Published by Institute of Physics Publishing for SISSA/ISAS Received: November 06, 2001 Revised: March 05, 2002 Accepted: March 08, 2002

A black hole hologram in de Sitter space

Ulf H. Danielsson

Institutionen för teoretisk fysik Box 803, SE-751 08 Uppsala, Sweden E-mail: ulf@teorfys.uu.se

Abstract: In this paper we show that the entropy of de Sitter space with a black hole in arbitrary dimension can be understood using a modified Cardy-Verlinde entropy formula. We also comment on the observer dependence of the de Sitter entropy.

Keywords: Black Holes in String Theory, AdS/CFT Correspondence, Cosmology of Theories beyond the SM.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep032002020 /jhep032002020 .pdf

Contents

1. Introduction 1

2. Constructing the hologram 2 2.1 The metric 2 2.1.1 Cylindrical coordinates 3 2.1.2 Planar coordinates 3 2.2 The Brown-York tensor 4 2.2.1 Planar coordinates 4 2.2.2 Cylindrical coordinates 5

3. Interpreting the hologram 6 3.1 Black holes in AdS 6 3.2 Black holes in de Sitter 7 3.2.1 The Nariai black hole 9

4. Conclusions 9

1. Introduction

Physics is very different depending on the presence and sign of the cosmological constant. With a vanishing cosmological constant, space time is asymptotically flat and physics can be conveniently described by an S-matrix. This is a consequence of the presence of a light like infinity; if we wait long enough particles may be separated by an arbitrary spatial distance and interactions will be suppressed. In the case of a negative cosmological constant the universe is anti de Sitter (AdS) on large scales and there is no light like infinity. There is, however, at an infinite spatial distance a time like infinity which can be used as a holographic screen of lorentzian signature, [1, 2, 3]. This discovery was the first rigorous implementation of the idea of holography, [4, 5], and has lead to many subsequent studies.

But it is very likely that our universe is neither flat nor AdS but instead is a de Sitter space (dS) on large scales with a positive cosmological constant, [6, 7]. While being the most realistic possibility, de Sitter space is at the same time theoretically the most challenging. To this date there is, in fact, no successful implementation of de Sitter space in string theory.

One of the intriguing features of de Sitter space is the presence of a horizon and an associated temperature and entropy, [8]. While string theory successfully has addressed the problem of entropy for black holes, dS entropy remains a mystery. One reason is that the finite entropy seems to suggest that the Hilbert space of quantum gravity for asymptotically

– 1 – de Sitter space is finite dimensional, [9]. A recent discussion of this and other connected issues can be found in [10]. Another, related, reason is that the horizon and entropy in de Sitter space have an obvious observer dependence. For a black hole in flat space (or even in AdS) we can take the point of view of an outside observer who can assign a unique entropy to the black hole. The problem of what an observer venturing inside the black hole experiences, is much more tricky and has not been given a satisfactory answer within string theory. While the idea of black hole complementarity provides useful clues, [11], rigorous calculations are still limited to the perspective of the outside observer. In de Sitter space there is no way to escape the problem of the observer dependent entropy. This contributes to the difficulty of de Sitter space.

Recently there has been some progress towards a holographic understanding of de Sitter space, [10, 12]. See also [13, 14, 15]. A review with references may be found in [16]. The main observation is that there is a possibility of introducing a holographic screen at either time like past infinity, I^−, or time like future infinity, I^+. The theory on the screen will, just as in the case of AdS, be a conformal field theory with a scale that encodes the dimension transverse to the screen. But in contrast to the AdS case the holographic theory of de Sitter space will be euclidean and it is time that is given a description through the scale. Large scales on I^+ will correspond to early times, while late times will correspond to small scales. The central charge of the theory is given by the area of the horizon. Very recently it was suggested, [17], (see also [18]) that our universe is described by a RG flow in the euclidean theory on I^+. In the IR the theory has a fixed point of relatively low central charge corresponding to an early phase of inflation with a horizon a few orders of magnitude larger than the Planck scale. In the UV, on the other hand, there is a fixed point of large central charge corresponding to the universe we now are approaching where a cosmological constant again will be dominating.

