Received: November 25, 1998, Accepted: December 23, 1998

HYPER VERSION

Thermalization of Poincaré vacuum state and fermion emission from AdS_3 black holes in bulk-boundary correspondence

Nobuyoshi Ohta and Jian-Ge Zhou

Department of Physics, Osaka University Toyonaka, Osaka 560-0043, Japan E-mail: ohta@phys.wani.osaka-u.ac.jp, jgzhou@phys.wani.osaka-u.ac.jp

Abstract: The greybody factors for spin^1_2 particles in the BTZ black holes are discussed from 2D CFT in bulk-boundary correspondence. It is found that the initial state of spin^1_2 particle in the BTZ black holes can be described by the Poincaré vacuum state in boundary 2D CFT, and the nonlinear coordinate transformation causes the thermalization of the Poincaré vacuum state. For special case, our results for the greybody factors agree with the semiclassical calculation.

Keywords: Black Holes in String Theory, Conformal and W Symmetry, Models of Quantum Gravity, Black Holes.

In recent years there has been great progress in our understanding of black hole physics from string and conformal field theories (CFT). For reviews on this subject, see refs. [1]. Through these studies, it has been gradually realized that some 5D and 4D black holes contain BTZ black holes [2] in the near-horizon region [3, 4], and higher-dimensional black hole physics is essentially encoded in that of BTZ black holes. In fact it has been shown in ref. [5] that the Bekenstein-Hawking entropy for 5D and 4D black holes can be related to the entropy of BTZ black holes by making use of U-duality.

Though much work on the absorption and Hawking radiation in 5D and 4D black holes has also been made in the semiclassical analysis, D-brane picture, effective string model and effective 2D CFT in refs. [6]-[10], only recently one began to recognize that not only the Bekenstein-Hawking entropy but also the greybody factors in 5D and 4D black holes can be understood as effectively coming from the near-horizon BTZ geometry [11, 12, 13]. Since the recently discovered AdS/CFT correspondence [3, 14, 15] might play an important role in the fundamental quantum theory for the black holes via the near-horizon BTZ black holes, it is natural to expect that the greybody factors in the black holes should be elucidated in the context of the AdS/CFT correspondence.

Indeed the greybody factors for scalar fields have been derived by using the nearhorizon BTZ (AdS_3) geometry and AdS/CFT correspondence [11, 12]. In ref. [12], the initial state of scalar particles in BTZ black holes has been described by a Poincaré vacuum state in the boundary 2D CFT. The nonlinear coordinate transformation between the Poincaré coordinates (w_+, w_−) and the BTZ coordinates (u_+, u_−) induces a mapping of the operator O(w_+, w_−) to O(u_+, u_−) by Bogoliubov transformation, and the operator O(u_+, u_−) sees the Poincaré vacuum state as an excited mixed state, that is, they see the Poincaré vacuum state as thermal bath of excitations in BTZ modes [12, 16, 17]. The usual procedure to thermally average the initial state of scalar particles in the calculation of greybody factors is just to measure the Poincaré vacuum state by the operator O(u_+, u_−) in the BTZ coordinates.

In this paper, we discuss the greybody factors for spin^1_2 particle in the BTZ black holes from AdS/CFT correspondence. Though there have been many studies of correlation functions in the boundary theory from the bulk-boundary correspondence [18, 19, 20], these calculations have mostly been performed in the Poincaré coordinates. Only a few papers discussed the two-point correlation functions for scalar fields in the BTZ coordinates [12, 17].

