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In an accelerated expanding universe, one can expect the existence of an event horizon. It may be interesting to study the
thermodynamics of the Friedmann-Robertson-Walker (FRW) universe at the event horizon. Considering the usual Hawking
temperature, the first law of thermodynamics does not hold on the event horizon. To satisfy the first law of thermodynamics,
it is necessary to redefine Hawking temperature. In this paper, using the redefinition of Hawking temperature and applying the
first law of thermodynamics on the event horizon, the Friedmann equations are obtained in 𝑓(𝑅) gravity from the viewpoint of
Palatini formalism. In addition, the generalized second law (GSL) of thermodynamics, as a measure of the validity of the theory, is
investigated.

1. Introduction
The existence of a deep connection between gravity and
thermodynamics is one of the greatest discoveries in theoretical physics [1–5]. Based on the Hawking proposal, a
Schwarzschild black hole emits a thermal radiation. For a
black hole with mass 𝑀, the Hawking temperature is given
by 𝑇 = 1/8𝜋𝑀 [4, 5]. Moreover, the black hole entropy
is given by 𝑆 = 𝐴/4𝑙𝑝2 , which is introduced by Bekenstein.
The parameter 𝐴 is the area of the black hole horizon and 𝑙𝑝
is the Planck length. The black hole mass, temperature, and
the horizon entropy obey the first law of thermodynamics.
Hence, one can conclude that a black hole can be assumed
as a thermodynamical object [6–8]. In 1995, Jacobson has
considered the relation between the horizon area and the
entropy and derived the Einstein field equations from the
first law of thermodynamics [9]. Following Jacobson, the
relation between the thermodynamics and the field equations
has been investigated in modified theories of gravity [10–
15]. The thermodynamical interpretation of gravity is also
important in modern cosmology. It is possible to derive the
Friedmann equations from the first law of thermodynamics
and vice versa [16–18]. The deep connection between the

first law of thermodynamics and Friedmann equations has
been investigated in gravity with Gauss-Bonnet term [19],
Lovelock gravity theory [19], the braneworld scenarios [20],
rainbow gravity [21], and scalar-tensor gravity and 𝑓(𝑅)
gravity [22].
The thermodynamics of the FRW universe bounded by
the apparent horizon has been studied by many authors
[16–18]. However, astronomical observations show that the
universe is currently in an accelerated expanding phase [23].
In an accelerated expanding universe, there may exist an
event horizon [24, 25]. Certainly, it is necessary to investigate
the thermodynamics on the event horizon. Through the
researches about the thermodynamics of the universe, Wang
et al. have found that the laws of thermodynamics do not
hold on the event horizon. Therefore, one may conclude
that the event horizon is unphysical [24]. Chacraborty has
proposed a redefinition of Hawking temperature to obtain
the universe bounded by the event horizon as a Bekenstein
system [26]. Using the Chakraborty redefinition of Hawking temperature, Tu and Chen have considered a universe
dominated by tachyon fluid and obtained a good thermodynamical description on the event horizon [27]. However,
the temperature redefinition proposed by Chakraborty can be
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applied only in a flat universe. Tu and Chen have introduced
a new redefinition of the temperature in a universe with an
arbitrary spatial curvature [25]. They have investigated the
thermodynamics on the event horizon in metric 𝑓(𝑅) gravity.
Utilizing the redefinition of the temperature, it is possible to
study the thermodynamics of the event horizon in Palatini
𝑓(𝑅) gravity.
In this paper, we are going to apply Hawking temperature
redefinition introduced by Tu and Chen in [25] to investigate
the event horizon thermodynamics from the viewpoint of
Palatini 𝑓(𝑅) gravity. Redefining the gravitational energy
density and the gravitational pressure density, the continuity
equation has been satisfied. Then, we have considered the new
gravitational source accompanying with the ordinary matter
as a modified energy-momentum source in the context of
general relativity. Applying the first law of thermodynamics
on the event horizon and using the usual entropy-area
relation, we have derived the Friedmann equations the same
as the ones obtained via other approaches. Since the first
law of thermodynamics is reasonably applicable on the
event horizon, one can consider the event horizon as a
physical system with an equilibrium thermodynamics in
Palatini 𝑓(𝑅) gravity. Moreover, the equivalency between
the first law of thermodynamics and Friedmann equations
has been appeared. Finally, the generalized second law of
thermodynamics (GSL) has been studied. The generalized
second law of thermodynamics can be satisfied by choosing
suitable 𝑓(𝑅) functions.

