arXiv:hep-th/0606069 v2 16 Aug 2006

KUNS-2029

Hawking Radiation from Rotating Black Holes and Gravitational Anomalies

Keiju Murata^∗ and Jiro Soda^† Department of Physics, Kyoto University, Kyoto 606-8501, Japan (Dated: August 16, 2006)

We study the Hawking radiation from Rotating black holes from gravitational anomalies point of view. First, we show that the scalar field theory near the Kerr black hole horizon can be reduced to the 2-dimensional effective theory. Then, following Robinson and Wilczek, we derive the Hawking flux by requiring the cancellation of gravitational anomalies. We also apply this method to Hawking radiation from higher dimensional Myers-Perry black holes. In the Appendix, we present the trace anomaly derivation of Hawking radiation to argue the validity of the boundary condition at the horizon.

PACS numbers: 04.70.Dy

I. INTRODUCTION

Understanding of physics of the black hole horizon, such as the black hole entropy and the Hawking radiation, is believed to be a hint for the quantum theory of gravity. Many efforts have been devoted to this theme. Recently, there was a progress in understanding of black hole entropy [1]. There, the breakdown of the diffeomorphism symmetry at the horizon, namely anomalies, played an important role. Since the Hawking radiation [2] as well as the black hole entropy is the property inherent in the horizon, it is natural to expect that the Hawking radiation is also associated with anomalies.

Many years ago, Christiansen and Fulling found that Hawking radiation can be derived from the trace anomaly [3] in the case of (1+1)-dimensional Schwarzschild spacetime. In this approach, as is usual, boundary conditions both at the horizon and at the infinity are required to specify the vacuum. Hence, it is difficult to attribute the Hawking radiation to the property of the event horizon. It should be also mentioned that the method is not applicable to more than (2+1)-dimension. Recently, Robinson and Wilczek suggested a new derivation of Hawking radiation from Schwarzschild black holes through gravitational anomalies [4]. It should be noted that this derivation is applicable to any dimension. In their work, the Hawking radiation is understood as compensating flux to cancel gravitational anomalies at the horizon. The advantage of this derivation is that it requires the information only at the horizon. In order to prove that this gravitational anomaly method is relevant, we need to show the universality of it. Concerning this, Iso et al. have shown that the Hawking radiation from Reissner- Nordstrom black holes can be explained as the flux which cancel gravitational and U (1) gauge anomalies [5]. They have also clarified the boundary condition at the horizon.

In this paper, we further extend Robinson and Wilczek’s derivation of Hawking radiation [4] to rotat-

∗Electronic address: murata@tap.scphys.kyoto-u.ac.jp †Electronic address: jiro@tap.scphys.kyoto-u.ac.jp

ing black holes. We also discuss the boundary condition at the horizon by comparing the gravitational anomaly method with the trace anomaly method [3].

The organization of this paper is as follows: in sec.II, we review the gravitational anomaly method. In sec.III, we apply the gravitational anomaly method to Kerr black holes. In sec.IV, higher dimensional black holes, the socalled Meyers-Perry solutions, are considered. The final section is devoted to the conclusion. In the Appendix, we present the trace anomaly method to argue the validity of the boundary condition at the horizon.

II. HAWKING RADIATION AND GRAVITATIONAL ANOMALIES

In this section, we will review the gravitational anomaly method [4, 5] to make the paper self-contained.

Consider the metric of the type,

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

where f(r) is some function which admits the event horizon. The horizon is located at r = r_H , where f(r_H ) = 0. The surface gravity is given by κ =^1_2 ∂_rf|_{rH} . First, we show that the scalar field theory on this metric can be reduced to the 2-dimensional theory. The action of the scalar field is S[φ] = 1 2 ∫ d^Dx √ −g φ∇^2φ = 1 2 ∫ d^Dx r^{D−2} √ γ × φ ( − 1 f ∂^2_t + 1 r^{D−2} ∂_rr^{D−2}f∂_r + 1 r^2

Δ_Ω ) φ , (2) where γ is the determinant of dΩ^2_{D−2} and Δ_Ω is the collection of the angular derivatives. Now we take the limit r → r_H and leave only dominant terms. Thus, the action becomes S[φ] = r_H^{D−2} 2 ∫ d^Dx √ γ φ ( − 1 f ∂^2_t + ∂_r f∂_r ) φ = ∑ n r_H^{D−2} 2 ∫ dtdr φ_n ( − 1 f ∂^2_t + ∂_rf∂_r ) φ_n (3)

in the second line φ is expanded by (D − 2)-dimensional spherical harmonics. This action is infinite set of the scalar fields on the 2-dimensional metric

ds^2 = −f(r)dt^2 + 1 f(r) dr^2 . (4)

Thus, we can reduce the scalar field theory in D-dimensional black hole spacetime to that in 2- dimensional spacetime near the horizon.