To describe fermion emission from the BTZ black holes in the spirit of AdS/CFT correspondence, we need to calculate two-point correlation functions for spinor fields in the BTZ coordinates (including all coefficients in the calculation). As we know, the bulk-boundary Green functions for scalar fields in the BTZ coordinates only depend on the differences of the coordinates (Δu_+, Δu_−) [12, 17], and so it is manifestly invariant under the translations in the boundary BTZ coordinates. However, for spinor case, though the bulk-boundary Green function in Poincaré coordinates (w_+, w_−) is a function of Δw_+ and Δw_−, its form in the BTZ coordinates (u_+, u_−) not only depends on Δu_+ and Δu_−, but also on (u_+, u_−; u^′_+, u^′_−). The reason is that when we construct bulk-boundary Green functions in the Poincaré coordinates, we apply an element of the O(3, 1) isometry group of AdS_3 to move the singularity from y = ∞ to an arbitrary point on the boundary which has to be accompanied by a compensating local Lorentz transformation for spinor fields to preserve the gauge fixing on the dreibein [18], and this local Lorentz transformation in the bulk breaks the manifest invariance of the bulk-boundary Green functions under the translations in the boundary BTZ coordinates. Due to this special behavior of the bulk-boundary Green functions in the BTZ coordinates, it is highly nontrivial to check whether the two-point correlation functions for spinor fields in the BTZ coordinates take the expected form with translational invariance [9, 12]. Remarkably we find that this is indeed true and that the greybody factors for spinor fields in the BTZ black holes obtained from AdS/CFT correspondence agree with the known results for a special case including the coefficients.

Let us first consider two-point correlation functions of the operators coupling to the boundary values of spinor fields in the Poincaré coordinates. The AdS_3 metric in the Poincaré coordinates is

ds^2 = l^2 y^2

(dy^2 + dw_+dw_−) . (1)

For simplicity, we choose the radius of our AdS_3 space l = 1 in the following discussions.

The free spinor action on AdS_3 is^1

S_0 = 1 2 ∫ dydw_+dw_− √ gΨ̄(D/ − m)Ψ . (2) For spinor fields, the action (2) vanishes for the field configuration that satisfies the equation of motion. The free action (2) should be supplemented by a boundary term [18], which can be induced from the Hamiltonian version of AdS/CFT correspondence [21]

S_1 = lim_{y→0} 1 4 ∫ dw_+dw_− √ g_0Ψ̄Ψ , (3)

where g_0 is the determinant of the induced metric y^{−4} [18]. It has been shown that the theory thus defined is equivalent to CFT on the two-dimensional boundary even though the bulk action in AdS_3 looks not conformally invariant in three dimensions [18].

1We take Γ^y = σ^3, Γ^1 = σ^1, Γ^2 = σ^2 and w^± = x^1 ∓ix^2 in Euclidean case, Γ^0 = −iΓ^2, w^± = x^1 ±t in Minkowski case, and Γ^± = (Γ^1 ± Γ^0)/2. Note that dtdx =^1_2 dw_+dw_−.

The bulk field Ψ(y, w_+, w_−) and Ψ̄(y, w_+, w_−) can be obtained from the boundary value ψ(w_+, w_−) and ψ̄(w_+, w_−) by [18]

Ψ (y, w_+, w_−) = m +^1_2 2π ∫ dw^′_+dw^′_− [ yΓ^y + ( w_+ − w^′_+ ) Γ^− + ( w_− − w^′_− ) Γ^+ ] × × [ y^2 + ( w_+ − w^′_+ )( w_− − w^′_− )]_{−3/2+mΓ}y y^{1−mΓy} ψ ( w^′_+, w^′_− ) , Ψ̄ (y, w_+, w_−) = m +^{12} 2π ∫ dw^′_+dw^′_−ψ̄ ( w^′_+, w^′_− ) y^{1+mΓy} × × [ y^2 + ( w_+ − w^′_+ ) ( w_− − w^′_− )]_{−3/2−mΓ}y × × [ yΓ^y + ( w_+ − w^′_+ ) Γ^− + ( w_− − w^′_− ) Γ^+ ] . (4)

If we take mass m positive, we have to choose Γ^yψ(w_+, w_−) = −ψ(w_+, w_−) and ψ̄(w_+, w_−)Γy = ψ̄(w_+, w_−) for the consistency of the theory [18], which means that ψ(w_+, w_−) can be written as