2. Hawking Temperature Redefinition on
the Event Horizon

Then, one can derive Hawking temperature on the apparent
horizon as
𝜅 
1
(6)
𝑇𝐴 =  𝐴  =
.
2𝜋
2𝜋𝑅𝐴
On the other hand, one can consider the definition of the
event horizon
𝑅𝐸 = 𝑎 (𝑡) ∫

∞

𝑡

𝑑𝑡
.
𝑎 (𝑡)

(7)

In an accelerated expanding universe, one can find that the
infinite integral converges. In other words, it is possible
to have a cosmological event horizon in an accelerated
expanding universe. Then, the thermodynamics on the event
horizon is important to be studied.
Through the researches about the thermodynamics on the
event horizon, Wang et al. found that the thermodynamical
description based on the standard definitions of boundary
entropy and temperature breaks down in a universe bounded
by the cosmological event horizon [24]. They concluded
that the cosmological event horizon is unphysical from the
viewpoint of thermodynamic laws. However, a redefinition of
Hawking temperature has been introduced by Chakraborty
in a flat universe to preserve the laws of thermodynamics on
the event horizon [26]. The temperature redefinition has been
upgraded by Tu et al. to be applicable in a universe with an
arbitrary curvature constant [25]. According to [25], one can
write the surface gravity on the event horizon as
𝜅𝐸 = −

𝑅̇ 𝐴 𝑅𝐸
1 𝜕𝜒 
.

̇

2 𝜕𝑅 𝑅=𝑅𝐸 𝑅𝐴 𝑅𝐸

(8)

Considering a homogeneous and isotropic FRW universe,
one can write the metric as follows:

Using the relation between the surface gravity and Hawking
temperature on spacetime horizons, one can find

𝑑𝑠2 = ℎ𝑖𝑗 𝑑𝑥𝑖 𝑑𝑥𝑗 + 𝑅2 𝑑Ω22 ,

 
2
𝜅 
𝐻 𝐾
̇ 𝑅𝐸 .
( 2 − 𝐻)
𝑇𝐸 =  𝐸  =
2𝜋
2𝜋 𝑎
𝑅̇ 𝐸

(1)

where ℎ𝑖𝑗 is the two-dimensional metric
ℎ𝑖𝑗 = diag (−1,

𝑎2 (𝑡)
).
1 − 𝐾𝑟2

(2)

The parameters 𝑖 and 𝑗 take the values 0 and 1. The parameter
𝐾 is the spatial curvature constant, the parameter 𝑅 = 𝑎(𝑡)𝑟
is the area radius, and 𝑎(𝑡) is the scale factor. Using 𝑅 as a
scalar field in the normal 2-dimensional space, one can define
a scalar quantity
𝑖𝑗

𝜒 = ℎ 𝜕𝑖 𝑅𝜕𝑗 𝑅.

(3)

The apparent horizon can be found via 𝜒 = 0 as
𝑅𝐴 =

1
√𝐻2 + 𝐾/𝑎2

,

(4)

̇ is the Hubble parameter.
where 𝐻 = (1/𝑎)(𝑑𝑎/𝑑𝑡) = 𝑎/𝑎
The surface gravity on the apparent horizon is given by
𝜅𝐴 = −

1 𝜕𝜒 
1
=
.


2 𝜕𝑅 𝑅=𝑅𝐴 𝑅𝐴

(5)

(9)

To investigate the universality of the redefinition of Hawking
temperature on the event horizon, one can investigate the
validity of the first law of thermodynamics. During an
infinitesimal time interval, one can write the energy flux
across the event horizon as [24–26, 28, 29]

𝛿𝑄 = 𝐴𝑇𝜇] 𝑘𝜇 𝑘] 𝑑𝑡𝑟=𝑅 ,
(10)
𝐸
where 𝑘𝜇 is a null vector, 𝑇𝜇] = (𝜌 + 𝑝)𝑢𝜇 𝑢] + 𝑝𝑔𝜇] is the
perfect fluid energy-momentum tensor, and 𝑢𝜇 is the timelike
4-velocity vector. Thus, the energy flux can be obtained as
𝛿𝑄 = 4𝜋𝑅3𝐸 𝐻 (𝜌 + 𝑝) 𝑑𝑡.

