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Abstract: We investigate the particle creation, as well as the thermodynamics phenomenon of viscous
generalized cosmic Chaplygin gas as a cosmic fluid by assuming the flat FRW universe. For this
purpose, we extract various parameters such as the energy density (ρ), Hubble parameter (H),
declaration parameter (q), temperature (Tf ), and particle number density (n) in the presence of three
different models of the particle creation rate (Γ). We discuss the validity of the generalized second
law of thermodynamics and thermal equilibrium condition under three models of Γ and discuss the
graphical behavior of above-mentioned terms.
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1. Introduction

Einstein gravity introduced the idea of a static universe by adding the cosmological constant in
the field equation of general relativity. In 1922, Friedmann proposed the idea of an expanding universe.
After that, researchers started research on the expanding universe. Furthermore, the evolution of the
universe had been explained by non-equilibrium Muller [1], Israel and Stewart [2–4] (M-I-S) theory
and Pavon et al. [5,6]. The difference in these ideas was finished when Hubble discovered novae in
the Andromeda galaxy and demonstrated its distance to be way beyond the milky way’s boundaries.
The high-Z supernova research team and the supernova cosmology project were two different teams
that were sent into space to collect data about astronomical objects [7,8]. The results were unpredicted,
because the obtained results showed accelerated expansion of the universe [7,8].

Later on, the cosmic microwave background (CMB) [9] and Sloan Digital Sky Survey [10] also
favored this accelerating phase of the universe. Through these observations, the researchers concluded
that the cosmic acceleration was caused by exotic energy known as dark energy (DE) [11–14]. After
this, much research has been done to discover the source, as well as properties of DE, but unfortunately,
scientists failed to find a valid argument till now. The only known property of DE is the repulsive force.
The simplest form of DE is the cosmological constant, but it faces two basic problems such as fine-tuning
and cosmic coincidence. Alternative approaches such as modified theories of gravity and dynamical
DE models have been assumed to illustrate the accelerated expansion scenario. The dynamical DE
models include quintom [15–17], quintessence [18–20], the family of Chaplygin gas (CG) [21–23],
K-essence [24–26], holographic DE models [27,28], etc. Moreover, the dark energy scenario has also
been discussed through modified gravities such as Horndeski gravity [29], f (R) gravity [30], mimetic
gravity [31], f (T) gravity [32], f (G) gravity [33], and so on. A detailed discussion on DE models, as
well as modified theories of gravity was also presented in [34].

Due to negative pressure of CG, it may be feasible for explaining DE. It is related to exotic fluid
with negative pressure, but positive energy density. Various generalizations of CG have been suggested
due to its effectivity for interpreting the expansion of the universe. The equation of state (EoS) of CG
is modified by adding an ordinary matter agreeing with the current observational fallout CG named
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as modified CG [35]. The form that is generalized by adding any constant with an exponent over the
energy density is termed as generalized CG (GCG) [36]. GCG with EoS P = − B

ρν (where ν and B are
positive constants) has been presented as an alternative model for depicting the cosmic acceleration.
It is supposed to be a good verbal description of the accelerated expansion of the universe. In this
spirit, the case (1 + ν) > 0 is thought provoking in the recent accelerated expansion in which GCG acts
as dust for the primordial universe and DE with negative EoS for the present time universe. Another
regime, (1 + ν) < 0, is also interesting [37] because GCG mimics initially the cosmological constant,
but the EoS grows and behaves like dust with the passage of time. This behavior is good for the
inflationary scenario as inflation occurs initially and then automatically ends at later times. Another
modified form of the CG model is modified Chaplygin gas (MCG) [38]. There is a large amount of
literature [39] investigating various aspects of the MCG to compare the standard cosmological model
with recent observations.

Kamenshchik et al. [40] assumed that a spatially-flat FRW universe consists of CG and determined
that the resulting evolution of the universe is consistent with the current observations of acceleration.
The inflationary paradigm can be acquired by extrapolating the energy density in CG models [41].
The GCG put forward important alternations in the primordial universe. Moreover, Gonzalez-Diaz
[42] proposed a generalized cosmic CG (GCCG) model such that the resulting models are physical,
as well as stable even with the vacuum fluid satisfying the phantom condition. As MCG and GCG
are more constrained as compared to GCCG, which can adapt itself to any domain of cosmology
depending on the parameters, so the big-rip singularity can be easily avoided in this model.

