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In this paper, thermodynamic properties of the Reissner-Nordström-de Sitter (RN-dS) black hole have been studied on the basis
of the correlation between the black hole and cosmological horizons. It is found that the RN-dS black hole experiences a phase
transition, when its state parameters satisfy certain conditions. From the analysis of the interaction between two horizons in
RN-dS spacetime, we get the numerical solution of the interaction between two horizons. It makes us to realize the force
between the black hole and cosmological horizons, which can be regarded as a candidate to explain our accelerating expansion
universe. That provides a new window to explore the physical mechanism of the cosmic accelerating expansion.

1. Introduction

Since the discovery of the accelerating expansion cosmic, our
four-dimensional universe in the early period of inflation
was regarded as a quasi-dS spacetime. Moreover, the
Hawking-Page phase transition between a stable large black
hole and a pure thermal radiation AdS spacetime was
explained as the confinement/deconfinement phase transi-
tion of a gauge field by AdS/CFT. That urges people to look
for the similar dual relations in de Sitter spacetime. There-
fore, it is not only for the theoretical interesting but also
for the practical necessity to study the de Sitter spacetime.

With the development of science and technology, the
scientists use satellites, lasers, large astronomical telescopes,
and supercomputers to observe and research the universe.
New discoveries constantly refresh our understanding of
the universe. The answer for the cosmic accelerating expan-
sion is still not clear (gravity can only slow down the cosmic
expansion). At present, a mainstream opinion is that dark
energy may be the answer, whose distribution is homoge-
neous on cosmic scales and accounts for most part of the
cosmic total energy. However, it is only a hypothesis. What
is dark energy? Where does it come from? And How does

it accelerate the cosmic expansion? These are the questions
which are still not clear.

Recently, with the research of dark energy, the black hole
thermodynamic in a de Sitter spacetime has attracted much
more attentions [1–28]. By regarding the cosmological con-
stant as dark energy, our universe may evolve into a new de
Sitter phase. In order to reconstruct a whole cosmic expan-
sion history and explore the internal cause for the cosmic
accelerating expansion, we should have to study de Sitter
spacetime on classical level, quantum level, and thermody-
namic aspect. Moreover, the effect of parameters on the evo-
lution of the de Sitter spacetime also should be concerned.

In this paper, by studying the thermodynamic character-
istics, it is found that the RN-de Sitter (RN-dS) spacetime
has the first-order and second-order phase transitions as
well as the charged AdS black holes. The phase transition
point of RN-dS spacetime is related with the electric poten-
tial at the dS black hole horizon. It indicates that the evolu-
tion processes of the RN-dS spacetime tending to a pure dS
spacetime are different for different electric potentials.
Therefore, the electric potential at the dS black hole horizon
plays a key role in the evolution of RN-dS spacetime. That
will provide a new way to simulating the accelerating
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expansion cosmic through the evolution process for the RN-
dS spacetime.

By exploring the thermodynamic behaviors of the RN-dS
spacetime, it is found that there exists an interaction
between the two horizons. When the cosmological constant
l2 is fixed, the interaction between two horizons varies with
the position ratio of them. When the two horizons are close
to each other, there is a strong repulsive force between them.
However, when the position ratio of two horizons tends to
zero, i.e., when it tends to be the pure dS spacetime, the force
between the two horizons disappears. This discovery pro-
vides a new way for people to explore the internal factors
of the cosmic expansion.

This paper is arranged as follows. In Section 2, the effec-
tive thermodynamic quantities in RN-dS spacetime will be
given. Relationships between the radiation temperatures on
the black hole horizon T+ and the cosmological horizon Tc
and the position ratio of the two horizons are studied. More-
over, the relationship between the effective temperature of
the spacetime Tef f and the position ratio of horizons are also
studied. In Section 3, we extend the study method of phase
transition in Van de Waals system or charged AdS black
hole to the RN-dS spacetime. In Section 4, studying the rela-
tionship between the entropic force arisen from the interac-
tion between the two horizons and the position ratio of the
two horizons. The effect of the value for the electric potential
on the black hole horizon and spacetime parameters on the
entropic force will also be explored. The discussion and con-
clusions will be presented in Section 5 (we use the units G
= ℏ = kB = c = 1).