(11)

It can also be written as
𝛿𝑄 =

𝐻𝑅3𝐸 𝐾
̇ 𝑑𝑡,
( 2 − 𝐻)
𝐺
𝑎

(12)

in which the Friedmann equation in Einstein gravity; 𝐻̇ −
𝐾/𝑎2 = −4𝜋𝐺(𝜌 + 𝑝) has been used. On the other hand, the
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Bekenstein entropy-area relation in Einstein gravity is given
by
𝐴
.
4𝐺
Using (9) and (13), one can find
𝑆𝐸 =

(13)
𝜌𝑔 =

𝐻𝑅3𝐸 𝐾
̇ 𝑑𝑡.
(14)
( 2 − 𝐻)
𝐺
𝑎
Comparing (12) and (14), the validity of the first law of
thermodynamics, 𝛿𝑄 = 𝑇𝐸 𝑑𝑆𝐸 , can be concluded on the
event horizon [25]. It seems that the temperature redefinition
can lead to a good thermodynamical description on the event
horizon.
𝑇E 𝑑𝑆𝐸 =

3. From the First Law of
Thermodynamics into Friedmann Equations
in Palatini 𝑓(𝑅) Gravity
The action of 𝑓(𝑅) gravity in Palatini formalism is written as
𝐼 = ∫ 𝑑4 𝑥√−𝑔 [

𝑓 (R)
+ L𝑚𝑎𝑡𝑡𝑒𝑟 ] ,
2𝑘2

(16)

𝑚
is the energyin which 𝐹(R) ≡ 𝑑𝑓(R)/𝑑R and 𝑇𝜇]
momentum tensor related to the ordinary matter. Varying the
action with respect to the connection and using (16) yield

−

(17)

1
3
[∇ 𝐹∇ 𝐹 − 𝑔𝜇] 𝑔𝛼𝛽 ∇𝛼 𝐹∇𝛽 𝐹] .
2𝐹 𝜇 ]
2

Here 𝐺𝜇] = 𝑅𝜇] − (1/2)𝑅𝑔𝜇] is the Einstein tensor and
=
(𝜌𝑚 + 𝑝𝑚 )𝑢𝜇 𝑢] + 𝑝𝑚 𝑔𝜇] is the energy-momentum tensor of
the ordinary matter. One can rewrite the field equations as
𝑘2 𝑚
𝑔
(𝑇 + 𝑇𝜇]
),
𝐹 𝜇]

(18)

where
𝑔
𝑇𝜇]
=

1 𝑓 − 𝐹R
𝑔𝜇] + ∇𝜇 ∇] 𝐹 − 𝑔𝜇] 𝑔𝛼𝛽 ∇𝛼 ∇𝛽 𝐹)
(
𝑘2
2
1
3
[∇𝜇 𝐹∇] 𝐹 − 𝑔𝜇] 𝑔𝛼𝛽 ∇𝛼 𝐹∇𝛽 𝐹]
−
2
2𝐹𝑘
2

𝑝𝑔 =

2̇
1
1
̈ + 2𝐻𝐹̇ − 3 𝐹 ] .
(𝐹R
−
𝑓)
+
𝐹
[−
𝑘2
2
4 𝐹

(21)

The perfect fluid energy-momentum tensor satisfies the
continuity equation
𝜌𝑚̇ + 3𝐻 (𝜌𝑚 + 𝑝𝑚 ) = 0.

(22)

It is easy to investigate the continuity equation for the
gravitational sector of the energy-momentum tensor arising
from 𝑓(𝑅) gravity. Clearly, one can find
𝜌𝑔̇ + 3𝐻 (𝜌𝑔 + 𝑝𝑔 ) =

3
𝐾
(𝐻2 + 2 ) 𝐹.̇
𝑘2
𝑎

(23)

To satisfy the continuity equation, it is possible to redefine
the gravitational energy density and the gravitational pressure
density as
𝜌̂𝑔 =

3 𝐹2̇
1 1
[ (𝐹R − 𝑓) − 3𝐻𝐹̇ −
2
𝑘 2
4 𝐹

𝐾
+ 3 (1 − 𝐹) (𝐻 + 2 )] ,
𝑎

(24)

2

and
𝑝̂𝑔 =

2̇
1
1
̈ + 2𝐻𝐹̇ − 3 𝐹
(𝐹R
−
𝑓)
+
𝐹
[−
𝑘2
2
4 𝐹

𝐾
− (1 − 𝐹) (2𝐻̇ + 3𝐻 + 2 )] .
𝑎

(25)

Now, one can rewrite the continuity equation for the gravitational energy density and gravitational pressure density as
̂̇ 𝑔 + 3𝐻 (𝜌̂𝑔 + 𝑝̂𝑔 ) = 0.
𝜌