ψ (w_+, w_−) = ( 0 ψ_0 (w_+, w_−) ) . (5)

Then eq. (4) is recast into

Ψ (y, w_+, w_−) = ∫ dw^′_+dw^′_−K_P ( y, w_+, w_−; w^′_+, w^′_− ) ψ_0 ( w^′_+, w^′_− ) , Ψ̄ (y, w_+, w_−) = ∫ dw^′_+dw^′_−ψ^†_0 ( w^′_+, w^′_− ) K̃_P ( y, w_+, w_−; w^′_+, w^′_− ) , (6)

with the normalized bulk-boundary Green functions in the Poincaré coordinates given by K_P ( y, w_+ − w^′_+, w_− − w^′_− ) = m +^1_2 2π y^{m+1} [ y^2 + ( w_+ − w^′_+ ) ( w_− − w^′_− )]_{−m−3/2} × × ( w_+ − w^′_+ −y ) , K̃_P ( y, w_+ − w^′_+, w_− − w^′_− ) = − m +^1_2 2π y^{m+1} [ y^2 + ( w_+ − w^′_+ ) ( w_− − w^′_− )]_{−m−3/2} × × ( y, w_+ − w^′_+ ) , (7)

where K_P and K̃_P are manifestly invariant under the translations in the boundary Poincaré coordinates (w_+, w_−).

The coupling between the operators and the boundary values of spinor fields takes the form S(ψ̄, ψ) = 1 2 ∫ dw_+dw_− ( Ōψ + ψ̄O ) (w_+, w_−) . (8)

Owing to eq. (5), without any loss of generality, we can choose

O(w_+, w_−) = ( O_0(w_+, w_−) 0 ) . (9)

The coupling (8) is then reduced to S = 1 2 ∫ dw_+dw_− ( −O^†_0ψ_0 + ψ^†_0O_0 ) (w_+, w_−) . (10)

According to AdS/CFT correspondence, the relation between string theory in the bulk and field theory on the boundary is [15]

e^{−S1(Ψ̄,Ψ)} = ⟨e^{S(ψ̄,ψ)}⟩_{CF T} . (11)

The two-point correlation function for spinor fields in the Poincaré coordinates is [18] ⟨ O^†_0 (w_+, w_−) O_0 ( w^′_+, w^′_− )⟩ = m +^1_2 π 1 (w_+ − w^′_+)^{2h+} (w_− − w^′_−)^{2h−}

, (12)

with

h_+ = h − 1 4 , h_− = h + 1 4 , h = m + 1 2 , h_− − h_+ = 1 2 , (13)

which shows that the conformal dimensions for O^†_0(w_+, w_−) and O_0(w_+, w_−) are (h_+, h_−) when we take m to be positive.

From the conformal invariance of the action (10), we know that the conformal dimensions for ψ^†_0(w_+, w_−) and ψ_0(w_+, w_−) are (1 − h_+, 1 − h_−).

Now we turn to the two-point correlation functions for spinor fields in the BTZ coordinates. The metric of the BTZ black holes is [2]

ds^2 = −

(r^2 − r^2_+)(r^2 − r^2_−) r^2 dt^2 + r^2 (r^2 − r^2_+)(r^2 − r^2_−) dr^2 + r^2 ( dϕ − r_+r_− r^2 dt )_2

, (14)

with periodic identification ϕ ∼ ϕ + 2π, where we have chosen l = 1. The mass and angular momentum are defined as

M = r^2_+ + r^2_− , J = 2r_+r_− . (15)

It has been shown that the metric of BTZ black holes can be transformed to that of AdS_3 locally by the transformation which in the region r >> r_± takes the form [16, 17] w_± = e^{2πT±u±} , (16) y = ( r^2_+ − r^2_−

r^2

) 1_2 e^{π(T+u++T−u−)} , (17) with T_± = r_+ ∓ r_− 2π , u_± = ϕ ± t . (18)

