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Abstract In this paper, we study the thermodynamics analvsis of generalized ghost dark en-
ergy (GGDE) model in Brans-Dicke theory within the framework of flat Friedmann-Lemaitre-
Rohertson- Walker metric. We assume the well motivated logarithmic form of Brans-Dicke
scalar field in terms of the scale factor to discuss the thermodynamics analysis of the model.
Generalized second law of thermodynamics is satisfied with in the model if Sor = 0 otherwise
model will violate it. It is observed that the generalized second law of thermodynamics is
not satisfied with in the model. However for some snitable values of model parameter, the
trajectories trying to satisfy GSL.
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l. INTRODUCTION

The universe is in accelerating phase at present is confirmed by various cosmological observa-
tions. There must exist some kind of energy having negative pressure known as dark energy’
(DE). The cosmological observation of high redshift surveys of supernovae [1, 2, 3], Wilkinson
Microwave Anisotropy Probe (WMAP) [4, 5], Sloan Digital Sky Survey (SDSS|) [6, 7] and
Planck data [8, 9] confirmed the accelerated expansion of the universe. These observations
suggests that the universe contains approximate 27% of dust matter, 68% DE and rest other
forms of matter. The most accepted and observationally veriied model of DE is cosmological
constant model known as ACDM model. Howewver, it faces the problem of fine-tuning and
cosmic coincidence problems [10]. Recently, some recent research work [11, 12] shows that
the ACDM model has some major tension with recent observations. Therefore it is not the
best description of our Universe.

To solve the problems associated with ACDM model, various DE models namelyv guint-
essence [13, 14], K-essence [15, 16], tachyvon[17, 18], phantom [19, 20, 21], ghost condensate
[22, 23], quintom [24, 25, 26], holographic dark energy [27, 28], agegraphic dark energy [29, 30]

and many more have heen proposed in the literature. In recent yvears, a new class of DE model
so-called ghost dark energy (GDE) has been proposed which has attracted a lot of interest.
The origin of GDE comes from Veneziano ghosts in quantum chromodynamies { QCD) theory
[21, 32, 33, 34]. It is assumed that the contribution of the ghost field to the vacuum energy
can he treated as a possible candidate of DE. The Veneziano ghost field was introduced to
solve problems in QCD. The positive and negative norms of (QCD ghost field cancel each
other and leaves no trace in the physical subspace. It was contended that thev have small
role to vacuum energy in time-dependent or curved space background [35]. The magnitude
of this vacuum energy is of order ASQCDH . Where ASQCD is QCD mass scale [35] and H is
known as Hubble's parameter. Using the fact that AQC'D ~ 100M.V and H ~ 1073317
for the current time provide right order of magnitude pp ~ (3 x 1072V )* for ghost energy
density [35]. In this way GDE model provides a required amount of DE and solve fine-tuning
problem associated with AC DM model. The energy density of GDE is given by [35, 36, 37]
g = n1H, where H is the Hubhle's parameter and 7y is a constant.
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The author[38] observed that the role of the Veneziano QCD ghost field to vacuum energy
is not exactly of order H and the sub-leading term H? seems due to the fact that vacuum
expectation value of the energy momentum tensor is conserved in isolation [39]. It was
contended that vacuum energy of the ghost field can be written as H + O(H 2). It has been
expected that the second term H? plays a crucial role in early evolution of the Universe
which may act as the early DE [40]. It has been observed that including the second term
with original GDE density it has shown better agreement [40, 41] with the observational
data as compared to usual GDE. In this generalized model, the energy density is defined as
pg = iH +naH 2 where na is a constant. We call this form of model the GGDE model.

Brans-Dicke (BD) theory, which was proposed by Brans and Dicke [42] in 1961 is a
natural extension of Einstein's GR. In this theory the dynamics of gravity were represented
by a scalar field and dynamics of space-time were represented by the metric tensor. In BD
theory, Newton’s gravitational constant & is not presumed to be constant but is proportional
to the inverse of the scalar field ¢, which can vary from place to place and with time. This
theory is dynamical in nature as compare to GR., therefore, it seems more suitable to discuss
the dynamical DE models like GGDE models. Therefore, we have considered BD theory to
discnss the GGDE madel in the paper.

There is lot of literature available on GDE and GGDE to discuss the evolution of the
universe [43, 44, 45]. It was ohserved that features of GDE in BD theory differ from GR. It
was shown that the original GDE is not stable for all ranges of parameter spaces in standard
cosmology [46] whereas it approaches to a stable phase in BD theory [47]. In Ref. [48].
the authors have taken GGDE in BD theory with power-law form of BD scalar field with
sub-leading term H?2. However, the power-law relation between scalar field and the scale
factor leads to a constant deceleration parameter which does not show the transition phase.
To resolve such problem, Kumar and Singh [50] have proposed a well motivated logarithmic
relation between scalar field and the secale factor which describes the phase transition. A
number of authors [51, 52, 53, 54, 55| have studied the cosmological models in BD theory
with logarithmic form and found some interesting results.

Here, we study GGDE maodel in a dynamical framework such as BD) theory using logarith-
mic form of BD scalar field instead of power-law form. We will discuss the thermodynamics
analysis of the GGDE model.