2. Effective Thermodynamic Quantities in RN-
dS Spacetime

For the four-dimensional RN black hole embedded in a dS
spacetime, the static spherically symmetric solution is shown
as follows [8]:

ds2 = −f rð Þdt2 + f −1dr2 + r2dΩ2
2, ð1Þ

with

f rð Þ = 1 − 2M
r

+ Q2

r2
−
r2

l2
, ð2Þ

where M and Q are the black hole mass and charge and l is
the curvature radius of dS space. When f ðrcÞ = 0 and f ðr+Þ
= 0, we have

M = rc 1 + xð Þ
4 + Q2 1 + xð Þ

4rcx
−

r3c
4l2

1 + x3
À Á

, ð3Þ

1
l2

= 1
r2c 1 + x + x2ð Þ −

Q2

r4c x 1 + x + x2ð Þ , ð4Þ

where r+ and rc are the locations of the black hole and
cosmological horizons, respectively, and x = ðr+/rcÞ. Consid-
ering the interaction between the black hole and cosmologi-

cal horizons, the effective thermodynamic quantities and
corresponding first law of black hole thermodynamics can
be given as

dM = Tef f dS − Pef f dV + ϕef f dQ: ð5Þ

Here, the mass parameter of black hole is identified with
the enthalpy. The thermodynamic volume is the one between
the black hole and cosmological horizons [1–4, 15, 29].

V = 4π
3 r3c − r3+
À Á

: ð6Þ

Since the entropy of the black hole horizon and the cosmo-
logical horizon is only an explicit function of the location ratio
of them, we set the total entropy of our considering system as

S = πr2c 1 + x2 + f0 xð ÞÀ Á
, ð7Þ

where the first two terms on the right side of above equation
represent the entropy on the two horizons, respectively, and
the undefined function f0ðxÞ represents the extra contribution
from the correlations of the two horizons.

Taking Equations (3), (6), and (7) into Equation (5), the
effective temperature Tef f and the effective pressure Pef f are
obtained as

Tef f =
1 − x

4πrcx 1 + x4ð Þ 1 + xð Þ 1 + x3
À Á

− 2x2
�

−
Q2

r2c x
2 1 + x + x2
À Á

1 + x4
À Á

− 2x3
À Á�

,
ð8Þ

Pef f =
1 − xð Þ 1 + x2 + f0 xð ÞÀ Á

8πr2c x 1 + x4ð Þ 1 + x + x2ð Þ 1 + 2xð Þ − Q2 1 + 2x + 3x2
À Á

r2c x
2

 !

−
1 − x2
À Á

x + f 0′ xð Þ/2
� �

8πr2c x 1 + x4ð Þ x + Q2 1 + x2
À Á
r2c x

 !
,

ð9Þ
where

f0 xð Þ = 8
5 1 − x3
À Á2/3 − 2 4 − 5x3 − x5

À Á
5 1 − x3ð Þ : ð10Þ

For the detailed calculating process on the above quanti-
ties, please refer to Ref. [22]. It is easy to see that the Smarr’s
formula of the above thermodynamical quantities becomes

M S, V ,Qð Þ = 2Tef f S − 3VPef f +Qϕef f : ð11Þ

Then, the radiation temperatures on the black hole hori-
zon and the cosmological horizon are

T+ =
f ′ r+ð Þ
4π = 1 − x

4πrcx 1 + x + x2ð Þ 1 + 2x − Q2 1 + 2x + 3x2
À Á

r2c x
2

 !
,

ð12Þ
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Tc = −
f ′ rcð Þ
4π = 1 − xð Þ