In this paper we will continue the study of a holographic description of de Sitter space. In particular we will investigate the properties of black hole holograms in de Sitter space. We will show that the entropy of the cosmological horizon in the presence of a black hole can be understood using a Cardy-Verlinde formula, [19], in a way very similar to the entropy of black holes in AdS. We will also make some speculations on how to address the problem of observer dependence.

2. Constructing the hologram

2.1 The metric To construct the hologram we must find appropriate coordinates to use when we approach the space like boundary. We will concentrate on I^+ which seems to be the most reasonable choice in a realistic cosmology. While our universe is expected to become exactly de Sitter in the future, there may very well have been a messy beginning before the inflationary de Sitter space in the early universe which precludes the existence of a well defined I^−. Clearly there are many possible coordinate systems to choose among, but we will concentrate on two important and interesting possibilities: static and cosmological coordinates, respectively. Both can be used to approach I^+ and will lead to different coordinates for the boundary

– 2 – theory. The static choice will lead to what we will denote as cylindrical coordinates, while the cosmological choice will lead to planar coordinates. We will now consider these two possibilities in turn.

2.1.1 Cylindrical coordinates The d-dimensional de Sitter black hole in static coordinates is given by

ds^2 = −V dt^2 + V^{−1}dr^2 + r^2dΩ^2_{d−2} , (2.1)

where V = 1 −^{r2}_{R2} −^{2M}_{rd−3} . Throughout the paper we will put G = 1 where G is Newtons constant. The advantage of these coordinates is their obvious simplicity and time independence. The disadvantage is that the expansion of the universe is not manifest. As is clearly seen there are in general two kinds of horizons, one associated with the black hole and one cosmological. I^+,which is in the focus of our interest, is located outside the future cosmological horizon where r is time like and t space like. For r ≫ R the metric becomes

ds^2 = −

R^2 r^2 dr^2 + r^2 R^2 ( dt^2 + R^2dΩ^2_{d−2} ) . It is clear that I^+ is approached for large r and we note that the boundary is mapped on to an euclidean cylinder R × S^{d−2} where t is the coordinate along the cylinder. This kind of coordinates were used in [18].

2.1.2 Planar coordinates Another convenient coordinate system is obtained by introducing { ρ = ρ (t, r) = re^{−τ /R} , τ = τ (t, r) = t +^R_2 ln (_{r2} R^2 − 1 ) . (2.2)

With no black hole this becomes an inflating cosmology according to −dτ^2 + e^{2τ /R} ( dρ^2 + ρ^2dΩ^2_{d−2} ) , i.e. the cosmological form of the de Sitter space. These coordinates have the obvious advantage of making the expansion of the universe explicit with a Hubble constant given by 1/R. Without a black hole the geodesics are simply given by constant comoving spatial coordinates. One should note, however, that this metric only covers half of the space time. (Another half, bounded by I^−, is covered by changing e^{2τ /R} to e^{−2τ /R}.) I^+ is now approached for large τ and it is clear that it will be described by spherical coordinates on the plane. Applying the same coordinate change to the metric with a black hole leads to the slightly more complicated metric

ds^2 = −N^2_τ dτ^2 + h (dρ + N_Σdτ)^2 + r^2dΩ^2_{d−2} , (2.3)

where, with V_0 = 1 −^{r2}_{R2} , we have

h = r^2 V ( 1 − r^2V^2 R^2V^2_0 ) ρ^{−2} , N_Σ =

1 −^{V 2}_{V 20}

1 −^{r2V 2}_{R2 V 20} ρ R , and N_τ = √ V √ 1 −^{r2V 2}_{R2V 20} .

– 3 –

If we fix r and make a translation in t we see from (2.2) that this corresponds to a scaling of ρ that leaves the metric invariant even in the presence of the black hole. The crucial property that makes this possible is that the metric can be written in the static, time independent form above. Note however, that the corresponding Killing vector is not globally time like.