The boundary fields ψ^†_0(w_+, w_−) and ψ_0(w_+, w_−) have conformal dimensions (1− h_+, 1 − h_−), and so they transform as

ψ_0 (w_+, w_−) = ( dw_+ du_+ )_{h+−1} ( dw_− du_− )_{h−−1} ψ_0 (u_+, u_−) ,

ψ^†_0 (w_+, w_−) = ( dw_+ du_+ )_{h+−1} ( dw_− du_− )_{h−−1} ψ^†_0 (u_+, u_−) , (19)

under the transformation (16) and (17).

Combining eqs. (6), (7), (16), (17) and (19), we find that the relation between the bulk and boundary fields in the BTZ coordinates is changed into

Ψ (r, u_+, u_−) = ∫ du^′_+du^′_−K_B ( r, u_+, u_−; u^′_+, u^′_− ) ψ_0 ( u^′_+, u^′_− ) , Ψ̄(r, u_+, u_−) = ∫ du^′_+du^′_−ψ^†_0 ( u^′_+, u^′_− ) K̃_B ( r, u_+, u_−; u^′_+, u^′_− ) , (20)

with K_B ( r, u_+, u^′_+; u_−, u^′_− ) = 2h −^1_2 2π (2πT_+)^{h+} (2πT_−)^{h−} e^{π2 (T+u+−T−u−)} ( r^2_+ − r^2_− r^2 )_h ×

× [ r^2_+ − r^2_−

r^2 e^{π(T+Δu++T−Δu−)} + 4 sinh (πT_+Δu_+) sinh (πT_−Δu_−)

]_−(_{2h+} 1_2 ) ×

× 2 sinh(πT_+Δu_+) − √_{r2} +−r^2_− r^2 e π(−T_+u^′_++T_−u_−) ,

K̃_B ( r, u_+, u^′_+; u_−, u^′_− ) = (2h −^1_2 ) 2π (2πT_+)^{h+} (2πT_−)^{h−} e^{π2 (T+u+−T−u−)} ( r^2_+ − r^2_− r^2 )_h × × [ r^2_+ − r^2_−

r^2 e^{π(T+Δu++T−Δu−)} + 4 sinh(πT_+Δu_+) sinh(πT_−Δu_−)

]_{−(2h+} 1_{2 )} × × − √ r^2_+ − r^2_−

r^2 e^{π(−T+u′++T−u−)}, −2 sinh(πT_+Δu_+) , (21) and Δu_+ = u_+ − u^′_+ , Δu_− = u_− − u^′_− . (22)

Note that in contrast to K_P (y, Δw_+, Δw_−) and K̃_P (y, Δw_+, Δw_−), K_B and K̃_B are not manifestly invariant under the translations in the boundary coordinates (u_+, u_−). This is because when we apply an element of the O(3, 1) isometry group of AdS_3 to construct the solution (4), we have to compensate local Lorentz transformation for spinor fields to preserve the gauge choice [18], and this local Lorentz transformation in the bulk breaks the manifest invariance of the bulk-boundary Green functions under translations in the boundary BTZ coordinates. Nevertheless, we will show that these Green functions give translationally invariant two-point correlation functions in the boundary coordinates.

In the BTZ coordinates, the boundary action S_1 in (3) turns into

S_1 = lim_{r→∞} 1 4 ∫ du_+du_− ( r^2 r^2_+ − r^2_− ) Ψ̄(r, u_+, u_−)Ψ(r, u_+, u_−) . (23)

Inserting eqs. (20) and (21) into (23), we have^2

S_1 = h_+ 8π ∫ du_+du_−du^′_+du^′_−ψ^†_0 ( u^′_+, u^′_− ) ( πT_+ sinh(πT_+Δu_+) )_{2h+} × × ( πT_− sinh(πT_−Δu_−) )_{2h−} ψ_0(u_+, u_−) . (24)

