Published by Institute of Physics Publishing for SISSA/ISAS Received: March 14, 2002 Accepted: June 06, 2002

Strings and the holographic description of asymptotically de Sitter spaces

Edi Halyo

Department of Physics, Stanford University Stanford, CA 94305, USA, and California Institute for Physics and Astrophysics 366 Cambridge St., Palo Alto, CA 94306, USA E-mail: vhalyo@stanford.edu

Abstract: Asymptotically de Sitter spaces can be described by euclidean boundary theories with entropies given by the modified Cardy-Verlinde formula. We show that the Cardy-Verlinde formula describes a string with a rescaled tension which in fact is a string at the stretched cosmological horizon as seen from the boundary. The temperature of the boundary theory is the rescaled Hagedorn temperature of the string. Our results agree with an alternative description of asymptotically de Sitter spaces in terms of strings on the stretched horizon. The relation between the two descriptions is given by the large gravitational redshift between the boundary and the stretched horizon and a shift in energy.

Keywords: String Duality, Black Holes in String Theory.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep062002012 /jhep062002012 .pdf

Contents

1. Introduction 1

2. Descriptions of asymptotically dS_3 spaces 2

3. Generalization to higher dimensions 5

4. Conclusions and discussion 7

1. Introduction

The microscopic origin of the entropy and temperature of (asymptotically) de Sitter spaces is a major puzzle in string theory. Recently, a holographic description of de Sitter space was given in terms of the de Sitter/CFT correspondence [1, 2]. In this framework, de Sitter space is described an euclidean CFT that lives on its (future or past) boundary. The entropy of space (or the cosmological horizon) can be obtained in the boundary CFT by the (modified) Cardy-Verlinde formula [3, 4, 5]. This description of de Sitter space suffers from some problems such as the nonunitarity of the boundary CFT, the definition of time evolution on the euclidean boundary CFT etc. On the other hand, there seems to be a large amount of supporting evidence in favor of the dS/CFT correspondence [4]–[19].

The dS/CFT correspondence can be extended to the case of asymptotically de Sitter spaces which are described by non-conformal boundary theories with a monotonic Cfunction. Asymptotic de Sitter spaces evolve in (bulk) time into pure de Sitter spaces. On the boundary theory this corresponds to an RG flow from the IR to the UV which ends at the UV fixed point, i.e. a CFT that describes the de Sitter space. The (modified) Cardy-Verlinde formula seems to give the correct entropy for the non-conformal boundary theories which are dual to asymptotically de Sitter spaces.

With some simple identifications the (modified) Cardy-Verlinde formula can be put in a form that is very similar to the well-known Cardy formula which holds for two dimensional, unitary and Lorentzian CFTs [20]. On the other hand, the Cardy-Verlinde formula seems to be valid for euclidean, nonunitary CFTs (and non-conformal theories) in more than two dimensions which live on the boundary of (asymptotically) de Sitter spaces. This is a very surprising result which has direct implications for the validity of the dS/CFT correspondence. The origin of this formula which seems to apply to the above boundary theories is not understood from first principles. Moreover, its similarity to the Cardy formula seems to imply that the boundary theories are somehow related to two-dimensional CFTs.

In this paper we show that a boundary theory for which entropy is given by the (modified) Cardy-Verlinde formula describes a long string with a rescaled tension. We show that the string actually lives on the stretched horizon of the (asymptotically) de Sitter space. Seen from the boundary (and taking the rescaling of the boundary radius

– 1 – into account) the tension of the string is rescaled due to the large gravitational redshift. Similarly, the temperature of the boundary theory corresponds to the rescaled Hagedorn temperature of the string. The entropy of the string (which is the entropy of the space) is equal to that obtained from the Cardy-Verlinde formula since entropy does not get redshifted. The energy of the boundary theory is related to the energy of the string at the stretched horizon not only by the gravitational redshift but also by an additive shift. These results agree with an alternative description of (asymptotically) de Sitter spaces in terms of a long string at the stretched horizon [8]. The same string seen from the boundary is described by the boundary theory with the Cardy-Verlinde formula. Each description of (asymptotically) de Sitter spaces has its own merits. The boundary description allows concrete calculations (such as bulk scattering amplitudes given by boundary correlators); however, it is formulated on the boundary which is not accessible to an observer who cannot see beyond the cosmological horizon. The string description does not allow detailed calculations but the degrees of freedom which count the entropy of the space are accessible to an observer by virtue of being inside the horizon.