The generalized cosmic Chaplygin gas (GCCG) is the extended form of CG, and its equation of
state is given by [42]:

p = −ρ−λ

(
A + (ρ1+λ − A)−ω

)
, (1)

where p is the pressure, ρ is the energy density, A = D
1+ω − 1, and the value of D may be positive

or negative. The value of λ is taken as positive, and the value of ω must be taken in the range of
−l < ω < 0, where l is greater then one, i.e l > 1. This EoS reduces to that of current Chaplygin unified
models for dark matter and dark energy in the limit ω → 0 and satisfies the conditions: (i) it becomes
a de Sitter fluid at late time and when ω = −1; (ii) it reduces to p = ρ in the limit that the Chaplygin
parameter D → 0; (iii) it also reduces to the EOS of current Chaplygin unified dark matter models
at high energy density; and (iv) the evolution of density perturbations derived from the chosen EoS
becomes free from the pathological behavior of the matter power spectrum for physically-reasonable
values of the involved parameters at late time. This EoS shows the dust era in the past and ΛCDM in
the future.

Black hole (BH) physics introduced the idea of thermodynamics in cosmology. Hawking [43]
proposed that the temperature (T) produced by BHs and the surface gravity of the event horizon
are proportional to each other. The correspondence of the Einstein field equations, as well
as thermodynamics was proposed by Jacobson [44]. He determined this connection based on
entropy-horizon area proportionality with the Clausius relation i.e., dQ = TdS (which is also known
as first law of thermodynamics), where T, dS, and dQ demonstrate the temperature, change in entropy,
as well as change in energy, respectively. For any horizon, field equations of spherically-symmetric
space time can be shown as TdS = dE + PdV, where V expresses the volume, P denotes pressure, and
E represents the internal energy for the spherical system [45].

The generalized Second Law of Thermodynamics (GSLT) is the most considerable topic to examine
the expanding behavior of the universe. The GSLT can be defined as the sum of all the entropies, i.e.,
inside the horizon, and the entropy of boundaries always increases with time [46]. A plethora of work
has been done by various people in order to investigate the validity of GSLT by assuming the usual
entropy [47], power law corrected entropy [48], and logarithmic corrected entropy [49]. Furthermore,
some people have examined the validity of GSLT under different systems including the interaction
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of two [50], as well as three components of fluid [51] in the Friedmann–Robertson–Walker (FRW)
universe by taking the simple horizon entropy of the universe.

The matter creation in an expanding universe is not a new issue in cosmology. Such a physical
mechanism has been intensively investigated. Zeldovich [52] described the process of the creation
of matter in the cosmological context through an effective mechanism. Prigogine [53] studied
how to insert the creation of matter consistently in Einstein’s field equations. Many authors have
explored scenarios of matter creation in cosmology, but here, we are particularly interested in the
gravitationally-induced particle creation scenario denominated the creation of cold dark matter
(CCDM) [54]. The relativistic second order thermodynamic theories of Muller [1], Israel and Stewart
[2–4], and Pavon et al. [5,6] play a crucial role in describing the evolution of the Universe as a
sequence of dissipative processes. The theory proposes that deviations from equilibrium described by
bulk stress, heat flow, and shear stress can be treated as independent dynamical variables bounded
by average molecular speed, thereby ensuring causality. The particle creation mechanism driving
bulk viscous pressure has been extensively used to describe the dynamics and evolution of the early
universe including early inflation and current accelerated expansion [55]. Particle creation has also
been related to an emergent universe [56]. Moreover, Brevik [57] did a versatile study on viscous fluid
by assuming homogeneous, as well as inhomogeneous EoS. Viscous cosmology in the early universe
was investigated, examining the viscosity effects on the various inflationary observables. Additionally,
viscous cosmology in the late universe was studied, containing current acceleration and the possible
future singularities, and we investigate how one may even unify inflationary and late-time acceleration.
The viscosity-induced crossing through the quintessence-phantom divide was also analyzed, and we
examine the realization of viscosity-driven cosmological bounces and also briefly mention how the
Cardy–Verlinde formula is affected by viscosity.

Bhattacharya et al. [58] studied the cosmic scenario and thermodynamics in the presence
of MCG and adiabatic matter creation. Jawad et al. [59] discussed the thermodynamics of the
gravitationally-induced particle creation scenario in the DGPbraneworld. In the present paper, we
investigate the particle creation, as well as the thermodynamics phenomenon in the presence of
the viscous-inspired GCCG model. In this way, we develop various basic parameters in Section 2.
In Section 3, we discuss the entropy production phenomenon. We discuss GSLT and the thermal
equilibrium condition in Section 4. We summarize our results in the last section.