In the BTZ coordinates, the boundary action (10) for the operators O^†_0(w_+, w_−), O_0(w_+, w_−) and the boundary values of spinor fields can be written as S = 1 2 ∫ du_+du_−(−O^†_0ψ_0 + ψ^†_0O_0)(u_+, u_−) . (25)

By using eq. (11), one finds

G(t, ϕ) = ⟨O^†_0(u_+, u_−)O_0(0, 0)⟩ = h_+ 2π ( πT_+ sinh πT_+u_+

)_{2h+} ( πT_− sinh πT_−u_− )_{2h−} , (26)

which indicates that the operators O^†_0(u_+, u_−) and O_0(u_+, u_−) see the Poincaré vacuum state as an excited mixed state, that is, they see the Poincaré vacuum state as thermal bath of excitations in BTZ modes [12, 16, 17].

Before proceeding, it would be appropriate to compare the above method to derive (26) with Unruh’s calculation [22]. Here the equation of motion in the background of three-dimensional AdS space is solved and the bulk field is expressed by the boundary value of the corresponding field with the help of the normalized bulk-boundary Green function. By using the normalized Green function in the BTZ

2In deriving (24), we have exploited the formula

lim_{r→∞} ( r^2_+ − r^2_− r^2

)_{2h−}^1_2 [ r^2_+ − r^2_−

r^2 e^{π(T+Δu++T−Δu−)} + 4 sinh(πT_+Δu_+) sinh(πT_−Δu_−)

]_{−(2h+}^1_{2 )} = = π 2h_+(2πT_+)(2πT_−) δ(Δu_+)δ(Δu_−) .

coordinates, the conformal dimensions for boundary fields and eqs. (16) and (17), we can obtain eq. (26). In Unruh’s calculation for the fermion [22], on the other hand, the equation of motion in two-dimensional collapsing-shell metric was solved and a conformal transformation similar to (16) was exploited but not (17), since the equation of motion was analysed only in two dimensions. Thus the above method in the context of AdS/CFT correspondence is essentially different from Unruh’s calculation, but relies on Witten’s conjecture [15].

It is known that the normalization factor cannot be fixed in the effective CFT without recourse to string theory [9]. However with the help of the normalized bulk-boundary Green function we can determine the normalization factor for spin^1_2 particles. Also from the bulk-boundary correspondence, the dependence of conformal dimensions on the AdS_3 mass m can be read off easily.

Because of the periodic identification of the coordinate ϕ, the two-point correlation function G(t, ϕ) should be modified as [12, 17]

G_T (t, ϕ) = ⟨O^†_0(u_+, u_−)O_0(0, 0)⟩ = = h_+ 2π ∞∑ n=−∞ ( πT_+ sinh πT_+(ϕ + t + 2nπ)

)_{2h+} ( πT_− sinh πT_−(ϕ − t + 2nπ) )_{2h−} , (27)

where the terms for n ≠ 0 come from the twisted sectors of the operators O^†_0(u_+, u_−) and O_0(u_+, u_−) in the orbifold procedure u_± ∼ u_± +2nπ for the BTZ black holes [16].

The greybody factors for spinor fields in the BTZ black holes are given by [9, 11] σ_{abs} = 2π F ∫ dt ∫_{2π} 0 dϕe^{ip·x}[G_T (t − iϵ, ϕ) − G_T (t + iϵ, ϕ)] = 2π F ∫ dt ∫_∞ −∞ dϕe^{ip·x}[G(t − iϵ, ϕ) − G(t + iϵ, ϕ)] = h_+ F (2πT_+)^{2h+−1}(2πT_−)^{2h−−1} Γ(2h_+)Γ(2h_−) cosh ( ω 2T_H ) × × | | | |Γ ( h_+ + i ω 4πT_+ ) Γ ( h_− + i ω 4πT_− )| | | | 2 , (28)

where F is the incident fermion flux and we have assumed the scaling dimension for spinor fields is half an odd integer, which is true when we consider the mass term m induced from the Kaluza-Klein reduction from AdS_3 × S^3 × M_4 [23]. The Hawking temperature T_H is defined by 2 T_H = 1 T_+ + 1 T_− . (29)

The above calculation for greybody factors has been performed in the 2D CFT on the two-dimensional boundary, where the metric is given as ds^2 = dw_+dw_− in the boundary Poincaré coordinates (w_+, w_−) [18]. Thus we can use eq. (28) to derive greybody factors from the point of view of 2D CFT.