This paper is organized as follows. In section 2 we give the two alternative microscopic descriptions of asymptotically dS_3 spaces and show that the two descriptions are equivalent. In section 3 we generalize these results to more than three dimensions. Section 4 contains a discussion of our results and our conclusions.

2. Descriptions of asymptotically dS_3 spaces

In this section we give the two microscopic descriptions of asymptotically dS_3 spaces and show that they are equivalent. We first describe the space in terms of a boundary CFT using the dS/CFT correspondence and show that the entropy of the space is given by the Cardy-Verlinde formula. We then describe the space in terms of a string with a rescaled tension which lives on the stretched horizon. We find that the boundary CFT actually describes this string as seen from the boundary with the gravitational redshift of the string energy and tension taken into account. Thus, the Cardy-Verlinde formula describes the entropy of a string with a rescaled tension living on the stretched horizon. The fact that we have an effective string is not surprising for D = 3 since the boundary in this case is two dimensional. On the other hand, there is no a priori reason for expecting such a relation between the two descriptions.

We now consider asymptotically de Sitter space with d = 3, i.e. a mass M in dS_3 described by the metric [21]

ds^2 = − ( 1 − 8G_3M − r^2 L^2 ) dt^2 + ( 1 − 8G_3M − r^2 L^2 )_{−1} dr^2 + r^2dϕ , (2.1)

where L^{−2} = Λ and G_3 is the three-dimensional Newton constant. This space has only one horizon, namely the cosmological horizon at r = R < L which is given by

1 − 8G_3M −

R^2 L^2

= 0 . (2.2)

– 2 –

Thus, R = L √ 1 − 8G_3M. Since there is only one horizon, the mass M does not describe a black hole but a stable, pointlike mass which causes a conical defect in three dimensions. The temperature of the asymptotically de Sitter space (or the cosmological horizon) is

T_{adS} = R 2πL^2 = 1 2πL √ 1 − 8G_3M (2.3)

whereas the entropy is given by [22, 23]

S_{adS} = A 4G_3 = πL 2G_3 √ 1 − 8G_3M . (2.4)

The asymptotically dS_3 space has two different microscopic descriptions. The first description is in terms of a boundary CFT using the dS/CFT correspondence. In this case, the CFT lives on the future boundary I^+ with a radius of R. The energy of the CFT is (taking into account the redshift by L/R) [3, 4]

E_{CFT} = c 48π V L^2 ( 1 − L^2 R^2 ) , (2.5)

where V = 2πR is the volume of the one-dimensional boundary and c = 3L/G_3 is the central charge. Above, the first term is the extensive and positive contribution of the CFT gas (E_E ) whereas the second term gives the sub-extensive and negative Casimir energy due to the finite volume (E_C ). The central charge c and the level L_0 of the CFT are defined in terms of the Casimir energy E_C and the total energy E_{CFT}, respectively

c = 24RE_C , L_0 = RE_{CFT} . (2.6)

The entropy is given by the modified Cardy-Verlinde formula [3, 4]

S_{CFT} = 4πR √ E_E|E_C | (2.7)

which reproduces the Bekenstein-Hawking result in eq. (2.4). With the identifications in eq. (2.6) S_{CFT} can be put in a form that is very similar to the Cardy formula. The temperature of the CFT is obtained from

T_{CFT} = ( ∂E_{CFT} ∂S_{CFT} ) = 1 2πL (2.8)

which is related to the temperature of the bulk by the redshift T_{CFT} = (L/R)T_{adS}. Therefore, the asymptotically dS_3 space is described by a thermal state of a (two-dimensional) boundary CFT with central charge c.

