arXiv:hep-th/0112253 v2 13 Mar 2002

hep-th/0112253

Cardy-Verlinde Formula and Thermodynamics of Black Holes in de Sitter Spaces

Rong-Gen Cai^∗

Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100080, China

Abstract

We continue the study of thermodynamics of black holes in de Sitter spaces. In a previous paper (hep-th/0111093), we have shown that the entropy of cosmological horizon in the Schwarzschild-de Sitter solutions and topological de Sitter solutions can be expressed in a form of the Cardy-Verlinde formula, if one adopts the prescription to compute the gravitational mass from data at early or late time infinity of de Sitter space. However, this definition of gravitational mass cannot give a similar expression like the Cardy-Verlinde formula for the entropy associated with the horizon of black holes in de Sitter spaces. In this paper, we first generalize the previous discussion to the cases of Reissner-Nordström-de Sitter solutions and Kerr-de Sitter solutions. Furthermore, we find that the entropy of black hole horizon can also be rewritten in terms of the Cardy-Verlinde formula for these black holes in de Sitter spaces, if we use the definition due to Abbott and Deser for conserved charges in asymptotically de Sitter spaces. We discuss the implication of our result. In addition, we give the first law of de Sitter black hole mechanics.

∗Email address: cairg@itp.ac.cn

1 Introduction

Recently much attention has been focused on studying the de Sitter (dS) space and asymptotically dS space. This is motivated at least by the following two aspects. First, recent analysis of astronomical data for supernova indicates that there is a positive cosmological constant in our universe [1, 2, 3]. Thus our universe might approach to a dS phase in the far future [4, 5]. Second, defined in a manner analogous to the AdS/CFT correspondence, an interesting proposal, the so-called dS/CFT correspondence, has been suggested recently that there is a dual between quantum gravity on a dS space and a Euclidean conformal field (CFT) on a boundary of the dS space [6] (for earlier works on this proposal see [7, 8, 9, 10]).

Unlike the case of asymptotically flat and asymptotically AdS spacetimes, however, it is not an easy matter to compute conserved charges associated with an asymptotically dS space because of the absence of spatial infinity and a globally timelike Killing vector in such a spacetime. Up to the best of the present author’s knowledge, there are two prescriptions to calculate conserved charges of asymptotically dS spaces. One of them is the prescription proposed recently by Balasubranmanian, de Boer and Minic (BBM) [11]. Using this prescription together with the surface counterterm method^1, one can compute the boundary stress-energy tensor and conserved charges of asymptotically dS spaces from data at early or late time infinity. In this way the authors of [11] calculated the masses of three-, four- and five-dimensional Schwarzschild-dS (SdS) solutions. It is found that pure dS spaces are always more massive than SdS solutions in the corresponding dimensions: subtracting the anomalous Casimir energy of pure dS spaces in odd dimensions (in even dimensional dS spaces there is no associated anomalous Casimir energy), the masses of SdS black hole solutions are always negative. This is also confirmed in higher dimensional SdS solutions [14] and Kerr-dS solutions [15]. On the basis of this result, the authors of [11] proposed an intriguing conjecture:Any asymptotically dS space whose mass exceeds that of pure dS space contains a cosmological singularity. This conjecture is partially verified within the topological dS solution and its dilatonic deformation in [16].

Adopting the definition of mass in the BBM prescription, in a previous paper [17], we have shown that the entropy of cosmological horizons in the SdS solutions and topological dS solutions can be expressed in terms of the Cardy-Verlinde formula [18], which

1The surface counterterm method in the asymptotically dS space has been also discussed in [12, 13].

is supposed to be an entropy formula of CFT in any dimension^2. Thus our result provides support of the dS/CFT correspondence. However, there are two points to be well understood. The first is that the mass (energy of the dual CFT) is negative, and it is measured at the far past (I^−) or far future (I^+) boundary of dS space, which is outside the cosmological horizon. Therefore, the boundary is not accessible for observers inside the cosmological horizon. The other is that for the SdS black hole spacetime, except for the cosmological horizon, there is a black hole horizon, which has also associated Hawking radiation and entropy; the spacetime is believed to have total entropy which is the sum of black hole horizon entropy and cosmological horizon entropy^3. In Ref. [17], it is found that if one adopts the mass definition in the BBM prescription, the entropy of black hole horizon cannot be rewritten in a form like the Cardy-Verlinde formula.