Usually the greybody factors describe scattering of asymptotic states from asymptotically flat black holes. Since AdS spacetimes do not have asymptotic states in the same sense as in asymptotically flat spacetimes, we should explain what “greybody factors for BTZ black holes” mean. In the limit of large number N of D-branes, the geometries of the 5D and 4D black holes are BTZ ×S^3 × M_4 and BTZ ×S^2 × M_5, respectively [16, 11], but they are asymptotically flat. For low-energy emission, the greybody factors in higher-dimensional black holes computed in gravity for asymptotically flat black holes are related to the two-point correlation functions obtained in large N D-brane gauge theories [6]. In the context of AdS/CFT correspondence, these two-point functions can in turn be computed from semiclassical gravity inside the throat region which becomes BTZ black hole in a suitable limit. Thus we can do a classical gravity calculation to compute the large N gauge theory two-point correlation functions which give the greybody factors for asymptotically flat black holes. All of this shows that the greybody factors in higher-dimensional black holes have their origin in BTZ black holes [11, 12, 13]. The boundary dynamics of BTZ black holes, which is controlled by 2D CFT, looks like hologram and contains the essential informations of higher-dimensional black holes [12].

On the other hand, in asymptotically flat spacetime, the asymptotic observer measures a decay rate which is modified by the greybody factor of the black hole. To define the Hawking emission rate for the BTZ black hole in the gravity calculations, we do not take an asymptotic observer, but an observer stationed at r ∼ l >> r_+, which means that we take the incoming flux in the region r ∼ l >> r_+ as the incident flux on the black hole [24, 25]. The reason for this choice is that in curved spacetime, an observer measures a thermal spectrum depending on his/her local temperature T_H / √ g_{00}, and for asymptotically flat spacetime √ g_{00} → 1 as r → ∞. For BTZ black holes with r_+ << l, we see that √ g_{00} → 1 when r ∼ l, so the observer in BTZ geometry measures a local temperature equal to the Hawking temperature at this position [25].

To compare the above result with that from the semiclassical calculation, we consider (h_+, h_−) = (^1_2 , 1) case. According to the definition for F in refs. [9, 25], we can choose F = 1. We find from eq. (28)

σ^{( 12 ,1)}_{abs} = π^2ω 4 cosh (_ω 2T_H ) cosh (_ω 4T_+ ) sinh (_ω 4T_− ) . (30)

The emission rate of the fermions is given by the product with thermal distribution:

Γ^{( 12 ,1)} = π^2ω 2 d^2k [ exp (_ω 2T_+ ) + 1 ] [ exp (_ω 2T_− ) − 1 ] , (31)

which agrees with the semiclassical gravity calculations in ref. [25] in near-extremal limit (T_− >> T_+) and for energies small in comparison with the size of the black holes (see eq. (34) there).^3

The agreement of greybody factors for spinor fields in the BTZ black holes obtained from AdS/CFT correspondence with that from semiclassical gravity calculations [25] supports the identification that the initial state of the particle in the BTZ black holes can be described by the Poincaré vacuum state in the boundary 2D CFT [12], and the nonlinear coordinate transformation (16) and (17) causes the thermalization of the Poincaré vacuum state which holds valid also for the spinor case. We believe that such an identification should also work for spin^3_2 Rarita-Schwinger fields in BTZ black holes. However, in the above discussions, we have only considered free fields. It would be interesting to check whether such an identification works for interacting theories.