𝑚
𝑇𝜇]

𝐺𝜇] =

(20)

2

1
𝑚
− 𝑔𝜇] (𝐹R − 𝑓) + ∇𝜇 ∇] 𝐹
𝐹𝐺𝜇] = 𝑘2 𝑇𝜇]
2
− 𝑔𝜇] 𝑔𝛼𝛽 ∇𝛼 ∇𝛽 𝐹

̇2
1 1
̇− 3 𝐹 ],
−
𝑓)
−
3𝐻
(𝐹R
𝐹
[
𝑘2 2
4 𝐹

and

(15)

where 𝑔 is the determinant of the metric tensor, L𝑚𝑎𝑡𝑡𝑒𝑟 is
the matter Lagrangian, and 𝑘2 = 8𝜋𝐺. The connection and
the metric tensor are considered as independent variables
in Palatini formalism. The Ricci tensor and the Ricci scalar
constructed with the independent connection are denoted,
respectively, by R𝜇] and R = 𝑔𝜇] R𝜇] . Certainly, R𝜇] is
different from the Ricci tensor 𝑅𝜇] which is constructed with
the Levi-Civita connection of the metric. Variation of the
action with respect to the metric leads to
1
𝑚
𝐹 (R) R𝜇] − 𝑓 (R) 𝑔𝜇] = 𝑘2 𝑇𝜇]
,
2

is the gravitational energy-momentum tensor arising from
𝑓(𝑅) gravity. Now, the gravitational energy density and the
gravitational pressure can be written respectively as

(19)

(26)

From (22) and (26), one can write the total continuity
equation as
𝜌𝑇̇ + 3𝐻 (𝜌𝑇 + 𝑝𝑇 ) = 0,

(27)

in which 𝜌𝑇 = 𝜌𝑚 + 𝜌̂𝑔 and 𝑝𝑇 = 𝑝𝑚 + 𝑝̂𝑔 . It is clear that
the redefinition of the energy density in (24) and the pressure
density in (25) lead to the standard continuity equation. It
is now possible to consider 𝜌𝑇 and 𝑝𝑇 as the energy and
the pressure density of a modified source in the context of
general relativity. Hence, one can apply the usual entropy-area
relation in (13).
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To derive the Friedmann equation, one can start with the
first law of thermodynamics. Using (10), the energy flux can
be written as
𝛿𝑄 = 4𝜋𝑅3𝐸𝐻 (𝜌𝑇 + 𝑝𝑇 ) 𝑑𝑡.

(28)

Utilizing (14) and (28), the first law of thermodynamics yields
(

𝐾
̇ = 4𝜋𝐺 (𝜌𝑇 + 𝑝𝑇 ) .
− 𝐻)
𝑎2

(29)

Now, one can substitute (24) and (25) into (29) to find the
Friedmann equation
−2 (𝐻̇ −

𝐾
3 𝐹2̇
2
̈
̇
.
)
𝐹
=
𝑘
(𝜌
+
𝑝
)
+
𝐹
−
𝐻
𝐹
−
𝑚
𝑚
𝑎2
2 𝐹

(30)

The other Friedmann equation can be obtained via (27) and
(30)
3 (𝐻2 +

𝐾
1
) 𝐹 = 𝑘2 𝜌𝑚 + (𝐹R − 𝑓) − 3𝐻𝐹̇
𝑎2
2
3 𝐹2̇
.
−
4 𝐹

(31)

The modified Friedmann equations in (30) and (31) are the
same as the ones obtained in [30]. In other words, the
first law of thermodynamics on the event horizon leads
to the Friedmann equations which are consistent with the
ones obtained via the other approach in [30]. Hence, one
can rely on the validity of the first law of thermodynamics
on the event horizon and consider the event horizon as a
thermodynamical system in Palatini 𝑓(𝑅) gravity. It is also
clear that the first law of thermodynamics is equivalent with
Friedmann equations.
Equation (31) can also be rewritten as
(𝐻2 +

𝐾
8𝜋𝐺
𝜌 ,
)=
2
𝑎
3 𝑒𝑓𝑓

[25]. Hence, the FRW universe bounded by the event horizon may be described by equilibrium thermodynamics. In
previous section, we have considered Hawking temperature
redefinition on the event horizon in Palatini 𝑓(𝑅) gravity.
We have shown that the first law of thermodynamics can
yield the Friedmann equations just the same as the ones
obtained via the other approach in [30]. It means that he FRW
universe bounded by the event horizon can be described by
an equilibrium thermodynamics in Palatini approach too.
It is now possible to investigate the generalized second
law of thermodynamics in the FRW universe bounded by the
event horizon in Palatini approach. Considering a universe
with the dust energy-momentum tensor in 𝑓(𝑅) gravity, one
can write the continuity equations as