The other prescription to compute conserved charges of asymptotically dS spaces is developed by Abbott and Deser (AD) [24], by considering the deviation of metric from the pure dS space being defined as the vacuum (lowest energy state). In the AD prescription, the gravitational mass of asymptotically dS spaces is alway positive, and coincides with the ADM mass in asymptotically flat spacetimes, when the cosmological constant goes to zero.

In this paper, we will generalize the discussion in [17] to the cases of Reissner-Norström-dS (RNdS) and Kerr-dS (KdS) spacetimes. That is, we will show that the entropy of cosmological horizon in the RNdS and KdS solutions can also be rewritten in the form of Cardy-Verlinde formula. We then show that if one uses the AD prescription, the entropy of black hole horizons in dS spaces can also be expressed by the Cardy-Verlinde formula, but the extensive part of energy is found to be negative. We will also discuss the first law of dS black hole solutions. The organization of the paper is as follows. In Sec. 2, 3, 4 we will consider the SdS, RNdS, and KdS black hole spacetimes, respectively. The case of

2In the AdS/CFT correspondence, the Cardy-Verlinde formula has been shown to hold in many cases, for instance, Schwarzschild-AdS black holes [18], Kerr-AdS black holes [19], hyperbolic AdS black holes [20], charged AdS black holes [20] and the Taub-Bolt AdS instanton solutions [21]. In the cosmological context, there are a lot of works on the discussion of the Cardy-Verlinde formula, for a complete list, for example, see the more recent reference [22].

3Even in the thermodynamic sense, there is no well-defined derivation for the total entropy being the sum of the black hole horizon entropy and cosmological horizon entropy. But when the temperature of black hole horizon is equal to that of cosmological horizon, it can be shown, for example see [23] and references therein.

pure dS space in a rotating coordinate system will also be discussed in Sec. 4. In Sec. 5 we summary and discuss our results.

2 Schwarzschild-de Sitter Black Holes

We start with an (n + 2)-dimensional SdS black hole solution, whose metric is

ds^2 = −f(r)dt^2 + f(r)^{−1}dr^2 + r^2dΩ^2_n, (2.1)

where f(r) = 1 − ω_nM r^{n−1} − r^2 l^2

, ω_n = 16πG nVol(S^n)

. (2.2) Here G is the gravitational constant in (n + 2) dimensions, l is the curvature radius of dS space, Vol(S^n) denotes the volume of a unit n-sphere dΩ^2_n, and M is an integration constant. When M = 0, the solution (2.1) reduces to the pure dS space with a cosmological horizon at r_c = l. When M increases with M > 0, a black hole horizon occurs and increases in size with M, while the cosmological horizon shrinks. Finally the black hole horizon r_+ touches the cosmological horizon r_c when M = M_N ≡ 2 ω_n(n + 1) ( n − 1 n + 1 l^2 )_{(n−1)/2} . (2.3)

This is the Nariai black hole, the maximal black hole in dS space. When M > M_N , both the two horizons disappear and the solution (2.1) describes a naked singularity. The cosmological horizon r_c and black hole horizon r_+ are two positive real roots of the equation, f(r) = 0. The cosmological horizon is the larger one and the black hole horizon is smaller one. The thermodynamics associated with the cosmological horizon has been discussed in [17]. For completeness and convenience for discussing the RNdS and KdS cases below, we briefly give main properties here. The cosmological horizon of the SdS solution has the Hawking temperature T and entropy S, T = 1 4πr_c ( (n + 1) r^2_c l^2 − (n − 1) ) , S = r^n_c Vol(S^n) 4G . (2.4)

Subtracting the anomalous Casimir energy of pure dS spaces in odd dimensions, in the BBM prescription the gravitational mass of the SdS black holes is [11, 14] E = −M = r^{n−1}_c ω_n ( r^2_c l^2 − 1 ) , (2.5) where the mass is expressed in terms of the cosmological horizon radius r_c. Following Ref. [18], the Casimir energy E_c (non-extensive part of total energy), defined as E_c = (n + 1)E − nT S, is found to be [17]

E_c = −

2nr^{n−1}_c Vol(S^n) 16πG . (2.6)

The negative definite Casimir energy is consistent with the argument that in the dS/CFT correspondence, the dual CFT is not unitary [6]. Further, one has

2E − E_c =

2nr^{n+1}_c Vol(S^n) 16πGl^2 , (2.7)

and the entropy S (2.4) of the cosmological horizon can be rewritten as [17]^4 S = 2πl n √ |E_c|(2E − E_c), (2.8)

a form of the Cardy-Verlinde formula [18]. This result (2.8) provides evidence that the thermodynamics of cosmological horizon in the SdS solution can be described by a CFT. In other words, our result is in favor of the dS/CFT correspondence. For pure dS space, one has E = 0 and r_c = l, the formula (2.8) precisely reproduces the entropy of pure dS space as well.