In this 2-dimensional spacetime, we treat the black hole horizon as the boundary of the spacetime and discard ingoing modes near the horizon because these ingoing modes cannot affect the dynamics of the scalar fields out of horizon. This 2-dimensional theory is chiral. Let us split the region into two ones: r_H ≤ r ≤ r_H + ϵ where the theory is chiral and r_H + ϵ ≤ r where the theory is not chiral. We will take the limit ϵ → 0 ultimately. It is known that the gravitational anomaly arises in 2- dimensional chiral theory and its explicit form takes [6, 7, 8]

∇_μT^μ_ν = − 1 96π √ −g ϵ^{βδ}∂_δ ∂_αΓ^α_{νβ} , (5)

where the convention ϵ^{01} = +1 is used. We define A_ν and N^μ_ν as ∇_μT^μ_ν ≡ A_ν ≡ 1 √ −g ∂_μN^μ_ν . (6)

In the region of r_H + ϵ ≤ r, we have A_ν = N^μ_ν = 0. But in the near horizon, r_H ≤ r ≤ r_H + ϵ, the components of these are

N^t_t = N^r_r = 0 ,

N^r_t = − 1 192π

(f^{′2} + f^{′′}f) ,

N^t_r = − 1 192πf^2 (f^{′2} − f^{′′}f) , (7)

and A_t = − 1 192π

(f^{′2} + f^{′′}f)^′ ,

A_r = 0 , (8)

where^′ ≡ ∂_r denotes the derivative with respect to r.

The effective action for the metric g_{μν} after integrating out the scalar field is

W [g_{μν}] = −i ln (∫ Dϕ e^{iS[ϕ, gμν ]} ) (9) where S[ϕ, g_{μν} ] is the classical action. The infinitesimal general coordinate transformation

x^μ −→ x^μ − λ^μ (10)

induces the variation of the effective action −δ_λW = ∫ d^2x √ −g λ^ν ∇_μ{T_{(H)}^μ_νH(r) + T_{(o)}^μ_ν Θ_+(r)} = ∫ d^2x λ^t{∂_r(N^r_tH)

+ (T_{(o)}^r_t − T_{(H)}^r_t + N^r_t)δ(r − r_H − ϵ)} + ∫ d^2x λ^r(T_{(o)}^r_r − T_{(H)}^r_r)δ(r − r_H − ϵ) , (11)

where Θ_+(r) = Θ(r − r_H − ϵ) and H(r) = 1 − Θ_+(r). The subscript H and o represent the value in the region r_H ≤ r ≤ r_H + ϵ and r_H + ϵ ≤ r, respectively. To obtain the last result, we used the fact that T_{(o)}^μ_ν is covariantly conserved and T_{(H)}^μ_ν obeys anomalous equation (5).

Taking into account the time independence of T_{(H)}^μ_ν and T_{(o)}^μ_ν, we can integrate Eq. (6) as

T^t_t = − K + Q f − B(r) f − I(r) f + T^α_α(r) ,

T^r_r = K + Q f + B(r) f + I(r) f , T^r_t = −K + C(r) = −f^2T^t_r ,

(12)

where T represents T_{(H)} or T_{(o)}, C(r) ≡ ∫_r r_H A_t(r^′)dr^′ , B(r) ≡ ∫_r r_H f(r^′)A_r(r^′)dr^′ , I(r) ≡ 1 2 ∫_r r_H T^α_α(r^′)f^′(r^′)dr^′ ,

(13)

and K and Q are constants of integration. We denote the constants by K_H , Q_H and K_o, Q_o at the region r_H ≤ r ≤ r_H + ϵ and r_H + ϵ ≤ r respectively. From Eq. (8), B(r) should be zero. In the limit r → r_H , we have C(r) → 0 and I(r)/f →^1_2 T^α_α(r_H ). Thus, Eq. (12) becomes

T^t_t = − K + Q f + 1 2 T^α_α(r) , T^r_r = K + Q f + 1 2 T^α_α(r) , T^r_t = −K = −f^2T^t_r .