2.2 The Brown-York tensor

We have now obtained coordinates which can be used to describe the holographic theory. We have also seen the relation between conformal transformations in the hologram and time translations in the de Sitter space. To proceed we must find out more about the generators of the transformations and their corresponding conserved quantities. To this end, let us follow the recipe of [18, 20] and calculate the Brown-York tensor, [21], of the boundary which is the generator of coordinate changes in the bulk. The subtracted Brown-York tensor is given by T_{ij} = − 1 8π ( K_{ij} − Kh_{ij} − d − 2 R h_{ij} − R d − 3 G_{ij} + · · · ) , where the last term is lacking in d = 3, and the · · · refers to terms needed when d > 5. The terms added to the K_{ij} − Kh_{ij} are counter terms in the boundary theory needed to render T_{ij} finite. We have that K_{ij} = − 1 2 ( h_{il}g^{lμ}∇_μu_j + h_{jl}g^{lμ}∇_μu_i ) , where u^μ is a forward pointing, time like, unit normal to surfaces of constant τ. g_{μν} is the metric of the full space time while h_{ij} is the piece induced on the boundary. The conserved quantity associated with the bulk Killing vector is given by Q = ∮ Σ d^{d−2}Ω √ hn^iξ^j T_{ij} , where n^i is an outward pointing unit normal to surfaces of constant ρ and ξ^j is the Killing vector. Note that ξ^j is space like near the boundary. As argued in [18] one can choose coordinates in such a way that ξ^j is proportional to n^i with the constant of proportionality given by the appropriate lapse function.^1

Let us now calculate the Brown-York tensor in the two coordinate systems that we have chosen.

2.2.1 Planar coordinates The calculation in planar coordinates involves the non-diagonal metric (2.3). A straight forward calculation gives, in particular, T_{ρρ} = − 1 8π (d − 2) M r^{d−3} 1 ρ^2

1Note that this choice is, in general, not possible for other conserved quantities like angular momentum.

– 4 – at large τ. In this case the G_{ij} + · · · counter terms vanish as τ → ∞ and we expect the above result to be true for arbitrary dimension. To obtain the conserved charge we use ξ^j =^{r√}_h n^i, where the coefficient is the proper lapse function to make sure that our conserved quantity is conjugate to translations in t. After some calculations we find that Q = − d − 2 8π Ω_{d−2}M ,

where Ω_{d−2} =^{2π d−12}_{Γ( d−12 )} is the surface area of the unit d − 1 sphere.

But how do we make contact with the CFT? From (2.2) it follows (for fixed r) that ρ d dρ = −R d dt , and we therefore conclude that the energy E of the CFT, conjugate to ρ, is given by E = − d − 2 8π Ω_{d−2} MR ρ , (2.4)

in planar coordinates. The sign follows provided that the conformal generator acts in the direction of decreasing ρ, (i.e. increasing t). Let us now proceed to perform the corresponding calculation in cylindrical coordinates.

2.2.2 Cylindrical coordinates

In this case the metric is a lot simpler than in the planar case, and is just given by (2.1). The result of the calculation is of the form E = E_{C,A} − d − 2 8π Ω_{d−2}M , where E_{C,A} corresponds to an anomalous Casimir contribution. Note that the energy E is a dimensionful quantity which transforms in a non-trivial way when we go between the cylinder and the plane, even if we forget about the anomaly. In cylindrical coordinates it is independent of the direction t along the cylinder, while on the plane it has the radial dependence given by eq. (2.4). E_{C,A} vanishes for even d, while we have E_{C,A} = 1 8 , for d = 3 , E_{C,A} = 3πR^2 32 , for d = 5 .

The appropriate expressions for higher dimensions need the precise form of the higher order counter terms. Similar formulae can also be obtained in the case of AdS space. The only differences are that the M dependent term comes with a positive sign in all dimensions, while the anomaly is negative in d = 3.^2

2The signs are quite subtle in the case of de Sitter. Our signs agree with those of [18] but are different from those of [27] which focused on I^−. For more comments on this, see the last footnote of the paper.