4πrc 1 + x + x2ð Þ 2 + x −
Q2

r2c x
3 + 2x + x2
À Á� �

:

ð13Þ
When they are equal to each other, we find that [15]

T = T+ = Tc =
1 − x

2πrc 1 + xð Þ2 : ð14Þ

Considering Equation (4), we get

1
r2c

= 1 + x + x2
À Á

l2 1 − xQ2/r2+
À Á : ð15Þ

Substituting Equation (14) into Equations (8), (11), and
(12), all the temperatures on two horizons and the effective
temperature can be rewritten as the function of x, l, and ð
Q2/r2c x2Þ. When fixed the parameters of l and ðQ2/r2c x2Þ,
the graphs of temperature and effective pressure against
the location ratio of the black hole horizon and the cosmo-
logical horizon with different electric potentials at the black
hole horizon are given in Figures 1 and 2. Note that for
simplicity, we introduce the electric potential on black hole
horizon as: ϕ+ ≡Q/rcx.

From Figure 1, we can see that for the fixed cosmological
constant, the behavior of Tef f as the function of x is almost
identical to the one of T+. It indicates that the effective tem-
perature Tef f of the spacetime can be replaced by the radia-
tion temperature on the black hole horizon T+, when we
study the relationship between the thermodynamic quanti-
ties and the position ratio of horizons x. Moreover, when
the electric potential on black hole horizon increases, the
position of the intersection point x0 for the radiation tem-
perature T+,c and the effective temperature Tef f decreases.
When the value of the electric potential on black hole hori-
zon ϕ+ is small, the radiation temperature on cosmological
horizon Tc is less than the radiation temperature on the
black hole horizon T+. While when the value of ϕ2+ is large,
T+ is less than Tc in a certain interval of x. When ϕ2+ > 0:5,
both T+ and Tef f are negative, which does not meet the
requirement of the equilibrium stability for thermodynamic
system. Therefore, the upper bound of ϕ2+ is 0:5.

From Figure 2, it is shown that when the cosmological
constant is determined, the relationship between the effec-
tive pressure Pef f and the position ratio x is independent
of the value of the electric potential on black hole horizon
ϕ+. When x approaches to 1, the effective pressure Pef f is
negative.

3. Phase Transition in RN-dS Spacetime

In the last section, the effective thermodynamic quantities of
the RN-dS spacetime have been obtained. In this section, we
will use the method similar to the study of the van der Waals
system or the phase transition of the AdS black hole to
investigate the thermodynamic property of the RN-dS

spacetime. In the RN-dS spacetime, the heat capacities at
constant volume and constant effective pressure are given as

CV = Tef f
∂S

∂Tef f

 !
V

= Tef f

∂S/∂rcð Þx ∂V/∂xð Þrc − ∂S/∂xð Þrc ∂V/∂rcð Þx
∂V/∂xð Þrc ∂Tef f /∂rc

À Á
x
− ∂V/∂rcð Þx ∂Tef f /∂x

À Á
rc

,

CPef f
= Tef f

∂S
∂Tef f

 !
Pef f

= Tef f

∂S/∂xð Þ ∂Pef f /∂rc
À Á

− ∂S/∂rcð Þ ∂Pef f /∂x
À Á

∂Pef f /∂x
À Á

∂Pef f /∂rc
À Á

− ∂Tef f /∂rc
À Á

∂Pef f /∂x
À Á :

ð16Þ

Then, the CV − x and Cpef f − x curves with different
parameters are plotted in Figures 3 and 4.

The volume expansion coefficient at a constant pressure is

β = 1
V

∂V
∂Tef f

 !
Pef f

= 1
V

∂V/∂xð Þ ∂Pef f /∂rc
À Á

− ∂V/∂rcð Þ ∂Pef f /∂x
À Á

∂Tef f /∂x
À Á

∂Pef f /∂rc
À Á

− ∂Tef f /∂rc
À Á

∂Pef f /∂x
À Á :

ð17Þ

Then, the β − x curves with different parameters are plot-
ted in Figure 5.