In addition, it is easy to check that the BBM mass (2.5), Hawking temperature T and entropy S in (2.4) of the cosmological horizon satisfy the first law of thermodynamics dE = T dS. (2.9) On the other hand, the black hole horizon r_+ in the SdS solution has also associated Hawking temperature T̃ and entropy S̃^5

T̃ = 1 4πr_+ ( (n − 1) − (n + 1) r^2_+ l^2 ) , S̃ = r^{n+}Vol(S^n) 4G . (2.10)

The total entropy of the SdS solution (2.1) is the sum of the cosmological horizon entropy S and black hole horizon entropy S̃. However, as noticed in Ref. [17], if one uses the

4For related discussions, see also [25, 26], from another angle.

5Throughout this paper, notations with tildes will denote quantities associated with the black hole horizon.

BBM mass (2.5), the black hole horizon entropy S̃ cannot be expressed by a form like the Cardy-Verlinde formula. Here we report that if we adopt the mass definition due to Abbott and Deser [24], the entropy S̃ can also be rewritten in a Cardy-Verlinde form^6. The AD mass Ẽ of the SdS solution is [24]

Ẽ = M = r^{n−1+} ω_n ( 1 − r^2_+ l^2 ) , (2.11)

which is expressed in terms of the black hole horizon radius r_+. In this case, the associated Casimir energy Ẽ_c, defined as Ẽ_c = (n + 1)Ẽ − nT̃ S̃, is Ẽ_c = 2nr^{n−1+} Vol(S^n) 16πG , (2.12) and the extensive part of energy is

2Ẽ − Ẽ_c = −

2nr^{n+1}_+ Vol(S^n) 16πGl^2 . (2.13) It is then easy to see that the black hole horizon entropy in (2.10) can be rewritten as S̃ = 2πl n √ Ẽ_c|2Ẽ − Ẽ_c|, (2.14)

once again, a form of the Cardy-Verlinde formula. However, here it is worthwhile to notice that the extensive part (2.13) of energy is negative.

The AD mass obeys the first law of thermodynamics associated with the black hole horizon dẼ = T̃ dS̃. (2.15) Considering the fact that Ẽ = −E = M and combining (2.15) and (2.9), one has T̃ dS̃ + T dS = 0. (2.16)

However, it is not suitable to see it as the first law of thermodynamics for the SdS black hole solution, because in general both the two temperatures associated with the cosmological and black hole horizons are not equal to each another, and then the SdS black hole solution is unstable quantum-mechanically. Instead an appropriate way is to rewrite (2.16) as κ̃dÃ + κdA = 0, (2.17) where κ̃(κ) and Ã(A) are the surface gravity and area of black hole (cosmological) horizon, respectively. Equation (2.17) is just the first law of SdS black hole mechanics. For another derivation of the first law of four-dimensional SdS black holes see [28].

6We will make some remarks on the possible implications of this result in Sec. 5.

3 Reissner-Nordström-de Sitter Black Holes

In this section we extend the previous discussions to the case of Reissner-Nordström-dS black hole solutions, whose metric is

ds^2 = −f(r)dt^2 + f(r)^{−1}dr^2 + r^2dΩ^2_n, f(r) = 1 − ω_nM r^{n−1} + nω^2_nQ^2 8(n − 1)r^{2n−2} − r^2 l^2

, (3.1)

where Q is the electric/magnetic charge of Maxwell field. For general M and Q, the equation f(r) = 0 may have four real roots. Three of them are real: the largest one is the cosmological horizon r_c, the smallest is the inner (Cauchy) horizon of black hole, the middle one is the outer horizon r_+ of black hole. And the fourth is negative and has no physical meaning. The classification of the RNdS solution has been made in Ref. [29] (see also [23]). Some thermodynamic quantities associated with the cosmological horizon are T = 1 4πr_c ( −(n − 1) + (n + 1) r^2_c l^2 + nω^2_nQ^2 8r^{2n−2}_c ) , S = r^n_c Vol(S^n) 4G , ϕ = − n 4(n − 1) ω_nQ r^{n−1}_c , (3.2)

where ϕ is the chemical potential conjugate to the charge Q. In the BBM prescription, the gravitational mass, subtracted the anomalous Casimir energy, of the RNdS solution is E = −M = − r^{n−1}_c ω_n ( 1 − r^2_c l^2 + nω^2_nQ^2 8(n − 1)r^{2n−2}_c ) . (3.3)