In order to compare the fermion emission from black holes with three charges (Q_1, Q_5, n) in five-dimensional N = 8 supergravity between the above AdS/CFT approach and semiclassical analysis [10], we need to calculate two-point correlation functions for spin^1_2 particle in the near-horizon geometry of 5D black holes. By analogy with the scalar case, we expect that it has the form [12, 20] ⟨ O^†_0(u_+, u_−)O_0(0, 0) ⟩ = η_{5D} h_+ 2π ( πT_+ sinh πT_+u_+

)_{2h+} ( πT_− sinh πT_−u_− )_{2h−} . (32)

It is nice to see how to determine the coefficient η_{5D} for the spinor field precisely.

A recent work [26] suggested that in the very near horizon limit the above boundary 2D CFT is transformed into discrete light-cone quantization of a CFT which has a connection with matrix model [27]. It would be interesting to see how the above fermion emission from BTZ black holes in AdS/CFT correspondence is related to that in the context of matrix black holes [28]. Work along this line is under investigation.

Acknowledgments

We would like to thank Y. Satoh for useful discussions. This work was supported in part by the grant-in-aid from the Ministry of Education, Science, Sports and Culture No. 96208.

References

[1] A.W. Peet, Class. and Quant. Grav. 15 (1998) 3291 [hep-th/9712253];

M. Cvetič, hep-th/9810142.

[2] M. Bañados, C. Teitelboim and J. Zanelli, Phys. Rev. Lett. 69 (1992) 1849 [hep-th/9204099].

3In ref. [25], this has been evaluated effectively for the mass m =^1_2 (see eq. (9) there and note here that the parameter l has been set to 1), which corresponds precisely to h_+ =^1_2 , h_− = 1 according to eq. (13).

[3] J. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200].

[4] A. Strominger, JHEP 02 (1998) 009 [hep-th/9712251].

[5] K. Sfetsos and K. Skenderis, Nucl. Phys. B 517 (1998) 179 [hep-th/9711138];

S. Hyun, hep-th/9704005.

[6] A. Dhar, G. Mandal and S. Wadia, Phys. Lett. B 388 (1996) 51 [hep-th/9605234];

S. Das and S.D. Mathur, Nucl. Phys. B 478 (1996) 561 [hep-th/9606185]; Nucl. Phys. B 482 (1996) 153 [hep-th/9607149]; J. David, G. Mandal and S. Wadia, hep-th/9808168.

[7] J. Maldacena and A. Strominger, Phys. Rev. D 55 (1997) 861 [hep-th/9609026];

Phys. Rev. D 56 (1997) 4975 [hep-th/9702015].

[8] C.G. Callan, S. Gubser, I. Klebanov and A.A. Tseytlin, Nucl. Phys. B 489 (1997) 65 [hep-th/9610172];

I. Klebanov and M. Krasnitz, Phys. Rev. D 55 (1997) 3250 [hep-th/9612051]; Phys. Rev. D 56 (1997) 2173 [hep-th/9703216];

S. Gubser, Phys. Rev. D 56 (1997) 4984 [hep-th/9704195];

M. Cvetič and F. Larsen, Phys. Rev. D 56 (1997) 4994 [hep-th/9705192]; Nucl. Phys. B 506 (1997) 107 [hep-th/9706071]; Phys. Rev. D 57 (1998) 6297 [hep-th/9712218].

[9] S. Gubser, Phys. Rev. D 56 (1997) 7854 [hep-th/9706100].

[10] K. Hosomichi, Nucl. Phys. B 524 (1998) 312 [hep-th/9711072]; JHEP 06 (1998) 009 [hep-th/9806010].

[11] E. Teo, Phys. Lett. B 436 (1998) 269 [hep-th/9805014].

[12] H.J.W. Müller-Kirsten, N. Ohta and J.-G. Zhou, Phys. Lett. B 445 (1999) 287 [hep-th/9809193].