2. Particle Creation and GCCG

The energy momentum tensor Tµν regarding the bulk viscosity of relativistic fluid is defined as:

Tµν = (ρ + p + Π)uµuν + (p + Π)gµν, (2)

and here the terms ρ, p, Π, and uµ are known as energy density, thermodynamics pressure, bulk
viscous pressure, and four-velocity respectively. The entropy flow vector under the scenario of second
order non-equilibrium thermodynamics is defined as: [3]

Sµ = sNµ − τΠ2

2ζTf
uµ, (3)

where the terms s, Nµ, τ, ζ, and Tf are named as the entropy per particle, the particle flow vector,
relaxation time, the coefficient of bulk viscosity, and the temperature of cosmic fluid, respectively.
In the above equation, Nµ = nuµ, where n is the particle number density. Now, Γ is defined as:

Γ =
Ṅ
N

, (4)
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where N = na3 is the number of particles in a co-moving volume (a3). Γ < 0 and Γ > 0 mean particle
annihilation and production, respectively. The entropy production density is created due to the change
in the particle number density and mathematically can be expressed as:

Sµ
;µ = −Π

Tf

(
3H +

τ

s
Π̇ +

1
2

ΠTf (
τ

ζTf
uµ);µ + ε

nΓ
Π

)
, (5)

ε gives the chemical potential. The second law of thermodynamics is valid if we take Sµ
;µ = Π2

ζTf
≥ 0.

The non-linear differential equation of bulk viscosity (Π) can be obtained by taking Sµ
;µ = Π2

ζTf
≥ 0 and

has the following relation [60]:

Π2
(

1 +
1
2

Tf (
τ

ζTf
uµ);µ + τΠΠ̇ + 3HζΠ

)
= −ζεnΓ. (6)

Consequently, any change from equilibrium described by Π and the single causal theory is
affirmed with the help of Γ. Furthermore, the conservation equations in the presence of Γ are given as:

Nµ
;µ = nΓ and Tµν

;ν = 0, (7)

which leads to:
ṅ + 3Hn = nΓ, (8)

and:
ρ̇ + 3H(ρ + p + Π) = 0, (9)

where ṅ = u,µnµ. Thus, the Gibbs relation has the following form:

Tf ds = d(
ρ

n
) + pd(

1
n
). (10)

By comparing the Gibbs relation with Equations (8) and (9), we get:

nTf ṡ = −3HΠ− (ρ + p)Γ. (11)

We assume p and ρ as a function of the thermodynamic variables n and Tf . By utilizing
Equations (8) and (9), we have:

∂ρ

∂n
=

p + ρ

n
−

Tf

n
dp
dTf

, (12)

and the temperature of the cosmic fluid is:

Ṫf

Tf
= −3H

( ∂p
∂Tf

∂ρ
∂Tf

+
Π

Tf
∂ρ

∂Tf

)
+ Γ

( ∂ρ
∂Tf

∂p
∂Tf

− ρ + p
∂ρ

∂Tf

)
. (13)

By using Equation (11) with the last equation, we obtain the following expression:

Ṫf

Tf
= −(3H − Γ)

∂p
∂Tf

∂ρ
∂Tf

+
nṡ
∂ρ

∂Tf

. (14)

We observe that the temperature and viscous pressure (Π) are effected by particle production.
We find a relation of viscous pressure as a function of particle production rate by taking ṡ = 0, in the
following form:

Π = − Γ
3H

(ρ + p). (15)
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The change in particle number density (n) explains cosmic fluid, and the change in the temperature
of cosmic fluid is:

Ṫf

Tf
= −(3H − Γ)

∂p
∂ρ

, (16)

so n can be obtained from Equation (8) for isentropic particle production as:

ṅ
n
= −(3H − Γ). (17)

The Friedmann equation for FRW cosmology is given as:

H2 =
κρ

3
=

ρ

3
. (18)

where κ = 8 πG. By using Equation (9), the derivative of H turns out to be:

Ḣ = −κ(ρ + p + Π)

2
= − (ρ + p + Π)

2
. (19)

We can take GCCG as the cosmic fluid, then find the expression for energy density ρ with the
combination of Equations (1) and (9) as:

ρ =

(
A +

(
1 + ca−3µeµ

∫
Γdt
) 1

1+ω
) 1

1+λ

, (20)

where µ = (1 + λ)(1 + ω) and c are constants. In this way, the Hubble parameter can be expressed as:

H =
1√
3

(
A +

(
1 + ca−3µeµ

∫
Γdt
) 1

1+ω
) 1

2+2λ

. (21)

By using Equations (15), (19), and (21), the deceleration parameter q = −1 + Ḣ
H2 has the following

form:

q = −1 +
3
2

(
1− Γ

3H

)(
1− (1 + ca−3µeµ

∫
Γdt)−ω

1 + A(1 + ca−3µeµ
∫

Γdt)
−1

1+ω

)
. (22)

With the help of Equations (16) and (17), Tf and n can be expressed as:

Tf =
Tcρ−λc

µ−1
µ a−3(µ−1)e(µ−1)

∫
Γdt

(1 + ca−3µeµ
∫

Γdt)
ω

1+ω
, (23)

n = ncc
1
µ a−3e

∫
Γdt, (24)

and here, Tc and nc are the constants of integration. It is shown that the parameters of thermodynamics,
as well as dynamics, which are given in Equations (20)–(24), are changed with respect to particle
creation rate Γ. Hence, the cosmic evolution of the universe can be studied by particular selection of Γ.