The Casimir energy E_c, defined as E_c = (n + 1)E − nT S − nϕQ in this case, is found to be E_c = −

2nr^{n−1}_c Vol(S^n) 16πG , (3.4) which has a same form as the case of SdS solution. Thus we can see that the entropy (3.2) of the cosmological horizon can be rewritten as^7 S = 2πl n √ |E_c|(2(E − E_q) − E_c), (3.5)

where E_q = 1 2 ϕQ = − n 8(n − 1) ω_nQ^2 r^{n−1}_c . (3.6)

7For related discussion, see also [27], from another angle.

We note that the entropy expression (3.5) has a similar form as the case of charged AdS black holes [20], there it is also found that the energy of electromagnetic field has to be subtracted from the total energy. Furthermore, the first law of thermodynamics of the cosmological horizon is dE = T dS + ϕdQ. (3.7) For the black hole horizon, associated thermodynamic quantities are

T̃ = 1 4πr_+ ( (n − 1) − (n + 1) r^2_+ l^2 − nω^2_nQ^2 8r^{2n−2}_+ ) , S̃ = r^{n+}Vol(S^n) 4G , ϕ̃ = n 4(n − 1) ω_nQ r^{n−1}_+ . (3.8)

The AD mass of RNdS solution can be expressed in terms of black hole horizon radius r_+ and charge Q, Ẽ = M = r^{n−1+} ω_n ( 1 − r^2_+ l^2 + nω^2_nQ^2 8(n − 1)r^{2n−2}_+ ) . (3.9)

In this case, the Casimir energy, defined as Ẽ_c = (n + 1)Ẽ − nT̃ S̃ − nϕ̃Q, is

Ẽ_c = 2nr^{n−1+} Vol(S^n) 16πG , (3.10)

and the black hole entropy S̃ can be rewritten as S̃ = 2πl n √ Ẽ_c|2(Ẽ − Ẽ_q) − Ẽ_c|, (3.11)

where Ẽ_q = 1 2 ϕ̃Q = nω^nQ^2 8(n − 1)r^{n−1}_+

, (3.12)

which is the energy of electromagnetic field outside the black hole horizon. Thus we demonstrate that the black hole horizon entropy of RNdS solution can be expressed in a form as the Cardy-Verlinde formula. The AD mass and thermodynamic quantities of black hole horizon satisfy the first law, dẼ = T̃ dS̃ + ϕ̃dQ. (3.13) Considering Ẽ = −E = M and combining (3.7) with (3.13), one has T̃ dS̃ + T dS + ϕ̃dQ + ϕdQ = 0. (3.14)

As the case of SdS solution, we can rewrite the above as κ̃dÃ + κdA + 8πG△ϕdQ = 0, (3.15) where △ϕ ≡ ϕ̃ + ϕ =^{nωnQ}_{4(n−1)} (_1

r^{n−1}_+ − 1 r^{n−1}_c ) is the chemical potential difference between the black hole horizon and the cosmological horizon. Equation (3.15) is the first law of RNdS black hole mechanics.

4 Kerr-de Sitter Black Holes

The higher dimensional Kerr-AdS black hole solution has been given in Ref. [30], from which one can obtain an (n + 2)-dimensional Kerr-dS black hole solution with a single angular momentum parameter by replacing l^2 by −l^2. The metric of KdS solution is

ds^2 = − △_r ρ^2 ( dt − a Ξ sin^2 θdϕ

)_2 + ρ^2 △_r dr^2 + ρ^2 △_θ dθ^2 − △_θ sin^2 θ

ρ^2 ( adt − r^2 + a^2 Ξ dϕ )_2

+ r^2 cos^2 θdΩ^2_{n−2}, (4.1)

where

△_r = (r^2 + a^2) ( 1 − r^2 l^2 ) − 2Mr^{3−n}, △_θ = 1 + a^2 l^2 cos^2 θ,

Ξ = 1 + a^2 l^2

, ρ^2 = r^2 + a^2 cos^2 θ. (4.2)