Using E_C = (L^2/R^2)E_E we can write the entropy of the CFT as

S_{CFT} = 4πLE_E . (2.9)

We see that the entropy is proportional to the energy which is a characteristic of string-like behavior. Thus, eq. (2.9) can be seen as the entropy of a string with (c = 6 and) tension T_{str} = 1/2πL^2 and energy 2E_E . This by itself is not surprising since the boundary in this case is two dimensional. However, below we show that this CFT describes a string on the stretched horizon seen from the boundary which corresponds to an alternative description of asymptotically dS_3 space.

– 3 –

The second description of the asymptotically dS_3 space is given by a long string with a rescaled tension which lives on the stretched horizon. This type of description has been useful in explaining the entropy of all black objects with Rindler-like near horizon geometries [24]–[28] and de Sitter space in all dimensions [8]. We take the near horizon limit by r = R − y where y ≪ R. Then we find

1 − 8G_3M − r^2 L^2 −→ 2Ry L^2

. (2.10)

The proper distance to the horizon becomes ρ = √ 2y R L . (2.11)

Then, the near horizon metric describes Rindler space

ds^2 = − ( R^2 L^4 ) ρ^2dt^2 + dρ^2 + R^2dϕ . (2.12)

We find the dimensionless Rindler time

τ_R = R L^2 t . (2.13)

Using [E_R, τ_R] = 1 = [E_R, t] R L^2

(2.14)

we find the Rindler energy E_R = L 4G_3 √ 1 − 8G_3M . (2.15)

We see that the Rindler energy is the entropy of the cosmological horizon; S_{adS} = 2πE_R. A microscopic description of this result can be given in terms of a long string (with tension T_{str} = 1/2πℓ^2_s and c = 6) which lives on the stretched horizon at r = R − ℓ_s. Then the energy of such a string would be E_{sh} = E_R/ℓ_s. Therefore, this string is in a state with level number n = E^2_R which means the entropy of the string is the entropy of the horizon S_{str} = 2π √ cn/6 = 2πE_R = S_{adS}. Since T_R = 1/2π, the temperature on the stretched horizon is T_{sh} = 1/2πℓ_s, i.e. the Hagedorn temperature of the string. However, a cosmological observer (with time t) will see a rescaled energy, tension and temperature due to the large gravitational redshift near the horizon. Using eq. (2.13) we find that the rescaled energy is E_{cos} = (1 − 8G_3M)/4G_3 whereas the rescaled temperature is T_{cos} = √ 1 − 8G_3M/2πL = T_{adS}. Seen by the cosmological observer, the string on the stretched horizon has a rescaled tension T_{str} = (1 − 8G_3M)/2πL^2. The entropy being a scalar does not redshift and therefore S_{str} = S_{adS}.

We now argue that the above two descriptions are equivalent by showing that the effective string that the boundary CFT describes is the string at the stretched horizon. Consider the description of the long string as seen by an observer at the boundary. It is easy to see that (taking into account the coordinate rescaling of the boundary to get a radius of R) the redshift between the stretched horizon and the boundary is ℓ_s/L. Then

– 4 – a string with a scale ℓ_s will be seen as a string with scale L from the boundary. Thus, on the boundary the string tension is renormalized to T_{str} = 1/2πL^2 due to the large gravitational redshift. The temperature of the boundary CFT is given by the redshifted Hagedorn temperature of the string, T_{CFT} = 1/2πL. The entropy of the boundary theory (i.e. the entropy of the cosmological horizon) is the entropy of the string which does not get redshifted. We note that for the energy there is not only a (multiplicative) redshift but also an additive shift between the boundary and the stretched horizon. This can be easily seen for the pure de Sitter case (with M = 0) which gives E_{CFT} = 0 but E_{sh} = L/4G_3ℓ_s. We find that the shift in energy (on the boundary) is precisely 2E_C . Note that the energy shift remains 2E_C for the asymptotically dS_3 space with M > 0 even though E_C changes due to its R dependence. This means a string on the stretched horizon with E_{sh} = E_R/ℓ_s corresponds on the boundary to a state with 2E_E = (ℓ_s/L)E_{sh} exactly as given by eq. (2.5). This shift in energy is very similar to the shift between energies as measured in cosmological and static coordinates. We do not have an explanation for the fact that the two descriptions of (asymptotically) de Sitter spaces relate to two different energies.