– 5 –

3. Interpreting the hologram

We have now completed the first steps towards constructing the black hole hologram. In order to investigate it further we need an additional tool in the form of the Cardy-Verlinde entropy formula, [19]. We will begin by recalling how the formula is applied to the case of AdS before we proceed with the generalization to de Sitter.

3.1 Black holes in AdS

In [19] it was shown that a strongly coupled CFT (with an AdS-dual) at temperature T on a cylinder R × S^{d−2} (where S^{d−2} has constant radius R) with a central charge c,^3 has an energy given by E = (d − 2) c 48π V L^{d−1} ( 1 + L^2 R^2 ) ≡ E_E + E_C . (3.1)

where V = Ω_{d−2}R^{d−2} is the volume of the S^{d−2}.^4 The energy is the sum of an extensive contribution E_E and an intensive Casimir contribution E_C > 0.^5 L is a parameter related to the temperature given by T = 1 4πL ( d − 1 + (d − 3)

L^2 R^2 ) , and the entropy, finally, is given by S = c 12 V L^{d−2} = 4πR d − 2 √ E_C E_E . The form was argued on general grounds, while the detailed coefficients were deduced from the AdS/CFT correspondence applied to black holes in AdS. We will verify this in detail below after generalizing the expressions to de Sitter.

Let us now investigate what is going on a little bit more carefully. Depending on the coordinates we use, the energy of the state we are considering will be different. If we use planar coordinates on the boundary,^6 we find that the AdS space has vanishing energy, while a black hole in AdS will have positive energy. It is useful to write this energy as E = E_{plan}R ρ , where E_{plan} is a rescaled energy given by

E_{plan} = d − 2 8π Ω_{d−2}M . 3Following [19] we define the central charge in terms of the subextensive Casimir energy (including possible temperature dependent terms). Since the Casimir energy is proportional to the number of massless fields in the CFT, the same will be true for the central charge.

4Another possibility is to choose the radius of the cylinder to be the horizon radius rs rather than R. This modifies the subsequent calculations but leads to the same result.

5Our convention for EC differs by a factor of 2 from [19].

6This corresponds, basically, to Poincare coordinates in the bulk. For more details on the choice of vacua in the case of AdS3 see [22].

– 6 –

If we instead use cylindrical coordinates, we find another vacuum where the AdS space has a shifted energy due to the anomaly (if d is odd), and we have that

E_{cyl} = d − 2 8π Ω_{d−2}M + E_{C,A} , where E_{C,A} is the anomalous contribution to the Casimir energy. (Note that E_{C,A} is negative for d = 3 and positive for d = 5.) The analysis of [19] was performed in cylindrical coordinates based on the work of [23, 24]. There the expressions for e.g. the action in the presence of a black hole had been found to be divergent and was rendered finite by subtracting the equally divergent contribution from empty AdS. It is therefore the energy in excess of the vacuum associated with empty AdS space (with an extensive contribution as well as a Casimir contribution) that is given by eq. (3.1). Hence we conclude that

E_E + E_C = d − 2 8π Ω_{d−2}M , and the entropy is given by S = 4πR d − 2 √ E_C (E_{plan} − E_C ) .

This is the generalization of the Cardy formula proposed in [19]. Note that the total energy in cylindrical coordinates is given by E_{cyl} = E_E + E_C + E_{C,A}. For d = 3 one has E_C = −E_{C,A} > 0 and it follows that E_{cyl} = E_E .

3.2 Black holes in de Sitter We will now proceed to the case of de Sitter space to see whether similar formulae are applicable to the relevant conjectured euclidean CFT’s.^7 According to our previous calculations the de Sitter black hole is a state with negative energy. For convenience we define

E_{plan} = − d − 2 8π Ω_{d−2}M . Using cylindrical coordinates, the new de Sitter vacuum has a shifted energy due to the anomaly (if d is odd) given by

E_{cyl} = E_{C,A} − d − 2 8π Ω_{d−2}M . As was explained above, the anomaly E_{C,A} is positive and hence has the opposite sign to AdS in the case of d = 3, while the sign is the same in d = 5. If we now subtract the contribution from empty dS, just as in the AdS case, we find

E_E + E_C = − d − 2 8π Ω_{d−2}M . To be able to account for the entropy in de Sitter space we conclude, following [19], that the Casimir contribution is given by

E_C = − (d − 2) c 48π V L^{d−3}R^2 , 7For other recent attempts in this direction, see [18, 25, 26].