This paper is organized as follows. In Sect. 2, the GGDE model is discussed in BD theory.
Sect. 3 explore the thermodynamics behavior of GGDE model. We finish with conclusion in
Sect. 4.

2 Model and Field Equations

The action of BD theory in canonical form can be written as [49]
5 ot L 2r4 Lowa e g 1)
5= I\fﬁ _5@ + EQ’" @ Sp@) + Ly ), (1)

where R is the scalar enrvature and ¢ is the BD scalar field. Here, w is the dimensionless BD
coupling parameter between scalar field and gravityv. There are no constraints on the coupling
parameter w as far as the theorv is concerned whereas there are observational constraints
which vary based on the scale of observations and the method being nsed. The observations
of Cassini solar mission put bounds w > 40000 [59] whereas cosmological scale bounds from
various cosmological observations are very low [60, 61, 62].

We assume a homogeneous and isotropic flat FRW space-time to discuss the evolution of
the universe which is given by

ds® = dt? — a’(t) [ + r?(d6? +sin? @ do?)| | (2)

1—r2
where a is the cosmic scale factor. We assume that the Universe is filled with pressureless dark
matter (DM) and GGDE. We exclude barvonic matter and radiation due to their negligible
contribution to the total energy budget during late time evolution. Varying the action (1)
with respect the metric tensor g"" and the BD scalar field ¢ for the FLRW line element in
equation (2), the field equations can be obtained as follows
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where pp, is energy density of pressureless DM, gy and p, are respectively the energy density
and pressure of GGDE, and H = @/a is the Hubble parameter. The GGDE is given by [40]

pg = n1H +naH?, (6)

where nq is a constant with dimension [e-nergy]a, roughly of order _-%CD and ng is another

constant with dimension [energy|?.
In the framework of BD cosmology, many authors [63, 64, 65, 66] have assumed BD

scalar field ¢ as a power-law form of the scale factor, i.e., ¢ oc a™, where m is a constant, to
solve the BD field equations. Usnally, this form of power-law gives the constant deceleration
parameter. Therefore, Kumar and Singh [50] have proposed a logarithmic relation between
BD scalar field and scale factor which is able to solve the cosmic coincidence problem and
the problem of constant deceleration parameter. In this paper, we assume such logarithmic
form of BD scalar field which is given by

¢ = ¢gInia + Fa), (7)

where ¢p, o = 1 and 5 > 0. Taking time derivative of equation(7), we get

E" _ SaH (8)
¢ (a+ Ba)ln{a+ Ba) -
Using relation in equation (7) and (8), the equation (3) can be written as
2w3%a? 283a 4w . .
21 B !
g : +- . )=zalemtr). O
( e+ Ba)?infe+ fa)]? (o4 Ba)ln(a+ [Fa) 352 P Pa) )

As usnal, let us define the fractional energy densities corresponding to each energy part as

m 4 pm P
O = o = (10)
0 — Pa _ =0 (11)

ig Der = BQEHQ:
where p,, = 3¢°H? /4w is the critical density in BD theory. Using GGDE density equation
(6), one can rewrite equation(11)as

dw(ng +naH) .
L 4 [\12/]
g 202 H
We consider the case where DM and GGDE evolves independent to each other and hence
they satisfy the following conservation equations

pm + 3H pm = 0, (13)

g+ 3H(1 +wy)p, = 0, (14)

where 1wy = pg/py 18 the EoS parameter of GGDE. Using equation (10) and (11), Eq.(9) can
he written as
Qm + Qg ="y [\15/‘]
where
L 2w3%a? N 28a
Ao+ fa)?ln(a+ Fa)]?  (a+ fa)ln(a+ Fa)

P —

I =

(16)
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It is noted that for § = 0. we have v = 1. In this case, the BD scalar field becomes constant
and Einstein gravity is restored. Taking time derivative of(9) and using continuity equations,

we get
H 1 ) . ) : [a e
2—7 4+ =9 = =30, (1 + w, + u) — 202, (1 4 u)- _ - 17
PR o ot ) o JLa—l—,SaJln(a—l—,ﬁa} \7)
The universe decelerating or accelerating expansion can be discussed with the help of a
cosmological parameter known as deceleration parameter(DP). It is defined as g = —ﬁg =

-1- % For GGDE model in BD theory, we find the value of deceleration parameter as

1 . . o 2(v+ 1)(n1+naH)Fa
= ny(y — 20 ngH (v — - -
1 (27— Qging + (v — Qg)2naH) [ 1y o) B o)+ (o + fa)In(a + Fa)
2(2w + 3)(ny + ne H)3%a® 2w(ny +noH)3a® 2w(ny + naH)Fa’

" 3(a+ Ba)?Infa+ fa)]? T 3(a+ fa)¥n(a+ Ba)? T 3(a + Ba)dIn(a + Ba)
2(nq + ngH )3%a? }
(a4 Ba)? In(a + Fa)

3 Thermodynamic Analyvsis

We will examine whether the Generalized second law of thermodynamics saits onr model.
Padmanabhan [68] and Jacob [69] derived the first law of thermodynamics starting from
the Einstein’s field equations for a static and spherically svmmetric space-time. The field
equations of f{R) theory using only thermodynamiecal considerations are obtained [70]. Many
aspects of thermodynamiecs have been studied in gravity theories one of which is generalized
second law of thermodynamics (GSL). According to GSL, total entropy of the universe (hori-
zon entropy and entropy of the matter inside the horizon) is an increasing function of the
time. The GSL has been discussed in hoth Einstein’s theory and modified theories of gravity
[71, 72, 73].