Recently, accelerating cosmology driven by the gravitationally-induced adiabatic (entropy per
particle remains constant during the process) particle production has intensively been examined in the
FLRW universe [54,61–70]. Further, it has also been discussed that not only the current accelerating
universe, but the particle production can also be taken into account for the early inflationary universe
[70]. In fact, it has been shown that the matter creation models can provide an alternative cosmology
known as the CCDM (creation cold dark matter) cosmology [54,60,64], which is a viable alternative
to the ΛCDM model, both at background and perturbative levels [66]. Additionally, the effects of
adiabatic particle production have been tested at the cosmic microwave background level [67], which
shows a close behavior to that of ΛCDM. In fact, it has been argued that adiabatic particle production
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can provide a possible connection between the early and late accelerating regimes [68]. Further, it has
been argued that a complete cosmic scenario with early and late de Sitter eras can also be encountered
by such a mechanism [65]. The stability of such models in agreement with the generalized second law
of thermodynamics has been studied [61,71]. However, the key point in all such models driven by
the gravitational particle production is to consider several choices for the rate of particle production,
which in general are considered to be the functions of the Hubble rate of the FLRW universe.

Here, we choose three different models of Γ as:

• Model 1: Γ = 15βH
(

1− a tanh(10− 12a)
)

• Model 2: Γ = 15βH
(

1− a1+m
)

• Model 3: Γ = 15βH

(
H2λ+2− A

3λ+1

)ω+1

− 1
3µ(

H2λ+2
0 − A

3λ+1

)ω+1

− 1
3µ

.

The first two models depend on the scale factor and the third model on the Hubble parameter.
Here, m belongs to real numbers, but m 6= −1, β is any positive constant. Recently, the phantom
behavior of particle creation has been examined in a similar form to Model 1 [63]. It has been discovered
that Γ is proportional to ρ, when the universe is dominated by bulk viscosity for perfect fluid [72].
Hence, we can say that there is some relation between Γ and ρ, when the universe is dominated by
bulk viscosity for exotic fluid (like GCCG). Therefore, we select Γ in the term of H in Model 3.

2.1. Model 1: Γ = 15βH
(

1− a tanh(10− 12a)
)

Here, we assume θ = 10− 12a, and by substituting this value of Γ in Equations (20)–(24), we have:

−ρ =

(
A +

(
1 + ca(15β−3)µ cosh

5βµ
4 θ

) 1
1+ω
) 1

1+λ

, (25)

H =
1√
3

(
A +

(
1 + ca(15β−3)µ cosh

5βµ
4 θ

) 1
1+ω
) 1

2+2λ

, (26)

q = −1− 3
2

(
1− 5β(1− a tanh θ)

)((
1 + c cosh

5βµ
4 θa3µ(5β−1)

)−ω

− 1
)(

1 + A(1 + ca3µ(5β−1) cosh
5βµ

4 θ)
−1

1+ω

)−1

. (27)

Tf =
Tcρ−λc

µ−1
µ a(µ−1)(15β−3) cosh

5βµ
4 θ

(1 + ca3(5β−1)µ cosh
5βµ

4 θ)
ω

1+ω

. (28)

n = ncc
1
µ a15β−3 cosh

5βµ
4 θ. (29)

In Figure 1, q shows the negative behavior versus a, which represents the accelerated phase of
the universe. The ranges of this parameter lie within the constraints as mentioned in [73]. Figure 2
exhibits the positive behavior of Tf versus a, which shows that the temperature of the system is
increasing. Figure 3 shows the positive behavior of n corresponding to a, which means particles are
being produced.