We found that the boundary CFT description of asymptotically dS_3 space is another way of describing a long string on the stretched horizon as seen from the boundary. Therefore the two microscopic descriptions of asymptotically dS_3 spaces seem to be equivalent. In the above case, the stringy behavior is not very surprising since the boundary of asymptotically dS_3 spaces are two dimensional, i.e. string-like. However, the fact that the two-dimensional boundary theory describes a string near the horizon is highly non trivial.

3. Generalization to higher dimensions

The results of the previous section can be easily generalized to higher (D > 3) dimensions. For D > 3 the metric of asymptotically de Sitter space with a black hole of mass M is [21]

ds^2 = − ( 1 − r^2 L^2 − μ^d r^d ) dt^2 + ( 1 − r^2 L^2 − μ^d r^d )_{−1} dr^2 + r^2dΩ^2_{d+1} , (3.1)

where μ = G_DM and D = d + 3. Now there are two horizons and their positions are given by the positive roots of 1 − r^2 L^2 − μ^d r^d = 0 . (3.2)

The larger root which we denote by R gives the position of the cosmological horizon whereas the smaller one gives the position of the black hole horizon. The temperature and entropy of the cosmological horizon are given by

T_{adS} = R 4πL^2 ( (d + 2) − d

L^2 R^2 ) (3.3) and S_{adS} = A 4G_D = R^{d+1} 4G_D . (3.4)

– 5 –

As for the D = 3 case, the asymptotically dS_D space with D > 3 can be described by a boundary field theory using the dS/CFT correspondence. The energy of the boundary theory is given by E_{BND} = c(d + 1) 48π V L^{d+2} ( 1 − L^2 R^2 ) , (3.5)

where the first term is the positive, extensive contribution of the CFT gas (E_E ) and the second term is the negative, sub-extensive Casimir energy (E_C ). In D dimensions we have c = 3L^{d+1}/G_D. This boundary theory was shown to be non conformal with a monotonic C-function defined by

48πRE_C ←→ (d − 2)C , 2πRE_{BND} ←→ (d − 2)L̃_0 . (3.6)

The temperature of the boundary theory is given by T_{BND} = (L/R)T_{CFT}. The entropy of the boundary theory is given by the Cardy-Verlinde formula [3, 4]

S_{BND} = 4πR (d + 1) √ E_E |E_C | . (3.7)

Again, using eq. (3.6) S_{BND} can be put in a form very similar to the Cardy formula even though we do not have a conformal boundary theory. The asymptotically de Sitter space (with a black hole) is not stable due to the Hawking radiation from the black hole which is at a higher temperature that the surrounding space. It has been argued that time evolution of the space corresponds on the boundary theory to an RG flow from the IR to the UV. After the black hole evaporates and all radiation leaves the cosmological horizon, the space becomes pure de Sitter. On the boundary this corresponds to the RG flow reaching the UV fixed point which is a CFT that describes the de Sitter space. As before, using E_C = (L^2/R^2)E_E we find

S_{BND} = 4π (d + 1)

LE_E . (3.8)

Thus, we find a string-like behavior even for D > 3 where the boundary has a dimension higher than two. Equation (3.8) seems to describe a string with tension T = P^2/2πL^2 and energy 2P E_E /(d + 1) where P is a constant. For D = 3 we found in the previous section that P = 1; however this may not be the case for D > 3. In fact, we will see below that P is a function of R, L and d which is determined by the gravitational redshift factor from the cosmological stretched horizon to the boundary. This is very intriguing and may be the reason behind the seemingly two-dimensional nature of Cardy-Verlinde formula for boundary theories in any dimension.