Recently, (GSL has been investigated in original BD theory and authors have obtained
expression of rate of change of total entropy of the flat FLRW universe [75, 74]. In the present
paper, we have also considered original BD theorv in a Hat FLREW universe. Therefore, we
have considered the same expression of rate of change of total entropy of the Hat FRW
universe . Here, in the present work we have taken GGDE in our model while they have not
consideraed any DE component. The total entropy of the universe is given by

Stor = S + Sin, (199

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

'S-Icot = '—E’Ih + Sénu (20)

where dot represents the time derivative. Authors [75] have considered the entropv of dy-
namical apparent horizon rather than teleological event horizon which seems more relevant
to the study. The entropy of the apparent horizon is given by the relation S5 = 274, where
A= 4?TR;‘: denotes the area of the apparent horizon. Here, Fp denotes radius of the apparent
horizon which is related to the Hubble parameter in the flat FRW universe as Ry = -Iér Thus,
the entropy of the apparent horizon takes the form as Sy = %;;
given by

and it’s rate of change is

—~ 2 1
Sp=—167" 7. (21)
The Gibbs law of thermodynamiecs for fluid inside the horizon gives rise to
TindSin = dEin + pedVh, (22)
where the subseript ¢ denotes the total quantity and the volume Vy, = %FR%. Now, we can

obtain the rate of change in entropy of the fluid inside the horizon as
. (pr + pe )V + oV
51’»‘3 == E -

Tin
If we consider that the fluid is in thermal equilibrinum with the horizon then temperature of
fluid inside horizon (T},) and temperature of dynamical apparent horizon (T3 ) are same (see
[75] and references therein). It is known as Hayward-Kodama temperature which is given by

(23)

2H* 4+ H -
Tp="_T"7 (24)
4mH
It may be observed that this temperature reduces to the Hawking temperature THawking = %

[7] in de Sitter space where H = 0. Now, the rate of change of entropy of fluid inside the
horizon can be obtained using Eqs. (30) and (31) as

S =162 — (1 4+ —— 1. 25
i = 1672 +2H2+H) (25)
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Now using eqs. (20), (21) and (25), one can get the rate of change of total entropy as [75]

(5#)’
— (26)
H (gg + 2)

We must ohserve 5'm = 0 to satisfy GSL of thermodynamics, otherwise model will vio-
late GSL. Using the value of DP in equation (26), we get the expression for Seor, Which is
complicated one. Therefore, we will disenss the thermodynamics analysis with the help of
the plot. We have plotted the graph of Sior against redshift parameter z for various values
of the model parameter. Fig.1 is plotted for fixed values of ny = 400, ny = 2.1, f2, = 0.70,
H =70, w=17, 3 = 4.1 and various values of a. It is observed that S,.; < 0 in past, present
and future and the model violate GSL of thermodynamics. Fig.2 has been plotted for fixed
values of ny = 400, ng = 2.1, 2, = 0.70,H =70, w = 17, a = 4.1 and various values of 3. It
is ohserved that all the trajectories shows same behavior for all values of 5. and the model
violate GSL of thermodvnamics. However, all the trajectories are tryving to satisfy GSL of
thermodynamics in future.

btot =

0.4F
0.2¢ —  a=:o0
00_ I — a=4.5
) — a=5.0
v;‘é -0.2¢f beme  a=5.5
—0.4F
_06_
-0.8f fFF—
Tl
_1,0 1 M TR, ] 1
-1 1 2 3
z

Figure 1: To plot the S, against redshift 2, we have taken fixed values of nq = 400, ng = 2.1,
Qg =0.70.H =70, w =17, 3 = 4.1 and various values of o

4
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o
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Figure 2: To plot the Siot against redshift z, we have taken fixed values of nq = 400, ng = 2.1,

y =0.70,H =70, w= 17, a = 4.1 and various values of 3

4 Conclusion

To address one of the main problem associated with present day cosmology of accelerating
universe, the concept of GGDE whose energy density takes the form pp = nyH +noH?* have
been proposed. Veneziano ghosts field in ()CD theory is the origin of DE in this model. It
was observed that the difference hetween the vacuum energy of quantum field in Minkowaski
space-time and in FLRW Universe can play the role of observed dark energy. In this paper, we
have investigated GGDE in BD theory with logarithmic scalar field for flat FLRW Universe.
The cosmological implications of GGDE model have heen studied to observe the evolution
of the Universe. It is ohserved that the model does not satisfy GSL of thermodynamies.
However, for some values of model parameter, the trajectories are trying to satisfy GSL of
thermodynamics.
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