Symmetry 2019, 11, 1039 7 of 20

0.0 0.5 1.0 1.5 2.0

-1.5

-1.0

-0.5

0.0

a

q

Λ=2.5

Λ=1.5

Λ=0.5

Figure 1. q versus a for Model 1 with A = 1
3 , β = 0.12, c = 5, and ω = 0.5.
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Figure 2. T( K) versus a for Model 1.
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Figure 3. n versus a for Model 1.
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2.2. Model 2: Γ = 15βH
(

1− a1+m
)

For this model, Equations (20)–(24) can be written as:

ρ =

(
A +

(
1 + ca3µ(β−1)e

3βµam+1
m+1

) 1
1+ω
) 1

1+λ

, (30)

H =
1√
3

(
A +

(
1 + ca3µ(β−1)e

3βµam+1
m+1

) 1
1+ω
) 1

2+2λ

, (31)

q = −1− 3
2

(
1− β(1 + a1+m)

)((
1 + ca3µ(β−1)e

3βµam+1
m+1

)−ω

− 1
)(

1 + A
(

1 + ca3µ(β−1)e
3βµam+1

m+1

) −1
1+ω
)−1

. (32)

Tf =
Tcρ−λc

µ−1
µ a3(β−1)(µ−1)e

3β(µ−1)am+1
m+1

(1 + ca−3µe
3βµam+1

m+1 )
ω

1+ω

. (33)

n = ncc
1
µ a3(β−1)e

3βµam+1
m+1 . (34)

Figure 4 shows the positive, as well as negative behavior of q in different ranges of a. For α = 0.5,
q shows the deceleration phase of the universe in the range of a < 0.75 and the accelerated phase of
the universe in the range of a ≥ 0.75. For α = 1.5 and α = 2.5, q shows the deceleration phase of the
universe in the range of a < 0.9 and the accelerated phase of the universe in the range of a ≥ 0.9.
The ranges of this parameter lie within the constraints as mentioned in [73]. Figure 5 exhibits the
positive behavior of Tf versus a, which shows that the temperature of the system is decreasing. Figure 6
shows the positive behavior of n corresponding to a, which mean particles are being produced.
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Figure 4. q versus a for Model 2 by taking m = 1.
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Figure 5. T( K) versus a for Model 2.
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Figure 6. n versus a for Model 2.

2.3. Model 3: Γ = 15βH

(
H2λ+2− A

3λ+1

)ω+1

− 1
3µ(

H2λ+2
0 − A

3λ+1

)ω+1

− 1
3µ

By using the above expression of Γ, Equations (20)–(24) turn out to be:

ρ =

(
A +

(
(ρ1+λ

0 − A)1+ω

r
+ 1− 1

r

) 1
1+ω
) 1

1+λ

, (35)

H =

(
A

31+λ
+

(
y0

r
+

1
3µ

) 1
1+ω
) 1

2+2λ

, (36)

q = −1 +
3
2

3
ωλ

1+λ (r− β)y0(
y0 − r

3µ

) ω
1+ω
(

A
31+λ +

(
y0 − r

3µ

) 1
1+ω
) . (37)

Tf = T0ρ−λ(ρ1+λ − A)−ω

(
1
r

) µ−1
µ

. (38)

n =
n0

r
1
µ

. (39)

Here, y0 =

(
H2λ+2

0 − A
3λ+1

)ω+1

− 1
3µ , r = β+ (1− β)

(
a
a0

)3µ

, and H = H0 for a = a0. In Figure 7,

q shows the positive behavior versus a, which represents the decelerated phase of the universe. Figure 8
exhibits the positive behavior of Tf versus a, which shows that the temperature of the system is
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decreasing. Figure 9 exhibits the positive behavior of n versus a, which means particles are being
produced.
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200

400

600

800
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Figure 7. q versus a for Model 3 by taking a0 = 1, H0 = 67, and the same constants.
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Figure 8. T( K) versus a for Model 3.
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Figure 9. n versus a for Model 3.

3. Entropy Production

The change in entropy per particle can be obtained by substituting Equations (8) and (9) in (11) as:

nTf ṡ = ρ̇− ṅ
n
(ρ + P), (40)

which leads to:
nTf Xṡρλ

ρ1+λ − A
=

1
1 + λ

dX
dt

+ n−(1+λ) dY
dt

, (41)
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where:

X =
(ρ1+λ − A)1+ω

n1+λ
, Y = log n− ω(ρ1+λ − A)1+ω

µ
. (42)

By substituting Equation (8) and Π = −ρ(γ + 2Ḣ
3H2 ) in Equation (13), we get the temperature of

the fluid as:

Tf = Tie
∫ n

ni
v−γu

n dn+
∫ ρ

ρi
u dρ

ρ . (43)

In this way, Equation (41) can be written as:

nρλ ṡTi

(ρ1+λ − A)
e(
∫ n

ni
v−ru

n dn+
∫ ρ

ρi
u dρ

ρ )
=

1
1 + λ

dX
dt

+ n−(1+λ) dY
dt

, (44)

and here, i stands for the initial time, γ = p+ρ
ρ , u = ρ

Tf ∂ρ/∂Tf
, and v =

∂p/∂Tf
∂ρ/∂Tf

. In the inflationary phase,
we consider ρ = ρi and H = Hi. Thus, Equation (44) turns out to be:

