator is always positive, therefore Sy, showing
1), one can observe that S,

r

negative sign. Using the value of wy, given by [48] as wy = —b?(1 +

is positive if [52 + #(1 +1)] > 0ie #(l + 1) > 3 and the value of Hubble’s parameter is

taken H = 70. The value of b%is assumed to be positive. Similarly in late time evolution of the
universe when a — oo, the terms like (c&ﬁ% approaches to zero and we obtain the same

condition on S,,; to be positive as in case of early evolution of the universe. Therefore the HDE

model obeys GSL of thermodynamics on condition of %( 1+ %) > % in early and late time evo-

lution of the universe. We have plotted the graph of Sy . It is clear from the Figure 1. that for
various values of e, § and w, the graph shows positive behavior in early and late time evolution of
the universe as shown by the behavior of equation (13). The graph shows negative value for a very
short period of time which is approximate negligible. Thus GSL is satisfied for early and late universe.

4 Conclusion and Future Scope

The accelerating expansion of the universe is becoming a most important topic of research at present.
Here, in present work, we have extended the work of [48] and applied the GSL of thermodynamics to
the model. We have assumed the universe to be isotropic and homogenous. The model satisfied GSL
of thermodynamics and the value of S,,, remains positive in present as well as in future evolution of
the universe. The result is also supported by graphical representation in Fig.1. The model can also
be discussed with statefinder parameter and sound square speed is also the topic of future research to
check the viability of the model with the existing models. One can also study the model by adding
viscous effect to discuss the evolution of the universe.
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