The isothermal compression factor is

κTef f
= −

1
V

∂V
∂Pef f

 !
Tef f

= 1
V

∂V/∂xð Þ ∂Tef f /∂rc
À Á

− ∂V/∂rcð Þ ∂Tef f /∂x
À Á

∂Tef f /∂x
À Á

∂Pef f /∂rc
À Á

− ∂Tef f /∂rc
À Á

∂Pef f /∂x
À Á :

ð18Þ

Then, the κTef f
− x curves with different parameters are

plotted in Figure 6.
In RN-dS spacetime, Helmholtz free energy can be written

as F =M − Tef f S. From Figure 3, it is known that the heat
capacity at a constant volume is not zero, i.e., CV ≠ 0. This is
different from the case in AdS spacetime, but similar to the
case of Schwarzschild black hole within 0 < x ≤ 1. According
to the requirement of the equilibrium stability for ordinary
thermodynamic system, the RN-dS spacetime with a constant
volume is an unstable thermodynamic system.

From Figures 1 and 2, it is shown that when the cosmolog-
ical constant l2 and the electric potential on the black hole hori-
zon ϕ+ are determined, the effective temperature Tef f and the
pressure Pef f of the spacetime are monotonic functions of the
position ratio x. Therefore, the results given in Figure 7 are
the same, i.e., the curves G − x, Tef f − x, and Pef f − x are the
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Figure 1: (color online). T+,c,ef f − x curves with l2 = 100, and (a) for ϕ2+ = 0:3, (b) for ϕ2+ = 0:4, and (c) for ϕ2+ = 0:5, respectively.
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Figure 2: (color online). Pef f − x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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same. Since the Helmholtz function F of spacetime is a single
valued function for the position ratio x, there is no first-order
phase transition in RN-dS spacetime. From Figures 4 to 6, we
can find that RN-dS spacetime has a second-order phase tran-
sition similar to that of van der Waals system.

4. Entropic Force between Two Horizons

The authors in Ref. [30] had made a guess of between gravity
and entropic force. That was later proved [31–37] in a clas-
sical scenario. In addition, people proposed that gravity is a

0.2 0.4 0.6 0.8 1.0
–100

–200

–300

–400

Cv
x

(a)

0.2 0.4 0.6 0.8 1.0
–100

–200

–300

–400

Cv
x

(b)

0.2 0.4 0.6 0.8 1.0
–100

–200

–300

–400

Cv
x

(c)

Figure 3: (color online). CV − x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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Figure 4: (color online). Cpef f − x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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manifestation of material information through combining a
thermal gravitation treatment to Hooft’s holographic
principle. Accordingly, gravitation ought to be viewed as
an emergent phenomenon. Such exciting Verlinde’s idea
received a lot of attention [38–45].

In this section, the interaction force between two
horizons will be studied in the circumstances that the cos-
mological constant l2 is a constant. To extend the expression
of the entropic force to the interaction force between two
horizons in RN-dS spacetime, the formula of the entropic
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Figure 5: (color online). β − x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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Figure 6: (color online). κTef f
− x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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force is

~F xð Þ = Tef f

∂~S/∂rc
� �

x
∂Tef f /∂x
À Á

rc
− ∂~S/∂x
� �

rc
∂Tef f /∂rc
À Á

x

1 − xð Þ ∂Tef f /∂x
À Á

rc
+ rc ∂Tef f /∂rc
À Á

x

,

ð19Þ

where

~S = πr2c f0 xð Þ = πr2c
8
5 1 − x3
À Á2/3 − 2 4 − 5x3 − x5

À Á
5 1 − x3ð Þ

� �
: ð20Þ

From Equation (7), it is known that ~S is the entropy
arisen from the interaction between the two horizons.