We now describe the asymptotically de Sitter space by a long string with a rescaled tension which lives on the cosmological stretched horizon. This can be considered as a generalization of ref. [8] which described the entropy of de Sitter space by the same methods. In the near horizon region, r = R − y with y ≪ R. Then the near horizon metric becomes

ds^2 = −2 ( (d + 2)R^2 − dL^2 RL^2 ) ydt^2 + 1 2y ( (d + 2)R^2 − dL^2 RL^2 )_{−1} dr^2 + r^2dΩ^2_{d+1} . (3.9)

– 6 –

The proper distance to the horizon is ρ = √ 2y ( dL^2 − (d + 2)R^2 RL^2 )_{−1/2} . (3.10)

The near horizon metric describes Rindler space

ds^2 = − 1 4 ( (d + 2)R^2 − dL^2 RL^2 )_2

ρ^2dt^2 + dρ^2 + R^2dΩ^2_{d+1} . (3.11)

The dimensionless Rindler time is given by

τ_R = 1 2 ( (d + 2)R^2 − dL^2 RL^2 ) t . (3.12)

Note that this reduces to eq. (2.13) for D = 3, d = 0 as expected. Using eqs. (2.14) and (3.12) we find the Rindler energy

E_R = R^{d+1} 4G_D . (3.13)

Again we observe that E_R is proportional to the entropy of the cosmological horizon; S_{adS} = Ω_{d+1}(d+1)E_R where Ω_{d+1} is the volume of the unit S^{d+1}. As before, this result can be microscopically explained in terms of a long string (with tension T = 1/2πℓ^2_s and c = 6) situated at the stretched cosmological horizon. The energy of the string is E_{sh} = E_R/ℓ_s and its entropy is equal to that of the cosmological horizon. A cosmological observer with time t sees the string tension rescaled due to the gravitational redshift to T_{str} = ((d + 2)R^2 − dL^2)^2/8πR^2L^4. The temperature of the space is given by the rescaled Hagedorn temperature of the string, T_{adS} = ((d+2)R^2 −dL^2)/4πRL^2 which agrees with eq. (3.3).

We now argue, as in the D = 3 case, that the two descriptions of asymptotically dS_D space are equivalent. Seen from the boundary, the energy and temperature of the string on the cosmological stretched horizon are rescaled by the redshift factor ℓ_s((d + 2)R^2 − dL^2)/R^2L. The entropy does not get rescaled so we have S_{BND} = S_{str} = S_{adS}. We see that the boundary theory describes a string with a tension ((d + 2)R^2 − dL^2)^2/8πR^4L^2. The temperature of the boundary theory is the rescaled Hagedorn temperature of the string, i.e. T_{BND} = ((d + 2)R^2 − dL^2)/4πR^2L which agrees with T_{adS} in eq. (3.3) up to the redshift factor. The energy of the boundary theory becomes E = E_R(d + 2)R^2 − dL^2)/2R^2L which is related to E_{BND} in eq. (3.6) by a shift which depends on R.

We found that the boundary theory in which the entropy is given by the Cardy-Verlinde formula actually describes a string with a rescaled tension. This is very surprising since the boundary for D > 3 is not two dimensional. It seems that this relation between the boundary theory and the string on the stretched horizon is the origin of the apparent twodimensional nature of the Cardy-Verlinde formula for D-dimensional boundary theories.

4. Conclusions and discussion

In this paper we showed that the boundary theories which are dual to asymptotically de Sitter spaces describe strings with rescaled tensions. This can be easily seen from the Cardy-Verlinde formula which shows that the entropy is proportional to the energy. The

– 7 – string that the boundary theory describes lives at the cosmological stretched horizon and its tension is rescaled due to the large gravitational redshift between the boundary and the horizon. The temperature of the boundary theory is the rescaled Hagedorn temperature of the string. The energy of the boundary theory and that of the string are related by the gravitational redshift and an additive shift. The reason for the appearance of two different energies in these descriptions is not clear to us. This picture agrees with an alternative description of asymptotically de Sitter spaces in terms of strings with rescaled tension at the stretched horizon. The two descriptions are related by the gravitational redshift between the boundary and the stretched horizon. The boundary description of the space allows for computation of scattering amplitudes etc. but is not accessible to any observer since it takes place beyond the cosmological horizon. The string decription is not suitable for explicit calculations but describes degrees of freedom that can be observed since they are inside the cosmological horizon. In this sense, the two descriptions seem to complement each other.