ṡ = αinγiui−vi−1(3Hi − Γ), (45)

where αi = ρiγi

Tin
γiui−vi
i

. For γi = 4
3 , ui = 1, and vi = 1

3 , we get αi = 4ρi
3Tini

, and the above equation

becomes:
ṡ = αi(3Hi − Γ), (46)

which leads to:

s = αi

(
3(t− ti)Hi −

∫ t

ti

Γ
)
+ si. (47)

The above equation shows that s also depends on Γ. Thus, the relation of the change in entropy
for a co-moving volume can be written as ε = sna3 = sN by taking GCCG as matter, and similar
results were obtained in [60]. Hence, we can write ε by using the above results as:

ε =

(
αi

(
3(t− ti)Hi −

∫ t

ti

Γ
)
+ si

)
Nie

∫ t
ti

Γdt
. (48)

The de Sitter phase of GCCG has an exponential increase in co-moving entropy and Γ 6= 0
represented by Equation (48). Then, it was observed that GCCG as a cosmic fluid exhibits similar
results concluded for normal fluid in [60].

4. Thermodynamical Analysis

The Hubble parameter and apparent horizon (RA) coincide with each other for a flat FRW universe
such as RA = 1

H . Thus, the derivative of RA w.r.t time t is given as:

ṘA = − Ḣ
H2 = −1

2

(
1− Γ

3H

)(
(31+λ H2+2λ − A)ω+1 − 1

3λ−1H2+2λ(31+λH2+2λ − A)ω

)
. (49)

Bekenstein entropy [46] is given as:

SA =

(
c3

Gh̄

)
4πR2

A
4

=
1
8

R2
A, (50)

and the Hawking temperature [43] of the horizon is:

TA =

(
ch̄
κB

)
1

2πRA
=

4
RA

. (51)
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The first law of thermodynamics [44] has the following form:

− dEA = TAdSA, (52)

and here, dEA represents the amount of energy for the apparent horizon [74], having the following
relation:

dEA =
R3

A
2

(ρ + p + Π)Hdt =
R3

A
2

(ρ + p)
(

1− Γ
3H

)
Hdt. (53)

By substituting the values dEA and TA, Equation (52) turns out to be:

˙SA = − 3
3
2

8

(
1− Γ

3H

)(
A +

(
1 + ca−3µeµ

∫
Γdt
) 1

1+ω
) −1

2+2λ

×
1−

(
1+ca−3µeµ

∫
Γdt

) 1
1+ω

1+A

(
1+ca−3µeµ

∫
Γdt

) −1
1+ω

,
(54)

where H can be taken from Equation (21).
However, GSLT is defined as ṠT = ṠA + Ṡ f ≥ 0, which means the total entropy of the system

never decreases. Thus, the Gibbs relation can be written as:

Tf dS f = dE f + pdV, (55)

where E f = ρV and S f are known as the energy and entropy of cosmic fluid, respectively. Thus, the
derivative of S f is given as:

Ṡ f =

(
1− Γ

3H

)
−9c

1
µ a−3e

∫
Γdt(4Tc)−1

(A+(1+ca−3µeµ
∫

Γdt)
1

1+ω )
1

1+λ

×
(

1−(1+ca−3µeµ
∫

Γdt)−ω

1+A(1+ca−3µeµ
∫

Γdt)
−1

1+ω

+ 2
)

.
(56)

Hence, ṠT can be obtained by adding Equations (56) and (58):

ṠT = − 3
3
2

8

(
1− Γ

3H

)(
A + (1 + ca−3µeµ

∫
Γdt)

1
1+ω

) −1
2+2λ

×
(

1−(1+ca−3µeµ
∫

Γdt)−ω

1+A(1+ca−3µeµ
∫

Γdt)
−1

1+ω

+ 2
√

3c
1
µ a−3e

∫
Γdt

Tc

×(A + (1 + ca−3µeµ
∫

Γdt)
1

1+ω )
−1

1+λ

(
(1− (1 + ca−3µ

×eµ
∫

Γdt)
1

1+ω ) 1

1+A(1+ca−3µeµ
∫

Γdt)
−1

1+ω

+ 2
))

.