(14)

The four constants K_H , K_o, Q_H and Q_o have to be determined to cancel the gravitational anomaly. Substituting Eq. (14) into Eq. (11) and taking the limit ϵ → 0, we obtain −δ_λW = ∫ d^2x λ^t{∂_r(N^r_tH)

+ (−K_H + K_o + N^r_t)δ(r − r_H )} + ∫ d^2x λ^r K_H + Q_H − K_o − Q_o f δ(r − r_H ) . (15)

In order to keep the diffeomorphism invariance, this variation should vanish. Since the first term cannot be canceled by delta function terms, it should be canceled by the quantum effect of the ingoing modes. Therefore, we ignore the first term. Setting δ_λW = 0, we get

K_o = K_H − Φ , Q_o = Q_H + Φ ,

(16)

where Φ ≡ f^{′2} 192π | | | | |_{r=rH} = κ^2 48π . (17)

We need to know K_H to obtain the Hawking flux. For this purpose, we adopt the boundary condition proposed in [5]. Let us introduce the covariant energy momentum tensor T̃_{μν} which satisfies the covariant anomaly equation

∇_μT̃^μ_ν = 1 96π √ −g ϵ_{μν} ∂^μR . (18)

We impose the boundary condition on the covariant anomalous energy momentum tensor T̃^{μν}_{(H)}, since the boundary condition at the horizon should be diffeomorphism invariant. The boundary condition we take is

T̃^r_{(H) t} = T_{(H)}^r_t − 1 192π

(ff^{′′} − 2f^{′2}) = 0 . (19)

We discuss the validity of this boundary condition in the Appendix. Thus, we obtain K_H = 2Φ and therefore

T_{(o)}^r_t = −Φ . (20)

So, Φ is the flux of Hawking radiation. The flux of black body radiation in 2-dimension is Φ =^π_{12} T^2. Comparing this with (17), we get the correct Hawking temperature of the black hole T = κ 2π . (21)

It is important to extend the above analysis to more realistic rotating black holes.

III. HAWKING RADIATION FROM KERR BLACK HOLES

In this section, we will show that the Hawking radiation from Kerr black holes can be understood as the flux cancelling the gravitational anomaly. The point is that, near the horizon, the scalar field theory in 4- dimensional Kerr black hole spacetime can be reduced to the 2-dimensional field theory. As the spacetime is not spherically symmetric, this is an unexpected result.

In Boyer-Linquist coordinates, Kerr metric reads

ds^2 = −

Δ − a^2 sin^2 θ Σ dt^2 − 2a sin^2 θ r^2 + a^2 − Δ Σ dtdϕ + (r^2 + a^2)^2 − Δa^2 sin^2 θ Σ sin^2 θdϕ^2 + Σ Δ dr^2 + Σdθ^2 (22)

where Σ = r^2 + a^2 cos^2 θ , Δ = r^2 − 2M r + a^2 = (r − r_+)(r − r_−) .

(23)

The outer and inner horizon are located at r = r_+, r_− respectively. The determinant of the metric is √ −g = Σ sin θ , (24)

and the inverse of the metric of (t, ϕ) parts is g^{tt} = − (r^2 + a^2)^2 − Δa^2 sin^2 θ ΣΔ , g^{ϕϕ} = Δ − a^2 sin^2 θ

ΣΔ sin^2 θ , g^{tϕ} = − a(r^2 + a^2 − Δ) ΣΔ . (25)

The action for the scalar field in the Kerr spacetime is S[φ] = 1 2 ∫ d^4x √ −g φ∇^2φ = 1 2 ∫ d^4x √ −g φ 1 Σ [ − ( (r^2 + a^2)^2 Δ − a^2 sin^2 θ ) ∂^2_t − 2a(r^2 + a^2 − Δ) Δ ∂_t∂_ϕ + ( 1 sin^2 θ − a^2 Δ ) ∂^2_ϕ

+ ∂_rΔ∂_r + 1 sin θ

∂_θ sin θ∂_θ ] φ . (26)