The KdS solution has the same horizon structure as the RNdS solution. The cosmological horizon has associated thermodynamic quantities T = r_c 4π(r^2_c + a^2) ( −(n − 1) ( 1 − a^2 l^2 ) − (n − 3) a^2 r^2_c

+ (n + 1) r^2_c l^2 ) , S = Vol(S^n) 4GΞ r^{n−2}_c (r^2_c + a^2), J = aVol(S^n) 8πGΞ^2 r^{n−3}_c (r^2_c + a^2) ( 1 − r^2_c l^2 ) , Ω = − aΞ r^2_c + a^2

, (4.3)

where J is the angular momentum of the KdS solution in the BBM prescription [15] and Ω is the chemical potential conjugate to J, which can be explained as the angular velocity of the cosmological horizon. After subtracting the anomalous Casimir energy of pure dS space in the rotating coordinates, the BBM mass of KdS is [15]^8 E = − nVol(S^n) 16πGΞ r^{n−3}_c (r^2_c + a^2) ( 1 − r^2_c l^2 ) , (4.4)

which is expressed in terms of the cosmological horizon radius r_c and angular momentum parameter a. For the thermodynamics of cosmological horizon, we find that the Casimir energy, defined as E_c = (n + 1)E − nT S − nΩJ, is

E_c = −

2nVol(S^n) 16πGΞ r^{n−3}_c (r^2_c + a^2), (4.5)

and the extensive part of energy

2E − E_c =

2nr^{n−1}_c Vol(S^n) 16πGΞl^2 (r^2_c + a^2). (4.6)

Thus it is easy to see that the entropy (4.3) of cosmological horizon can be re-expressed as S = 2πl n √ |E_c|(2E − E_c), (4.7) a completely same form as the case of SdS solution. For the cosmological horizon, its first law of thermodynamics is dE = T dS + ΩdJ. (4.8) The AD mass Ẽ and angular momentum J̃ and other thermodynamic quantities associated with the black hole horizon are

T̃ = r^+ 4π(r^2_+ + a^2) ( (n − 1) ( 1 − a^2 l^2 ) + (n − 3) a^2 r^2_+

− (n + 1) r^2_+ l^2 ) , S̃ = Vol(S^n) 4GΞ r^{n−2}_+ (r^2_+ + a^2),

J̃ = aVol(S^n) 8πGΞ^2 r^{n−3}_+ (r^2_+ + a^2) ( 1 − r^2_+ l^2 ) , Ẽ = Vol(S^n) 16πGΞ r^{n−3}_+ (r^2_+ + a^2) ( 1 − r^2_+ l^2 ) , Ω̃ = aΞ

r^2_+ + a^2

. (4.9)

8In Ref. [15] the gravitational mass and angular momentum are calculated, in the BBM prescription, for four-, five- and seven-dimensional KdS solutions, respectively. We expect that the expression (4.4) and the angular momentum in (4.3) always hold in any dimension.

Note that here we have Ẽ = −E and J̃ = J. The AD mass and angular momentum satisfy dẼ = T̃ dS̃ + Ω̃dJ̃. (4.10) Combining (4.10) with (4.8), we obtain the first law of KdS black hole mechanics, κ̃dÃ + κdA + 8πG△ΩdJ = 0, (4.11) where △Ω ≡ Ω̃ + Ω = aΞ

(_1

r^2_++a^2 − 1 r^2_c +a^2 ) is the angular velocity of black hole horizon with respect to the cosmological horizon.

For the thermodynamics of black hole horizon, the Casimir energy, defined as Ẽ_c = (n + 1)Ẽ − nT̃ S̃ − nΩ̃J̃, is found to be

Ẽ_c = 2nVol(S^n) 16πGΞ r^{n−3}_+ (r^2_+ + a^2), (4.12)

and the extensive part of energy is

2Ẽ − Ẽ_c = −

2nr^{n−1}_+ Vol(S^n) 16πGΞl^2 (r^2_+ + a^2). (4.13)

Once again, the extensive energy is negative. The entropy S̃ of black hole horizon can be rewritten as S̃ = 2πl n √ Ẽ_c|2Ẽ − Ẽ_c|, (4.14)

a form as the case of SdS black hole solutions.