𝜌𝑒𝑓𝑓
(33)
1
3 𝐹2̇
1
1
( (𝐹R − 𝑓) − 3𝐻𝐹̇ −
)]
= [𝜌𝑚 +
𝐹
8𝜋𝐺 2
4 𝐹
can be considered as an effective energy density. Such an
effective energy density may provide an accelerated expanding universe to solve the problem of dark energy. The modified Friedmann equations can be reduced to the Friedmann
equations in Einstein gravity by putting 𝑓(R) = R.

4. The Generalized Second
Law of Thermodynamics
Applying the usual Hawking temperature, the first law of
thermodynamics does not hold on the event horizon. However, using the redefinition of Hawking temperature, it has
been shown that the first law of thermodynamics may hold on
the event horizon in Einstein gravity and metric 𝑓(𝑅) gravity

(34)

̂̇ 𝑔 + 3𝐻 (𝜌̂𝑔 + 𝑝̂𝑔 ) = 0.
𝜌

(35)

and

The parameter 𝜌𝑑 is the energy density of dust and the
pressure of dust is 𝑝𝑑 = 0. The energy flux can be obtained
from (10) as
𝛿𝑄 = 4𝜋𝑅3𝐸 𝐻 (𝜌𝑑 + 𝜌̂𝑔 + 𝑝̂𝑔 ) 𝑑𝑡.

(36)

Based on the generalized second law of thermodynamics,
the sum of the entropy on the event horizon and the one
inside the bulk must never decrease. To find the total entropy
changes, one can start with Gibb’s relation [31–33]
𝑇𝐸 𝑑𝑆𝑖𝑛 = 𝑑𝐸𝑖𝑛 + 𝑝̂𝑔 𝑑𝑉,

(37)

where 𝑉 = 4𝜋𝑅3𝐸 /3. The parameters 𝐸𝑖𝑛 = (4𝜋𝑅3𝐸/3)(𝜌𝑑 + 𝜌̂𝑔 )
and 𝑆𝑖𝑛 are the energy and the entropy inside the boundary
respectively. From (7), one can find

(32)

where

𝜌𝑑̇ + 3𝐻𝜌𝑑 = 0,

𝑑𝑅𝐸 = (𝐻𝑅𝐸 − 1) 𝑑𝑡.

(38)

4𝜋𝑅2𝐸
𝑑𝑆𝑖𝑛
=−
(𝜌𝑑 + 𝜌̂𝑔 + 𝑝̂𝑔 ) ,
𝑑𝑡
𝑇𝐸

(39)

Now, (37) leads to

in which we have used relation (38). Since the universe is
assumed to be in thermal equilibrium, the temperature inside
the universe and the temperature on the event horizon are
considered the same. Using the definition 𝑆𝑡𝑜𝑡 = 𝑆𝑖𝑛 + 𝑆𝐸 and
applying (14), one can find
𝑑𝑆𝑡𝑜𝑡 4𝜋𝑅2𝐸
=
(𝜌𝑑 + 𝜌̂𝑔 + 𝑝̂𝑔 ) (𝐻𝑅𝐸 − 1) .
𝑑𝑡
𝑇𝐸

(40)

It is possible to substitute (24) and (25) into (40) to find
𝑅2𝐸
𝑑𝑆𝑡𝑜𝑡
3 𝐹2̇
=
)
(𝐻𝑅𝐸 − 1) (𝜌𝑑 + 𝐹̈ − 𝐻𝐹̇ −
𝑑𝑡
2𝐺𝑇𝐸
2 𝐹
𝑅2
𝐾
− 𝐸 (1 − 𝐹) (𝐻𝑅𝐸 − 1) (𝐻̇ − 2 ) .
𝐺𝑇𝐸
𝑎