Taking the limit r → r_+ and leaving the dominant terms, we have S[φ] = 1 2 ∫ d^4x sin θ φ [ − (r^2_+ + a^2)^2 Δ ∂^2_t − 2a(r^2_+ + a^2) Δ ∂_t∂_ϕ − a^2 Δ ∂^2_ϕ + ∂_rΔ∂_r ] φ . (27)

Now we transform the coordinates to the locally nonrotating coordinate system by { ψ = ϕ − Ω_H t , ξ = t , (28) where

Ω_H ≡ a r^2_+ + a^2

. (29)

Using (ξ, r, θ, ψ) coordinates, we can rewrite the action (27) as S[φ] = a 2Ω_H ∫ d^4x sin θ φ ( − 1 f(r) ∂^2_ξ + ∂_r f(r)∂_r ) φ , (30) where f(r) ≡ Ω_H Δ a . (31)

One can see the angular derivative terms disappear completely. The spherical harmonics expansion φ(x) = ∑ l,m φ_{l m}(ξ, r)Y_{l m}(θ, ψ) finally gives the effective 2- dimensional action S[φ] = a Ω_H ∑ l,m 1 2 ∫ dξdr

× φ_{l m} ( − 1 f(r) ∂^2_ξ + ∂_rf(r)∂_r ) φ_{l m} . (32)

The effective 2-dimensional metric can be read off from the above action as

ds^2 = −f(r)dξ^2 + 1 f(r) dr^2 . (33)

Thus, we have reduced the 4-dimensional field theory to the 2-dimensional one. This 2-dimensional metric tells us that, near the horizon, the geometry of Kerr spacetime is the Rindler spacetime when r_+ > r_−. In the extremal case r_+ = r_−, the near horizon geometry reduces to AdS_2 which is consistent with the result of [9].

Now we can derive the Hawking radiation from Kerr black holes using the formalism explained in Sec. II. The flux determined by the anomaly cancellation arguments is given by Eq.(18) from which we can read off the temperature as T = 1 4π ∂_rf|_{r+} = r^2_+ − a^2 4πr_+(r^2_+ + a^2) = √ M^2 − a^2 4πM (M + √ M^2 − a^2) . (34)

This is nothing but the Hawking temperature of Kerr black holes. Although we have not yet shown that this flux is Plankian, we assume this is so. In the view of 4-dimensional theory, the distribution function is (exp(ω/T ) − 1)^{−1} near the horizon in the (ξ, ψ) coordinates. In this coordinate, the scalar field with energy ω and axial quantum number m is φ ∝ exp(iωξ + imψ). In the (t, ϕ) coordinates, φ ∝ exp(i(ω − mΩ_H )t + imϕ)). Hence, in (t, ϕ) coordinates,we obtain the distribution function 1 exp((ω − mΩ_H )/T ) − 1

. (35)

Thus, we get the correct chemical potential for Kerr black holes. It is also easy to calculate the flux of the angular momentum from this result.

In the case of Kerr-Newman black holes with the electric charge Q and the magnetic charge P , the Hawking temperature of the neutral scalar field can be calculated similarly by replacing a^2 → a^2 + Q^2 + P^2.

IV. THE CASE OF MYERS-PERRY BLACK HOLES

The discussion in the previous section can be extended to Myers-Perry black holes with only one rotating axis. The Myers-Perry metric in D-dimension is [10, 11]

ds^2 = − dt^2 + U dr^2 V − 2M + 2M U (dt + n∑ i=1 a_iμ^2_i dϕ_i)^2

+ n∑ i=1 (r^2 + a^2_i )(μ^2_i dϕ^2_i + dμ^2_i ) + ϵr^2dμ^2_{n+ϵ}

(36)

where V = r^{ϵ−2} n∏ i=1 (r^2 + a^2_i ) ,

U = V (1 − n∑ i=1 a^2_i μ^2_i r^2 + a^2_i ) , (37)

and n is the integer part of (D − 1)/2 and ϵ = 1(D:even), 0(D:odd). The coordinates μ_i are not independent but obey the relation n∑ i=1 μ^2_i + ϵμ^2_{n+ϵ} = 1 . (38)

We consider the Myers-Perry black hole with one rotating axis. Denote a_1 = a, a_i = 0 (for i ≠ 1), μ_1 = μ and ϕ_1 = ϕ. Using the polar coordinates