[13] Y. Satoh, hep-th/9810135.

[14] S. Gubser, I. Klebanov and A. Polyakov, Phys. Lett. B 428 (1998) 105

hep-th/9802109.

[15] E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[16] J. Maldacena and A. Strominger, hep-th/9804085.

[17] E. Keski-Vakkuri, hep-th/9808037.

[18] M. Henningson and K. Sfetsos, Phys. Lett. B 431 (1998) 63 [hep-th/9803251];

W. Mück and K. Viswanathan, Phys. Rev. D 58 (1998) 106006 [hep-th/9805145]; A. Chezelbash, K. Kaviani, S. Parvizi and A. Fatollahi, Phys. Lett. B 435 (1998) 291 [hep-th/9805162].

[19] W. Mück and K. Viswanathan, Phys. Rev. D 58 (1998) 041901 [hep-th/9804035];

H. Liu and A.A. Tseytlin, Nucl. Phys. B 533 (1998) 88 [hep-th/9804083];

hep-th/9807097;

T. Banks and M. Green, JHEP 05 (1998) 002 [hep-th/9804170]; G. Chalmers, H. Nastase, K. Schalm and R. Siebelink, hep-th/9805105; S. Lee, S. Minwalla, M. Rangamani and N. Seiberg, Adv. Theor. Math. Phys. 2 (1998) 697 [hep-th/9806074];

E. D’Hoker, D.Z. Freedman and W. Skiba, Phys. Rev. D 59 (1999) 045008 [hep-th/9807098];

S. Corley, hep-th/9808184;

A. Volovich, JHEP 09 (1998) 022 [hep-th/9809009].

[20] D.Z. Freedman, S.D. Mathur, A. Matusis and L. Rastelli, hep-th/9804058;

hep-th/9808006.

[21] G. Arutyunov and S. Frolov, hep-th/9806216.

[22] W.G. Unruh, Phys. Rev. D 14 (1976) 870.

[23] S. Deger, A. Kaya, E. Sezgin and P. Sundell, Nucl. Phys. B 536 (1998) 110 [hep-th/9804166].

[24] D. Birmingham, I. Sachs and S. Sen, Phys. Lett. B 413 (1997) 281 [hep-th/9707188];

H.W. Lee and Y.S. Myung, Phys. Rev. D 58 (1998) 104013 [hep-th/9804095];

hep-th/9808002.

[25] A. Dasgupta, hep-th/9808086.

[26] A. Strominger, JHEP 01 (1999) 007 [hep-th/9809027].

[27] T. Banks, W. Fischler, S. Shenker and L. Susskind, Phys. Rev. D 55 (1997) 5112 [hep-th/9610043];

L. Susskind, hep-th/9704080.

[28] T. Banks, W. Fischler, I.R. Klebanov and L. Susskind, Phys. Rev. Lett. 80 (1998) 226 [hep-th/9709091]; JHEP 01 (1998) 008 [hep-th/9711005]; I. Klebanov and L. Susskind, Phys. Lett. B 416 (1998) 62 [hep-th/9709108]; E. Halyo, JHEP 04 (1998) 011 [hep-th/9709225];

G. Horowitz and E. Martinec, Phys. Rev. D 57 (1998) 4935 [hep-th/9710217]; M. Li, JHEP 01 (1998) 009 [hep-th/9710226];

H. Liu and A.A. Tseytlin, JHEP 01 (1998) 010 [hep-th/9712063]; D. Minic, hep-th/9712202;

T. Banks, W. Fischler and I. Klebanov, Phys. Lett. B 423 (1998) 54 [hep-th/9712236];

N. Ohta and J.-G. Zhou, Nucl. Phys. B 522 (1998) 125 [hep-th/9801023]; M. Li and E. Martinec, hep-th/9801070;

D. Kabat and G. Lifschytz, JHEP 12 (1998) 002 [hep-th/9806214].