(41)
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Based on the redefinition of Hawking temperature, we have
found the event horizon as an equilibrium thermodynamical
system. Hence, the first law of thermodynamics and Gibb’s
relation have been applied to obtain the change of the total
̇
entropy. To satisfy GSL, it is necessary to have 𝑆𝑡𝑜𝑡
≥ 0.
Of course, the validity of the generalized second law of
thermodynamics depends on the 𝑓(𝑅) functions. In other
words, GSL can provide some constraints on the choice of
𝑓(𝑅) gravity models.
To investigate GSL, one can substitute 𝑇𝐸 from (9) into
(40) to find
𝑑𝑆𝑡𝑜𝑡
8𝜋2
=
(𝜌𝑑 + 𝜌̂𝑔 + 𝑝̂𝑔 ) 𝑅̇ 2𝐸 .
̇
𝑑𝑡
𝐻 (𝐾/𝑎2 − 𝐻)

(42)

Based on (29), one can conclude that (𝐾/𝑎2 − 𝐻)̇ ≥ 0 in the
weak energy condition. Hence, GSL can be satisfied, when
(𝜌𝑑 + 𝜌̂𝑔 + 𝑝̂𝑔 ) ≥ 0.

(43)

It means that the function 𝑓 should satisfy the condition
𝜌𝑑 + 𝐹̈ − 𝐻𝐹̇ −

3 𝐹2̇
𝐾
̇ ≥ 0.
+ 2 (1 − 𝐹) ( 2 − 𝐻)
2 𝐹2
𝑎

(44)

In the case 𝑓(𝑅) = 𝑅, one can substitute 𝐹 = 1 in (44)
to investigate the validity of GSL in general relativity. Since
̇ ≥ 0 in the dust dominated universe
𝜌𝑑 ≥ 0, one can find 𝑆𝑡𝑜𝑡
bounded by the event horizon in general relativity. The
Hawking temperature redefinition has provided the validity
of the GSL in the universe bounded by the event horizon in
general relativity.

5. Conclusions
Although the apparent horizon thermodynamics has been
studied by many authors in FRW universe, the event horizon
thermodynamics is not investigated enough. Since the universe is undergoing an accelerated expansion phase, one may
expect the existence of an event horizon. Certainly, the thermodynamics of the event horizon is important to be studied.
It has been shown that applying the usual Hawking temperature leads to a nonequilibrium thermodynamics on the event
horizon [24]. Hence, the event horizon may be considered
unphysical from the view point of the thermodynamic laws.
However, redefining Hawking temperature can solve this
problem [25, 26]. The Hawking temperature redefinition
introduced by Tu and Chen [25] leads to an equilibrium
thermodynamics on the event horizon in general relativity
and metric 𝑓(𝑅) gravity. In this paper, the thermodynamics
of the event horizon in FRW universe is investigated in
Palatini 𝑓(𝑅) gravity. Apparently, the continuity equation
does not hold in Palatini formalism. To satisfy the continuity
equation, redefinitions of the energy density and the pressure
density have been introduced in the gravitational sector of
the energy-momentum tensor. The redefined gravitational
source accompanying with the ordinary matter may play the
role of a new modified source in the context of Einstein gravity. Considering this modified energy-momentum source,

using the first law of thermodynamics on the event horizon
and applying Bekenstein-Hawking entropy-area relation, the
Friedmann equations have been derived. The corrections to
the Friedmann equations are the same as the ones obtained
via other approaches in [30]. It means that considering the
first law of thermodynamics on the event horizon is reliable.
In addition, the equivalency of the first law of thermodynamics and the Friedmann equations has been shown. The
generalized second law of thermodynamics as a measure
of the validity of the gravitational models is investigated
in Palatini 𝑓(𝑅) gravity. Of course, GSL can provide some
constraints on choosing 𝑓(𝑅) functions.
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dark energy thermodynamics: varying w and the −1-crossing,”
Classical and Quantum Gravity, vol. 26, Article ID 165003, 8
pages, 2009.

Advances in High Energy Physics
[33] G. Izquierdo and D. Pavon, “Dark energy and the generalized
second law,” Physics Letters B, vol. 633, no. 4-5, pp. 420–426,
2006.

Engineering
Journal of

Advances in

Chemistry
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Geophysics
International Journal of

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Active and Passive
Electronic Components

Shock and Vibration
Hindawi
www.hindawi.com

Applied Bionics
and Biomechanics

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
Advances in

Advances in

Astronomy

Mathematical Physics
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

International Journal of

Rotating
Machinery

Advances in
Optical
Technologies

Advances in
OptoElectronics

Advances in

Physical Chemistry
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

International Journal of

Antennas and
Propagation

Journal of

Chemistry
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Advances in

High Energy Physics
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Advances in
Condensed Matter Physics
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

International Journal of

Advances in

Acoustics and Vibration
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Optics
Hindawi
www.hindawi.com

Volume 2018