μ = cos θ , μ_2 = sin θ cos θ_2 , μ_3 = sin θ sin θ_2 cos θ_3 , . . (39)

we can write the metric as

ds^2 = ( −1 + 2M U ) dt^2 + μ^2 ( r^2 + a^2 +

2M a^2μ^2 U ) dϕ^2 + 4M aμ^2 U dtdϕ + U dr^2 V − 2M + (r^2 + a^2)U V dθ^2 + r^2dγ^2 , (40)

where

dγ^2 ≡ sin^2 θdΩ^2_{n+ϵ−2} + (μ^2dϕ^2 + · · · + μ^2_ndϕ^2_n) , (41) and dΩ^2_{n+ϵ−2} is the metric of S^{n+ϵ−2} with coordinates (θ_2, · · · , θ_{n+ϵ−1}). The inverse of the metric of (t, ϕ) parts is given by g^{tt} = − V {(r^2 + a^2)U + 2a^2μ^2M } (r^2 + a^2)(V − 2M )U , g^{ϕϕ} = (U − 2M )V μ^2(r^2 + a^2)(V − 2M )U , g^{tϕ} = 2aM V (r^2 + a^2)(V − 2M )U , (42)

and the determinant of the metric is √ −g = μ(r^2 + a^2)U V r^{D−4} √ γ . (43)

Note that the horizon is located at r = r_+, determined by V (r = r_+) = 2M . The (t, r, ϕ) parts and (θ, θ_2, . . . , θ_{n+ϵ−1}, ϕ_2, . . . , ϕ_n) parts of the metric are decoupled and the inverse metric of (θ, θ_2, · · · , θ_{n+ϵ−1}, ϕ_2, · · · , ϕ_n) parts are nonsingular at the horizon, so these are negligible in the scalar field action near the horizon. Thus, near the event horizon, the scalar field action becomes S[φ] = 1 2 ∫ d^Dx √ −g φ∇^2φ = 1 2 ∫ d^Dx r^{D−4}_+ √ γ μ(r^2_+ + a^2) × φ [ − 2M V − 2M ( ∂_t − a r^2_+ + a^2 ∂_ϕ )_2

+ ∂_r V − 2M 2M ∂_r ] φ . (44)

Let us make the following transformation { ψ = ϕ +^a_{r2+ +a2} t , ξ = t . (45)

The result is given by S[φ] = (r^2_+ + a^2)r^{D−4}_+ 2 ∫ d^Dx √ γμ φ(− 1 f ∂^2_ξ + ∂_rf∂_r )φ = (r^2_+ + a^2)r^{D−4}_+ 2 × ∑ n ∫ dξdr φ_n(− 1 f ∂^2_ξ + ∂_r f∂_r )φ_n ,

(46)

where f(r) = V − 2M 2M . (47)

In the last line, we expanded φ using the complete set of orthonormal functions of (θ, θ_2, . . ., θ_{n+ϵ−1}, ψ, ϕ_2, . . . , ϕ_n) with the measure √ γμ. Eq. (46) is the action for infinite set of scalar fields in the 2-dimensional spacetime with the metric

ds^2 = −f(r)dξ^2 + 1 f(r) dr^2 . (48)

Using the procedure of Sec.II, we can get the correct Hawking temperature of Myers-Perry black holes as T = V^′(r_+) 8πM = (D − 3)r^2_+ + (D − 5)a^2 4πr_+(r^2_+ + a^2)

. (49)

V. CONCLUSION

We have shown that the Hawking radiation from Kerr blacks holes can be explained from gravitational anomalies point of view. The key to show this is the dimensional reduction of the scalar field in the Kerr spacetime. This result has been further generalized to Myers-Perry black holes with the single angular momentum. We have also argued the validity of the boundary condition by comparing the gravitational anomaly method with the trace anomaly method in the case of 2-dimensional black holes. Thus, we have given an evidence of the universality of the gravitational anomaly method.

It is interesting to extend the present method to other tensor fields such as the gravitons. If we succeed to explain the Hawking radiation for these fields using gravitational anomaly method, our understanding of black hole physics would become more profound.