In the KdS solution (4.1), a special case is the one where M = 0. In this case, it can be shown that the metric (4.1) with M = 0 describes a pure dS space in rotating coordinates [36]. That is, the solution (4.1) with M = 0 can be changed into the pure dS space in the static coordinates (namely the solution (2.1) with M = 0) by a coordinate transformation. For the pure dS space in rotating coordinates, the cosmological horizon is still at r_c = l, the BBM mass (4.4) and angular momentum in (4.3) vanish. The Hawking temperature and entropy are T = 1 2πl , S = l^nVol(S^n) 4G . (4.15)

The Casimir energy from (4.5) is

E_c = −

2nl^{n−1}Vol(S^n) 16πG . (4.16)

These quantities are the same as those in the case of the static coordinates. Therefore the entropy of cosmological horizon of the pure dS space in the rotating coordinates can also be given using the Cardy-Verlinde formula. Further, it seems to indicate that although the vacuum states might be different in the static coordinates and rotating coordinates, the dual CFT should give rise to the same thermo excitation for the pure dS space.

5 Conclusion and Discussion

Holographic principle says that a theory with gravity in D dimensions can be equivalent to a theory in (D−1) dimensions without gravity [31]. The AdS/CFT correspondence [32] is a beautiful realization of the principle. Recently it has been proposed that quantum gravity on a dS space is dual to a Euclidean CFT on a boundary of the dS space (dS/CFT correspondence) [6]. Unlike the AdS/CFT correspondence, however, the understanding to the dS/CFT correspondence so far acquired is quite incomplete. In order to establish the dS/CFT correspondence, one has to first collect more theoretic data. To well understand the gravity of asymptotically dS spaces is one of important topics.

In a previous paper [17], adopting the BBM prescription [11] to compute boundary stress-energy tensor and conserved charges of asymptotically dS spaces, we have found that the entropy associated with the cosmological horizon in the SdS solutions and topological dS solutions can be rewritten in terms of the Cardy-Verlinde formula, which is supposed to be an entropy formula of CFTs in any dimension. In this paper we have shown that the conclusion also holds for the RNdS solutions and KdS solutions [see (3.5) and (4.7)]. This result therefore provides support of the dS/CFT correspondence.

For spacetimes of black holes in dS spaces, however, the total entropy is the sum of black hole horizon entropy and cosmological horizon entropy. If one uses the BBM mass of the asymptotically dS spaces, the black hole horizon entropy cannot be expressed by a form like the Cardy-Verlinde formula. In this paper, we have found that if one uses the AD prescription to calculate conserved charges of asymptotically dS spaces, the (SdS, RNdS, KdS) black hole horizon entropy can also be rewritten [see (2.14), (3.11) and (4.14)] in a form of Cardy-Verlinde formula, which indicates that the thermodynamics of black hole horizon in dS spaces can be also described by a certain CFT.

Our result seems to imply that we need two different CFTs associated respectively with the black hole horizon and cosmological horizon to describe the dS black hole spacetimes.

It looks reasonable because generically the black hole horizon and cosmological horizon have different temperatures, one do not expect that a same field theory can describe simultaneously the thermodynamics of black hole horizon and of cosmological horizon. Our result is also reminiscent of the Carlip’s claim [33] that for black holes in any dimension the Bekenstein-Hawking entropy can be reproduced using the Cardy formula [34]. Carlip obtained his result by considering general relativity on a manifold with boundary. He found that the constraint algebra of general relativity may acquire a central extension, which can be calculated using covariant phase techniques. When the boundary is a (local) Killing horizon, a natural set of boundary conditions leads to a Virasoro subalgebra with a calculable central charge. He then used conformal field theory methods to determine the density of states at the boundary, which yields the expected entropy of black holes. The Carlip’s method is also applicable to the cosmological horizon. For the case of pure dS spaces, an analysis has been made in [35]. Applying the Carlip’s method to black holes in de Sitter spaces, obviously one cannot give the total entropy using a same conformal field theory because in this method the central charges associated with the black hole horizon and cosmological horizon are different, which also implies that one needs two different CFTs for the black holes in dS spaces. As a result, the holography dual to the black holes in dS spaces might be quite complicated. In order to establish the hologram for black holes in dS spaces, many issues remain to be investigated.

Acknowledgments

The author thanks Y.X. Chen, S. Hu, C.G. Huang, Q.G. Huang, M. Li, J.X. Lu, Y.S. Myung, C.J. Zhu and all participants of miniworkshop of superstring theory held in Hangzhou, China, Dec. 2001, for stimulating discussions of many related issues. This work was supported in part by a grant from Chinese Academy of Sciences.