It can be seen from Figure 8 that when the cosmological
constant l2 is determined, and horizons of black holes and
the universe tend to coincide, i.e.,x⟶ 1, the entropic force

between the two horizons tends to infinity. Without any
other forces, the two horizons are separated from each other
by the entropic force between them. With the separation of
the two horizons, i.e., the value of x decreases, the entropic
force between the two horizons turns to attraction from
repulsion. Finally, the spacetime tends to pure dS spacetime,
and the entropic force tends to zero.

Comparing the ~FðxÞ − x curve given in Figure 8 with the
curve of the Lennard-Jones force changed with particles
positions [46, 47], we find that the results obtained by
completely different methods are very similar. This indicates
that the Lennard-Jones force between two particles has a cer-
tain internal relationship with the entropic force between the
two horizons. It provides indirect experimental data to fur-
ther explore the entropic force between the two horizons.

5. Conclusions

Black hole physics, especially black hole thermodynamics, is
directly related to various fields of physics, such as gravita-
tion, statistical physics, and theories of particle and field.
This makes it receive much more attention. It can be said
that black hole physics has become a test field for relevant
theories and makes different physical subjects connect to
each other profoundly and fundamentally, where black hole
thermodynamics plays an important role. For a de Sitter
spacetime, since the radiation temperatures on the black
hole horizon and the cosmological horizon is generally dif-
ferent, the spacetime does not meet the requirement of the
equilibrium stability, which makes some difficulties in the
study of the thermodynamic characteristics of de Sitter
spacetime. Recently, by assuming that the entropy of de Sit-
ter spacetime is the sum of the entropy on the two horizons
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Figure 7: (color online). F − x curves with l2 = 100, and (a) for ϕ2+ = 0:03, (b) for ϕ2+ = 0:04, and (c) for ϕ2+ = 0:05, respectively.
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[5, 12, 13, 17, 24], the thermodynamic characteristics of de
Sitter spacetime has been studied. It shows that when the
radiation temperature on black hole horizon is equal to the
radiation temperature on the cosmological horizon, i.e.,
T = T+ = Tc, the effective temperature is not equal to the radi-
ation temperature on the abovementioned two horizons, i.e.,
Tef f ≠ T. This result is hard to accept. Moreover, there is no
theoretical proof for the assumed entropy when the effective
temperature of de Sitter spacetime is studied.

In this paper, using conditions that the thermodynamic
quantities of de Sitter spacetime satisfy the first law of ther-
modynamics, and when T = T+ = Tc and T = Tef f , the
entropy and the effective thermodynamic quantities of de
Sitter spacetime have been obtained. From the effective ther-
modynamic quantities, it is found that when the cosmologi-
cal constant l2 is fixed and the position ratio x of the two
horizons takes a certain value, a second-order phase transi-
tion can happen in the spacetime. When the heat capacity
at constant volume is negative, i.e., CV < 0, the spacetime is
unstable. Without considering other forces, horizons of
black holes and the universe are separated or closed to each
other by the entropic force between them.

From modern cosmology, it is known that if the universe
is determined by dark energy, it will expand forever. While
on the opposite side, the expansion of our universe will be
stopped and then turned to contraction. In this work, we
find that the entropic force plays a certain role in the cosmic
expansion and contraction. Different matter fields in the
universe make different effects on the cosmic expansion. In
de Sitter spacetime, the result of the entropic force between
horizons changed with the position ratio shows that when
the value of the electric potential on black hole horizon ϕ+
increases, the range of the repulsive force between the two
horizons also increases. It indicates that the electric potential
on black hole horizon in de Sitter spacetime affects the cos-
mic expansion.

Within the framework of general relativity, the entropic
force arisen from the interaction between the black hole
horizon, and the cosmological horizon is very similar to
the Lennard-Jones force between two particles confirmed
by experiments. Our results indicate the relationship
between quantum mechanics and thermodynamics. This
provides a new way to research not only the state of particles
and the interaction between them in black holes, but also the
Lennard-Jones potential and the state of particles in ordi-
nary thermodynamic systems.
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