– 7 – which is negative and therefore has the opposite sign compared to the CFT relevant for AdS. This is also what to be expected from the naive continuation R^2 → −R^2. The entropy is again given by S = 4πR d − 2 √ |E_C | (E_{plan} − E_C ),

while the temperature becomes T = 1 4πL ( d − 1 − (d − 3) L^2 R^2 ) , (3.2)

where again R^2 has been replace by −R^2. This has important consequences that we will come back to shortly. As in the case of AdS one may note that E_C = −E_{C,A} < 0 for d = 3 implying E_{cyl} = E_E .

Let us now verify that the above indeed reproduces the correct result for black holes. We will do the AdS and the de Sitter cases at the same time. The prescription tells us to impose (d − 2) c 48π V L^{d−1} ± (d − 2) c 48π V R^2L^{d−3} = ± d − 2 8π Ω_{d−2}M , where the + sign refers to AdS and the — sign refers to de Sitter. With L = R^2/r_s (where r_s is the horizon radius) and c = 3R^{d−2} , the equation becomes 1 ± r^2_s R^2 − 2M r^{d−3}_s = 0 , (3.3)

which is precisely the equation for the position of a horizon. From the formula for the entropy we find S = c 12 V L^{d−2} = 1 4 Ω_{d−2}r^{d−2}_s = 1 4 A , and hence the generalized Cardy-Verlinde formula can account for the black hole entropy in AdS as well as de Sitter space. The case d = 3 gives, using E_{C,A} = c/24R, S = 4πR √ E_{C,A}E_E = 2π √ c 6 ( RE_{plan} + c 24 ) , where E_{plan} < 0. In the case of AdS one has E_{plan} > 0 and the shift is by −c/24.^8 There is a slight puzzle with the above construction. In the case of de Sitter space there are two solutions of eq. (3.3), since there are two horizons. One corresponds to the cosmological de Sitter horizon, while the other corresponds to the horizon of the black hole. It is easily checked, however, that it is only the cosmological horizon that leads to a positive temperature. The conclusion, then, is that the CFT that we are studying on I^+ is accounting for the entropy of the cosmological horizon only. This is consistent with the fact that the energy and the entropy of the system is decreased when the mass of the black hole is

8Note that we are considering left and right movers together with c = cL + cR.

– 8 – increased.^9 For more on the entropy of black holes in de Sitter space see [28]. The total entropy of both horizons as well as the entropy of the cosmological horizon have this property, but our conclusion is that it is only the entropy of the cosmological horizon that is accounted for by the euclidean CFT on I^+. Empty de Sitter space is also covered by the analysis and entails the presence of a gas at non-zero temperature that can carry the entropy.

3.2.1 The Nariai black hole The largest possible black hole in de Sitter space, the Nariai black hole [29], corresponds to a situation where the two horizons coincide. It is easy to check that this occurs when M = 1 d − 1 ( d − 3 d − 1 ) d−3_2 R^{d−3} , which corresponds to zero temperature. Furthermore, on I^+, where the energy of a black hole is lower than that of empty de Sitter space, the Nariai black hole corresponds to a lowest energy state. It would be interesting to understand this better from the point of view of the holographic theory. As observed in [18, 27] the energy in cylindrical coordinates vanishes for the Nariai black hole in d = 5, and a corresponding statement can also be made in d = 3. Is this just a coincidence or is there a deeper explanation? This should be investigated further by comparing with higher dimensional cases following, e.g. the analysis of [30, 31]. For other work in this context see e.g. [32, 33].

4. Conclusions

In this paper we have found that a modified Cardy-Verlinde entropy formula reproduces the entropy of the cosmological de Sitter horizon in the presence of a black hole. But there are several unclear points. Why does the CFT on I^+ only provide the entropy for the cosmological horizon? Is it correct to discard the negative temperature solution? Is the role of I^− to take care of the black hole horizon?