An important feature of asymptotically de Sitter spaces is their instability due to Hawking radiation from the black hole. On the boundary theory this is described by the RG group flow from the IR to the UV. How is this represented in the description with the string at the stretched horizon? In this description, each horizon is described by a string that lives at the respective stretched horizon. The string at the stretched black hole horizon has a higher temperature than the one at the stretched cosmological horizon (as seen by a cosmological observer) and therefore it emits radiation (small closed strings) which are absorbed by the string at the stretched cosmological horizon. Due to this absorbtion of energy the string at the stetched cosmological horizon gets longer which effectively increases the radius of the cosmological horizon.

In the description with the strings there is a symmetry between the two horizons; they are both described by strings in the same manner. On the other hand, it is known that in the framework of the dS/CFT correspondence, a description of the black hole horizon in terms of a boundary theory is lacking. Perhaps, the above relation between the two descriptions of asymptotically de Sitter space is an indication that the black hole horizon is described by a(nother) boundary theory on I^−.

It would be interesting to see if the above equivalence betwen the two descriptions can be generalized to flat space. Black objects in flat space-time can be described by strings with rescaled tensions living on stretched horizons. A naive extrapolation of our results show that, in the flat space-time case, the boundary goes to infinity and the central charge of the boundary theory diverges. It seems difficult to make sense out of such a theory. On the other hand, one can speculate that the holographic theory lives on the horizon of the black object with a central charge fixed by the black hole (and not the cosmological) radius.

Our results indicate that there is a clear relation between strings that live on stretched horizons and the holographic field theories that are dual to a given space-time [29, 30]. In this paper we showed this for asymptotically de Sitter spaces and their holographic duals. In order to continue along these lines, one needs to better understand the field theories in question. This is problematic for asymptotically de Sitter spaces since the field theories on the boundary are euclidean and not unitary. On the other hand, it seems that all our results

– 8 – hold equally well to an AdS black hole in the context of of AdS/CFT correspondence. It would be worthwile to examine the role of strings on stretched horizons in AdS space and their relation to the boundary theories which are better understood.

Acknowledgments

I would like to thank the referee of hep-th/0107169 for pointing out the possibility of energy shifts between the two descriptions of de Sitter spaces.

References

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

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

hep-th/0110007.

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

[4] U.H. Danielsson, A black hole hologram in de Sitter space, J. High Energy Phys. 03 (2002) 020 [hep-th/0110265].

[5] E. Halyo, On the cardy-verlinde formula and the de Sitter/CFT correspondence, J. High Energy Phys. 03 (2002) 009 [hep-th/0112093].

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

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

B 519 (2001) 145 [hep-th/0106191]; Quantum cosmology, inflationary brane-world creation and dS/CFT correspondence, J. High Energy Phys. 12 (2001) 033 [hep-th/0107134]; Wilson loop and dS/CFT correspondence, Phys. Lett. B 528 (2002) 169 [hep-th/0112152].

[8] E. Halyo, de Sitter entropy and strings, hep-th/0107169.

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

[10] T. Shiromizu, D. Ida and T. Torii, Gravitational energy, dS/CFT correspondence and cosmic no-hair, J. High Energy Phys. 11 (2001) 010 [hep-th/0109057].

[11] R.-G. Cai, Cardy-Verlinde formula and asymptotically de Sitter spaces, Phys. Lett. B 525 (2002) 331 [hep-th/0111093]; Cardy-Verlinde formula and thermodynamics of black holes in de Sitter spaces, Nucl. Phys. B 628 (2002) 375 [hep-th/0112253].