(57)
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Model 1: Γ = 15βH
(

1− a tanh θ

)
For θ = 10− 12a and substituting this value of Γ in Equation (57), we have:

ṠT = −3
3
2

8 (1− 5β(1− a tanh θ))(A + (1 + ca−3µ+15β cosh
5βµ

4 θ

)
1

1+ω )
−1

2+2λ

(
1−(1+ca−3µ+15β cosh

5βµ
4 θ)

1
1+ω

1+A(1+ca−3µ+15β cosh
5βµ

4 θ)
−1

1+ω

+ 2
√

3c
1
µ

Tc

×a−3+15β cosh
5βµ

4 θ(A + (1 + ca−3µ+15β cosh
5βµ

4 θ)
1

1+ω )
−1

1+λ

×
(

(1−(1+ca3µ(5β−1) cosh
5βµ

4 θ)
1

1+ω )

1+A(1+ca−3µ(1−5β) cosh
5βµ

4 θ)
−1

1+ω

+ 2
))

.

(58)

The plot of ṠT versus a for three different values of λ is shown in Figure 10 for Model 1, which
shows the validity of GSLT in the range of 0.91 ≤ a ≤ 2 and does not exhibit validity in the range of
0 < a < 0.90, for the same constants.

Model 2: Γ = 3βH
(

1 + a1+m
)

By substituting this model in Equation (57), we get:

ṠT = − 3
3
2

8 (1− β(1 + a1+m))(A + (1 + ca3µ(β−1)eβµ am+1
m+1

)
1

1+ω )
−1

2+2λ

(
1−(1+ca3µ(β−1)eβµ am+1

m+1 )
1

1+ω

1+A(1+ca3µ(β−1)eβµ am+1
m+1 )

−1
1+ω

+ 2
√

3
Tc

×c
1
µ a3(β−1)eβµ am+1

m+1 (A + (1 + ca3µ(β−1)eβµ am+1
m+1 )

1
1+ω )

−1
1+λ

×
(

1−(1+ca3µ(β−1)eβµ am+1
m+1 )

1
1+ω

1+A(1+ca3µ(β−1)eβµ am+1
m+1 )

−1
1+ω

+ 2
))

.

(59)

The plot of ṠT versus a for three different values of λ is shown in Figure 11 for Model 2. The
graph does not show the validity in the range 0 < a < 1.4 and shows the validity of GSLT in the range
of 1.4 ≤ a ≤ 2 by taking c = 1, m = 5, while the other constants remain same.

Model 3: Γ = 3βH

(
H2λ+2− A

3λ+1

)ω+1

− 1
3µ(

H2λ+2
0 − A

3λ+1

)ω+1

− 1
3µ

For this model, Equation (57) turns out to be:

ṠT = − 3y0(r−β)
2r2

(
y0
r + 1

3µ

) −ω
1+ω
(

A
31+λ +

(
y0
r + 1

3µ

) ω
1+ω
) −λ

1+λ

×
(

1 + 3ω(1+λ)+1

T0r
1−µ

µ

(
y0
r + 1

3µ

) ω−1
1+ω
(

y0
2r

(
y0
r + 1

3µ

) −ω
1+ω
(

A
31+λ

+

(
y0
r + 1

3µ

) ω
1+ω
)−1

+ 1
))

.

(60)

The plot of ṠT versus a for three different values of λ is shown in Figure 12 for Model 3. The graph
exhibits negative behavior, which does not show the validity in the given range by keeping the
same constants.
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Figure 10. Ṡ versus a for Model 1.

0.0 0.5 1.0 1.5 2.0

-150

-100

-50

0

50

100

150

200

a

s
T 

Λ=2.5

Λ=1.5

Λ=0.5
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4.1. Thermal Equilibrium

The thermal equilibrium scenario is discussed in this section. The thermodynamical equilibrium
states that the entropy of the system attains the maximum value, and mathematically, it can be
expressed as S̈T = S̈A + S̈ f < 0. Hence, the general expression can be written as:

S̈T = 3
4

(
Ḣ
H2

)2

− Ḧ
4H3 +

(31+λ H2+2λ−A)ω+1−1
3λ H2+2λTf (31+λ H2+2λ−A)ω

×
(

Ḣ2

H3 − Ḧ
2H2 +

3
2

d
dt

(
Γ

3H

))
−
(

Ḣ
2H2 +

3
2 −

Γ
2H

)
×
(

6µḢ
HTf
− (31+λ H2+2λ−A)ω+1−1

3λ H2+2λT2
f (3

1+λ H2+2λ−A)ω

(
Ṫf + 2ω

×(1 + λ)Tf Ḣ
(

31+λ H2λ+1

31+λ H2+2λ−A + 1
ωH

)))
.