Furthermore, the de Sitter horizon is an observer dependent construction. How does the CFT take this into account? Our analysis gives a hint. Let us consider a black hole at the origin of static coordinates. In planar coordinates the energy density in the boundary theory corresponding to such a black hole goes like 1/ρ^2.^{10} This is left invariant under a time translation in the bulk in the same way as the metric. If we now take the point of view of an observer who sees the black hole displaced from the center of de Sitter space, the situation is different. In the case of a black hole with a horizon much smaller than the cosmological horizon, and an observer far away from the black hole, one can (for our purposes) approximate the system with a black hole and an observer in free fall in de

9One may note that if the expression for the energy of the system (and therefore also the temperature) is considered to have the opposite sign, the reasoning is reversed. Positive temperature now suggests that it is the entropy of the black hole horizon that is accounted for by the theory. This is presumably the case for I^−.

10Note that the subtracted Brown-York tensor is related to the energy-momentum tensor of the CFT by an infinite conformal transformation. See, e.g. [34].

– 9 –

Sitter space. This means that we can assume the distance between the two to be constant in comoving coordinates. As time goes by the expansion will increase the proper distance between the observer and the black hole. For the bulk observer time translational invariance will be broken and she will see how the black hole is approaching the cosmological horizon. As the black hole disappears from view, the area of the cosmological horizon (according to our observer) will increase with a net increase in entropy as a consequence. In the boundary there is a similar story. The energy density is no longer left invariant since the position of the maximum is offset from ρ = 0 and will effectively move off towards infinity as time goes by and we are zooming in on smaller scales. In fact, for late times the relevant physics will be taking place on small scales asymptotically independent of the black hole, and energy as well as entropy will approach the values for empty de Sitter space. It would be interesting to further study the time evolution of entropy in this setting.

In [17] it was indicated how a RG flow with a changing central charge may take us from an inflationary era in the past with a small R to a de Sitter space in the future with a large R. But even with a constant number of degrees of freedom it is interesting to study how non-trivial time evolution is encoded in various scales. What is the role of the second law in the dS/CFT correspondence? How is the Hawking evaporation of the black hole taken into account? There are clearly many interesting and important questions that need to be investigated.

Acknowledgments

I would like to thank Josef Kluson for discussions. The author is a Royal Swedish Academy of Sciences Research Fellow supported by a grant from the Knut and Alice Wallenberg Foundation. The work was also supported by the Swedish Research Council (VR).

References

[1] J. Maldacena, The large-N limit of superconformal field theories and supergravity, Adv.

Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[2] S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from non-critical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109].

[3] E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[4] G. ’t Hooft, Dimensional reduction in quantum gravity, gr-qc/9310026.

[5] L. Susskind, The world as a hologram, J. Math. Phys. 36 (1995) 6377 [hep-th/9409089].

[6] Supernova Search Team collaboration, A.G. Riess et al., Observational evidence from supernovae for an accelerating universe and a cosmological constant, Astron. J. 116 (1998) 1009 [astro-ph/9805201].

[7] Supernova Cosmology Project collaboration, S. Perlmutter et al., Measurements of omega and lambda from 42 high-redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133].

– 10 –

[8] G.W. Gibbons and S.W. Hawking, Cosmological event horizons, thermodynamics and particle creation, Phys. Rev. D 15 (1977) 2738.

[9] T. Banks, Cosmological breaking of supersymmetry or little lambda goes back to the future, 2,

hep-th/0007146.

[10] E. Witten, Quantum gravity in de Sitter space, hep-th/0106109.

[11] L. Susskind, L. Thorlacius and J. Uglum, The stretched horizon and black hole complementarity, Phys. Rev. D 48 (1993) 3743 [hep-th/9306069];

L. Susskind, String theory and the principles of black hole complementarity, Phys. Rev. Lett. 71 (1993) 2367 [hep-th/9307168].