References

[1] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 483, 565 (1997) [arXiv:astro-ph/9608192].

[2] R. R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998) [arXiv:astro-ph/9708069].

[3] P. M. Garnavich et al., Astrophys. J. 509, 74 (1998) [arXiv:astro-ph/9806396]. [4] S. Hellerman, N. Kaloper and L. Susskind, JHEP 0106, 003 (2001) [arXiv:hepth/0104180].

[5] W. Fischler, A. Kashani-Poor, R. McNees and S. Paban, JHEP 0107, 003 (2001) [arXiv:hep-th/0104181].

[6] A. Strominger, arXiv:hep-th/0106113; M. Spradlin, A. Strominger and A. Volovich, arXiv:hep-th/0110007.

[7] C. M. Hull, JHEP 9807, 021 (1998) [arXiv:hep-th/9806146]; JHEP 9811, 017 (1998) [arXiv:hep-th/9807127]; C. M. Hull and R. R. Khuri, Nucl. Phys. B 536, 219 (1998) [arXiv:hep-th/9808069]; Nucl. Phys. B 575, 231 (2000) [arXiv:hep-th/9911082].

[8] V. Balasubramanian, P. Horava and D. Minic, JHEP 0105, 043 (2001) [arXiv:hepth/0103171].

[9] E. Witten, arXiv:hep-th/0106109.

[10] P. O. Mazur and E. Mottola, Phys. Rev. D 64, 104022 (2001) [arXiv:hep-th/0106151]. [11] V. Balasubramanian, J. de Boer and D. Minic, arXiv:hep-th/0110108. [12] S. Nojiri and S. D. Odintsov, Phys. Lett. B 519, 145 (2001) [arXiv:hep-th/0106191];

S. Nojiri, S. D. Odintsov and S. Ogushi, arXiv:hep-th/0108172. [13] D. Klemm, arXiv:hep-th/0106247.

[14] A. M. Ghezelbash and R. B. Mann, arXiv:hep-th/0111217. [15] M. H. Dehghani, arXiv:hep-th/0112002.

[16] R. G. Cai, Y. S. Myung and Y. Z. Zhang, arXiv:hep-th/0110234. [17] R. G. Cai, arXiv:hep-th/0111093. [18] E. Verlinde, arXiv:hep-th/0008140.

[19] D. Klemm, A. C. Petkou and G. Siopsis, Nucl. Phys. B 601, 380 (2001) [arXiv:hepth/0101076].

[20] R. G. Cai, Phys. Rev. D 63, 124018 (2001) [arXiv:hep-th/0102113]. [21] D. Birmingham and S. Mokhtari, Phys. Lett. B 508, 365 (2001) [arXiv:hepth/0103108].

[22] Y. S. Myung, arXiv:hep-th/0112140.

[23] R. G. Cai, J. Y. Ji and K. S. Soh, Class. Quant. Grav. 15, 2783 (1998) [arXiv:grqc/9708062].

[24] L. F. Abbott and S. Deser, Nucl. Phys. B 195, 76 (1982). [25] U. H. Danielsson, arXiv:hep-th/0110265. [26] E. Halyo, arXiv:hep-th/0112093. [27] A. J. Medved, arXiv:hep-th/0112226.

[28] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15 (1977) 2738. [29] L. J. Romans, Nucl. Phys. B 383, 395 (1992) [arXiv:hep-th/9203018]. [30] S. W. Hawking, C. J. Hunter and M. M. Taylor-Robinson, Phys. Rev. D 59, 064005 (1999) [arXiv:hep-th/9811056].

[31] G. ’t Hooft, arXiv:gr-qc/9310026; L. Susskind, J. Math. Phys. 36, 6377 (1995) [arXiv:hep-th/9409089].

[32] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1998)] [arXiv:hep-th/9711200].

[33] S. Carlip, Phys. Rev. Lett. 82, 2828 (1999) [arXiv:hep-th/9812013]; Class. Quant.

Grav. 16, 3327 (1999) [arXiv:gr-qc/9906126]. [34] J. L. Cardy, Nucl. Phys. B 270 (1986) 186.

[35] F. L. Lin and Y. S. Wu, Phys. Lett. B 453, 222 (1999) [arXiv:hep-th/9901147]. [36] B. Carter and V. P. Frolov, Class. Quant. Grav. 6 (1989) 569.