[12] A.J.M. Medved, CFT on the brane with a Reissner-Nordstrom-de Sitter twist,

hep-th/0111182; dS/CFT duality on the brane with a topological twist, Class. and Quant.

Grav. 19 (2002) 919 [hep-th/0111238]; A holographic interpretation of asymptotically de Sitter spacetimes, Class. and Quant. Grav. 19 (2002) 2883 [hep-th/0112226].

[13] S. Ogushi, Holographic entropy on the brane in de Sitter Schwarzschild space, Mod. Phys.

Lett. A 17 (2002) 51 [hep-th/0111008].

[14] V. Balasubramanian, J. de Boer and D. Minic, Mass, entropy and holography in asymptotically de Sitter spaces, Phys. Rev. D 65 (2002) 123508 [hep-th/0110108].

– 9 –

[15] A.C. Petkou and G. Siopsis, dS/CFT correspondence on a brane, J. High Energy Phys. 02 (2002) 045 [hep-th/0111085].

[16] A.M. Ghezelbash and R.B. Mann, Action, mass and entropy of Schwarzschild-de Sitter black holes and the de Sitter/CFT correspondence, J. High Energy Phys. 01 (2002) 005 [hep-th/0111217];

A.M. Ghezelbash, D. Ida, R.B. Mann and T. Shiromizu, Slicing and brane dependence of the (A)dS/CFT correspondence, Phys. Lett. B 535 (2002) 315 [hep-th/0201004].

[17] M. Cvetič, S. Nojiri and S.D. Odintsov, Black hole thermodynamics and negative entropy in desitter and anti-de Sitter Einstein-Gauss-Bonnet gravity, Nucl. Phys. B 628 (2002) 295 [hep-th/0112045].

[18] R. Bousso, A. Maloney and A. Strominger, Conformal vacua and entropy in de Sitter space, Phys. Rev. D 65 (2002) 104039 [hep-th/0112218].

[19] M. Spradlin and A. Volovich, Vacuum states and the s-matrix in dS/CFT, Phys. Rev. D 65 (2002) 104037 [hep-th/0112223].

[20] J.L. Cardy, Operator content of two-dimensional conformally invariant theories, Nucl. Phys.

B 270 (1986) 186.

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

[22] J. Bekenstein, Black holes and the second law, Lett. Nuovo Cim. 4 (1972) 737; Black holes and entropy, Phys. Rev. D 7 (1973) 2333; Generalized second law of thermodynamics in black hole physics, Phys. Rev. D 9 (1974) 3292.

[23] S. Hawking, Black hole explosions, Nature 248 (1974) 30; Particle creation by black holes, Commun. Math. Phys. 43 (1975) 199.

[24] L. Susskind, Some speculations about black hole entropy in string theory, hep-th/9309145.

[25] E. Halyo, A. Rajaraman and L. Susskind, Braneless black holes, Phys. Lett. B 392 (1997) 319 [hep-th/9605112].

[26] E. Halyo, B. Kol, A. Rajaraman and L. Susskind, Counting schwarzschild and charged black holes, Phys. Lett. B 401 (1997) 15 [hep-th/9609075].

[27] E. Halyo, Reissner-nordstroem black holes and strings with rescaled tension, Int. J. Mod.

Phys. A 14 (1999) 3831 [hep-th/9610068]; Four dimensional black holes and strings with rescaled tension, Mod. Phys. Lett. A 13 (1998) 1521 [hep-th/9611175].

[28] E. Halyo, Universal counting of black hole entropy by strings on the stretched horizon, J.

High Energy Phys. 12 (2001) 005 [hep-th/0108167].

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

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

[30] R. Bousso, A covariant entropy conjecture, J. High Energy Phys. 07 (1999) 004 [hep-th/9905177]; Holography in general space-times, J. High Energy Phys. 06 (1999) 028 [hep-th/9906022].

– 10 –