[12] A. Strominger, The dS/CFT correspondence, J. High Energy Phys. 10 (2001) 034 [hep-th/0106113].

[13] C.M. Hull, Timelike T-duality, de Sitter space, large-N gauge theories and topological field theory, J. High Energy Phys. 07 (1998) 021 [hep-th/9806146].

[14] V. Balasubramanian, P. Hořava and D. Minic, Deconstructing de Sitter, J. High Energy Phys.

05 (2001) 043 [hep-th/0103171].

[15] C.M. Hull, de Sitter space in supergravity and M-theory, J. High Energy Phys. 11 (2001) 012 [hep-th/0109213].

[16] M. Spradlin, A. Strominger and A. Volovich, Les Houches lectures on de Sitter space,

hep-th/0110007.

[17] A. Strominger, Inflation and the dS/CFT correspondence, J. High Energy Phys. 11 (2001) 049 [hep-th/0110087].

[18] V. Balasubramanian, J. de Boer and D. Minic, Mass, entropy and holography in asymptotically de Sitter spaces, hep-th/0110108.

[19] E. Verlinde, On the holographic principle in a radiation dominated universe, hep-th/0008140.

[20] V. Balasubramanian and P. Kraus, A stress tensor for anti-de Sitter gravity, Commun. Math.

Phys. 208 (1999) 413 [hep-th/9902121].

[21] J.D. Brown and J. York, James W., Quasilocal energy and conserved charges derived from the gravitational action, Phys. Rev. D 47 (1993) 1407.

[22] U.H. Danielsson, E. Keski-Vakkuri and M. Kruczenski, Vacua, propagators and holographic probes in AdS/CFT, J. High Energy Phys. 01 (1999) 002 [hep-th/9812007].

[23] S.W. Hawking and D.N. Page, Thermodynamics of black holes in anti-de Sitter space, Commun. Math. Phys. 87 (1983) 577.

[24] E. Witten, Anti-de Sitter space, thermal phase transition and confinement in gauge theories, Adv. Theor. Math. Phys. 2 (1998) 505 [hep-th/9803131].

[25] Y.S. Myung, Entropy of the three dimensional schwarzschild-de Sitter black hole, Mod. Phys.

Lett. A 16 (2001) 2353 [hep-th/0110123].

[26] R.-G. Cai, Y.S. Myung and Y.-Z. Zhang, Check of the mass bound conjecture in de Sitter space, hep-th/0110234.

[27] D. Klemm, Some aspects of the de Sitter/CFT correspondence, Nucl. Phys. B 625 (2002) 295 [hep-th/0106247].

– 11 –

[28] R. Bousso, Positive vacuum energy and the n-bound, J. High Energy Phys. 11 (2000) 038 [hep-th/0010252]; Bekenstein bounds in de Sitter and flat space, J. High Energy Phys. 04 (2001) 035 [hep-th/0012052].

[29] H. Nariai, On some static solutions of Einstein’s gravitational field equations in a spherically symmetric case, Sci. Rep. Tohoku Univ. 34 (1950) 160; On a new cosmological solution of Einstein’s field equations of gravittaion, Sci. Rep. Tohoku Univ. 35 (1951) 62.

[30] M. Henningson and K. Skenderis, The holographic Weyl anomaly, J. High Energy Phys. 07 (1998) 023 [hep-th/9806087].

[31] S. Das and R.B. Mann, Conserved quantities in Kerr-anti-de Sitter spacetimes in various dimensions, J. High Energy Phys. 08 (2000) 033 [hep-th/0008028].

[32] S. Nojiri and S.D. Odintsov, Conformal anomaly from dS/CFT correspondence, Phys. Lett.

B 519 (2001) 145 [hep-th/0106191].

[33] S. Nojiri, S.D. Odintsov and S. Ogushi, Cosmological and black hole brane world universes in higher derivative gravity, Phys. Rev. D 65 (2002) 023521 [hep-th/0108172].

[34] R.C. Myers, Stress tensors and casimir energies in the AdS/CFT correspondence, Phys. Rev.

D 60 (1999) 046002.

– 12 –