(61)

Here, the terms used in the above expression are defined as:

Ḣ =

(
1− Γ

3H

)
(3λ+1H2λ+2 − A)ω+1 − 1

2 ∗ 3λ H2λ(3λ+1H2λ+2 − A)ω
, (62)

Ḧ =

(
1− Γ

3H

)(
3µH + ((3λ+1H2λ+2 − A)ω+1 − 1)

×
(

3ω(1+λ)
(3λ+1 H2λ+2−A)ω+1 +

3−λλH1−2λ

(3λ+1 H2λ+2−A)ω

))
,

(63)

Ṫ = 2Tc Ḣ((3λ+1H2λ+2 − A)ω+1 − 1)1− 1
µ

(
3H(µ− 1)

×((3λ+1H2λ+2 − A)ω+1 − 1)−1 − (3λ+1H2λ+2 − A
2 )

×3−λ H−2λ−1(3λ+1H2λ+2 − A)−ω−1
)

.

(64)

Here, H and Tf are taken from Equations (21) and (23).

4.1.1. Model 1: Γ = 15βH
(

1− a tanh(10− 12a)
)

We assume θ = 10− 12a, and using the following expression in Equation (61):

d
dt

(
Γ

3H

)
= −5βaH

(
tanh θ − 12a

cosh θ

)
(65)

Here, H and Tf are taken from Equations (26) and (28). The plot of S̈T versus a for three different
values of λ is shown in Figure 13 for Model 1. The graph shows the validity of thermal equilibrium in
the range of 0 ≤ a ≤ 0.7 by taking the same constants as in Figure 1.

4.1.2. Model 2: Γ = 3βH
(

1 + a1+m
)

For this model, we have:
d
dt

(
Γ

3H

)
=

β(m + 1)a(m+1)
√

3
H, (66)

and H, Tf can be taken from Equations (31) and (33). By utilizing all the required values in (61), we get
the expression of thermal equilibrium for this model. The plot of S̈T versus a for three different values
of λ of Model 2 is shown in Figure 14. The graph shows the compatibility of thermal equilibrium in
the range of 0 ≤ a ≤ 1.2 by taking the same constants.
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4.1.3. Model 3: Γ = 3βH

(
H2λ+2− A

3λ+1

)ω+1

− 1
3µ(

H2λ+2
0 − A

3λ+1

)ω+1

− 1
3µ

Similarly, the expressions used in Equation (63) turn out to be:

d
dt

(
Γ

3H

)
=

(
1− Γ

3H

)√
3µβ

y0
H
(

3λ+1H2λ+2 − A
)ω+1

− 1, (67)

and here, H and Tf are taken from Equations (36) and (38). The plot of S̈T versus a for three different
values of λ of Model 3 is shown in Figure 15, which shows the validity of the thermal equilibrium in
the range of 0 ≤ a ≤ 2.
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5. Summary

It was found that the particle creation mechanism has been extensively utilized in order to
investigate the dynamics and evolution of the early universe including early inflation and the current
accelerated expansion [55]. Recently, Bhattacharya et al. [58] studied the cosmic scenario and
thermodynamics with adiabatic matter creation in the presence of MCG. Jawad et al. [59] discussed
the thermodynamics of the gravitationally-induced particle creation scenario in the DGP braneworld.
In the present work, we considered the cosmological implications of bulk viscous pressure due to
the particle creation mechanism in a universe with matter described by GCCG. We discussed the
dynamical and thermodynamical parameters by taking GCCG as a cosmic fluid under the particle
creation mechanism. We developed declaration parameter (q), temperature (Tf ), and particle number
density (n) in the presence of three different models of the particle creation rate (Γ) and examined
their behavior graphically. It was observed that the deceleration parameter exhibited the accelerated
expansion behavior of universe with the passage of time for Models 1 and 2 (Figures 1 and 4), while
decelerating behavior of the universe for Model 3 of Γ (Figure 7). The observational constraints on
the deceleration parameter have been mentioned in the literature [73]. The ranges of the decelerating
parameter (for Models 1 and 2) lied within the constraints as mentioned in [73]. However, the
temperature and particle number density remained positive in all cases of Γ. We examined the validity
of GSLT with respect to the scale factor by assuming Bekenstein entropy as the horizon entropy. It was
found that GSLT remained valid for Model 1 (Figure 10) in the range 0.91 ≤ a ≤ 2, and Model 2
exhibited validity in the range of 1.4 ≤ a ≤ 2 (Figure 11), while Model 3 did not show the validity
of GSLT (Figure 12). The stability of thermal equilibrium was also examined for the three model of
the particle creation rate. It was found that Model 1 showed the validity in the range of 0 ≤ a ≤ 0.7
(Figure 13), while Models 2 and 3 led to the validity in the whole range of the scale factor.
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