Some of recent researches on counting the black hole entropy are also related to anomalies [1, 12, 13]. It is interesting to give a unified view for both the black hole entropy and the Hawking radiation from gravitational anomalies point of view. In particular, incorporating the back reaction of Hawking radiation into the framework of the gravitational anomaly method is more challenging.

Note: while this manuscript was prepared for submission, we noticed the independent work by S.Iso, H. Umetsu, and F.Wilczek [14] on the same subject. A related work by Elias C. Vagenas and Saurya Das [15] appeared on the archive on the same day we submitted our paper.

Acknowledgments

This work is supported by the Grant-in-Aid for the 21st Century COE ”Center for Diversity and Universality in Physics” from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan. J.S. is supported by the Japan-U.K. Research Cooperative Program, the Japan-France Research Cooperative Program, the Grant-in-Aid for Scientific Research Fund of the Ministry of Education, Science and Culture of Japan No.18540262 and No.17340075.

APPENDIX A: COMPARISON WITH TRACE ANOMALY METHOD

We examine the validity of the boundary condition proposed by [5] in the context of 2-dimensional Schwarzschild black hole.

ds^2 = − ( 1 − 2M r ) dt^2 + ( 1 − 2M r )_{−1} dr^2 . (A1)

We will show that the gravitational anomaly method with the above boundary condition gives the same result as the one derived using the trace anomaly [3, 16]. Let us consider the massless scalar field theory in the 2-dimensional Schwarzschild black hole S = − 1 2 ∫ d^2x √ −gg^{μν} ∂_μφ∂_νφ . (A2) It is known that trace anomaly appear in this theory as

T^μ_μ = R 24π . (A3)

From this trace anomaly, one can obtain the quantum effective action W [g] = − 1 96π ∫ d^2x √ −gR 1 □ R . (A4)

Using the auxiliary field χ, we can rewrite this effective action as W [χ, g] = − 1 96π ∫ d^2x √ −g(−χ□χ + 2χR) . (A5) The energy momentum tensor is given by ⟨T_{μν} ⟩ = − 2 √ −g δW [χ, g] δg^{μν} = 1 48π [∇_μχ∇_ν χ − 2∇_μ∇_νχ + g_{μν} {2R − 1 2 (∇χ)^2}] .

(A6)

The equation of motion for χ is − ( 1 − 2M r )_{−1} ∂^2_t χ + ∂_r ( 1 − 2M r ) ∂_r χ = 4M r^3

. (A7)

The solution of this equation is

χ = at − log ( 1 − 2M r ) + A(r + 2M log(r − 2M )) + B (A8) where a, A, B are constants. Using this χ, the energy momentum tensor is

⟨T_{tt}⟩ = 1 12π ( − 2M r^3 + 7M^2 2r^4 ) + 1 48π A^2 + a^2 2 , ⟨T_{rr} ⟩ = − 1 48π ( 1 − 2M r )_{−2} ( 2M^2 r^4 − A^2 + a^2 2 ) , ⟨T_{rt}⟩ = 1 48π Aa 1 −^{2M}_r . (A9) We adopt Unruh vacuum condition [17], ingoing flux should be vanish at r = ∞ and free fall observer should observe regular energy momentum at r = 2M . That is { ⟨T_{vv}⟩ = 0 (at r = ∞) , ⟨T_{uu}⟩ = 0 (at r = 2M ) ,

(A10)

where { u = t − r − 2M log (_{r−2M} 2M ) , v = t + r + 2M log (_{r−2M} 2M ) . (A11)

From this boundary condition, we obtain A = −a = 1/4M . Thus, we get the flux of Hawking radiation

T^r_t = − 1 768πM^2

≡ −Φ . (A12)

Comparing this result with Eq. (12), we get K_o = Φ. That is K_H = 0 from Eq. (16). This means that the boundary condition proposed in [5] is justified at least in the case of 2-dimensional Schwarzschild black hole. This supports the validity of the boundary condition T̃^r_t = 0 at the horizon in any dimension.

[1] S. Carlip, arXiv:gr-qc/0601041.

[2] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Erratum-ibid. 46, 206 (1976)].

[3] S. M. Christensen and S. A. Fulling, Phys. Rev. D 15, 2088 (1977).

[4] S. P. Robinson and F. Wilczek, Phys. Rev. Lett. 95, 011303 (2005) [arXiv:gr-qc/0502074].

[5] S. