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Abstract
In the present paper, we study Barrow holographic dark energy in Brans-Dicke theory of gravity for flat
Frieddman-Lemaitre-Robertson-Walker metric. We have assumed power law form of Brans-Dicke scalar field in
terms of scale factor . The thermodynamics analysis of the model is discussed. It is observed that the model satify
generalized second law of thermodynamics for all values of the parameter in past, present as well as in the future
universe.
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l. Introduction

The present day universe is in accelerating phase compelled us to think bevond ACDM model.
The Precision Cosmology has greatly enhanced our understanding of the universe[1]. The first
and most accepted model of DE is cosmological constant model popularly known as ACDM
model. But this model has some issues like fine-tuning and cosmic coincidence problems [2]
with it. Recently a very new problem, Hy tension is diagnosed with ACDM model. Therefore,
we have to look for some another possibility to retain the universe accelerated expansion
scenario. One option can be general relativity(GR) as the underlying gravitational theory,
introduces the concept of dark energv(3, 4, 5]. The second possibility involves modified
theories of gravity which gives a finer explanation[6, 7]. The DE which is responsible for
the universe accelerated expansion does not reflects it’s nature and origin. The holographic
principle may provide the origin of DE with the application of it’s cosmological implications|s,
9]. The dynamical DE models based on the holographic principle , introduced by 't Hooft
[10] and further discussed by L. Susskind [11], have earned a lot of attention to explain the
accelerated expansion and problems of the AC DM model.

The HDE models able to explain the accelerated expansion of the universe and also fits
with the observation data as well[12, 13, 14]. Here in the present paper, we use Barrow
entropy instead of BekensteinHawking (BH) one. In this context, a comprehensive outlook
is proposed by Barrow[15] which relates BH area law[16] in the form
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where A and Ay are the black hole horizon, Planck area and A be the exponent which
caleulate the range of quantum-gravitational deformation effects. The quantum effects of
gravity are characterized by Barrow exponent 0 = A = 1. If A = 0, it will give rise to
BH limit while A = 1 corresponds to maximal entropy deformation. BHDE is motivated hy
concept of HDE based on Tsallis entropy|[17], Barrow quantum-gravity corrected entropy|[18].
Kaniadakis entropy[19], power-law corrected entropy [20] ete. BHDE is the generalization of
HDE. In standard HDE, the energy density of the universe is related to horizon area whereas
in BHDE the energy density of universe is defined as
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Here B is constant. Here in the present paper we extend the work of [21] where the authors
have studied the BHDE in BD theory without the thermodynamics implications of the model
which is an important parameter to discuss the systematic growth of the universe.

In what follows, this manuseript is organized as follows: Section 2. deseribes model and
field equation of BHDE. In Section 3. the mathematical calenlations are performed to discuss
the thermodynamics analysis of BHDE. We ends in Section 4. with conclusion of the work.

2 Model and field equations

We consider a homogenous and isotropic Friedmann-Robertson- Walker{ FRW) metric

2
ds? = —di® + a%z)(L

5T r2d0?). (3)

, Where a(t) is the seale factor of the universe and F is the curvature of the universe i.e flat,
open or closed geometry of the universe corresponding to & = 0, —1, 1 respectively. Here, we
study the BHDE model for flat univese i.e k = 0.

The Brans-Dicke field equations for flat FRW line element with pressureless Dark matter(DM)

and Dark energy(DE) are given by
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where g, is energy dengity of pressureless DM. pp and pp are respectively the energy density
and pressure of BHDE, and H = @/« is the Hubble parameter. Following [21], we use power
law form of scale factor as
¢ o a” (7)
, where a is the scale factor of the universe. Taking time derivative of scale factor with respect
to cosmic scale factor £, we get
¢=nHo (8)

d=n’H?’0+nHo (9)

. The conservation equation for non-interacting BHDE are given by
Pm + 3H prm = 0, (10)
pp+ 3H(1+wplpp =0, (11)

where wp = pp/pp is the Equation of state parameter(EoS) of BHDE. Now, let us define
the fractional energy densities corresponding to each energy part as

m A P .
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where per = 30? H? /4w is the critical density in BD theory. Taking time derivative of equation
(2), we get

pp = (2+A)nHpp + (2= A)grpp- (14)

Now differentiating equation (4) and combining the equation (10}, (11}, (12}, and (13) we
get an expression of the form

H %%I_'ﬁ+(2wr12—6;1—3)%+;;B(2+5_J(%Ja -
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3  Thermodynamics Analysis

Jacohson was the first who introduced the relation among gravity and thermodynamics with
Einstein’s field equations using only thermodynamical considerations [22]. Padmanabhan [23]
derived the first law of thermodynamics starting from the Einstein’s field equations for a statie
and spherically symmetric space-time. The generalized second law of thermodynamies{ GSL)
is one of the important study of laws of thermodynamics. According to GSL, total entropy of
the universe (horizon entropy and entropy of the matter inside the horizon) is an inereasing
function of the time. The total entropy of the universe is given by

Stot = Sh + Sin, (16)

where, Sy denotes total entropy, Sp denotes horizon entropy and. Si, denotes entropy of
total fluid inside the horizon. The rate of change of total entropy S;,; can be obtained as

Stot = S + Sin, (17)

where dot Eepresent-s the time derivative. The entropy of the apparent horizon takes the form
as Sp = —Sgg and it's rate of change is given by

_: 9 H P
The Gibhz law of thermodynamics for fluid inside the horizon produces the relation
TindSin = dEin "szdl"};, [;19)

where the subscript ¢ denotes the total quantity and the volume Vy = %FR}E. Now, we can
obtain the rate of change in entropy of the fluid inside the horizon as

_ (pr + pe)Vi + Vi
Tin, '

Sin (20
If we consider that the fluid is in thermal equilibrium with the horizon then temperature of
fluid inside horizon (Ti,) and temperature of dvnamical apparent horizon (Th) are same and
given hy
. 2H?+ H

ST
Now, the rate of change of entropy of fluid inside the horizon can he ohtained as

(21)

S =16m— 1+ — ). 22
in = 1672 ( +2HQ+H) (22)

We can also get the rate of change of total entropv as

()
() -

Stot =
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Using the value of equation (15) in (23), we can easily get the value of Stor i.e. the thermo-
dynamics equation of BHDE. Let us discuss the plot of thermodynamics analvsis of BHDE
to understand the nniverse. We have plotted the graph of S, against the scale factor a
for fixed values of w = 150, 2y = 0.3, H = 70, n = 0.5 and wvarious values of parameters
A, B and ¢g in Figure 1.. The GSL is satisfied if Stot = 0 otherwise the model violate the
thermodynamies law of the universe. It is observed from all the trajectories in Figure 1. that
our model satisfy GSL for all values of model parameter for past, present and future universe.
It is obzerved from the figure that for small values of parameter A and large values of B and
¢ the trajectories shows constant behavior and satisfy GSL of thermodynamiecs.

4 Conclusion

The laws of thermodynamics explains some fundamental physical quantities like energy, tem-
perature and entropy and shows how these quantities behave under different situations. The
GSL states that the entropy of the accelerating universe increases as we go with time. In the
present study, we have analyzed GSL of BHDE model. It is observed from all the trajectories
that our model satisfy GSL for all values of model parameter for past, present and future
universe. It is ohserved from the figure that for small values of parameter A and large values
of B and ¢y the trajectories shows constant behavior and satisfy GSL of thermodynamics
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Figure 1: To plot the Sy against scale factor a, we have taken w = 150, £, = 0.3, H = 70,
and n = 0.5. The trajectories are plotted for various values of parameters A, B and ¢p.
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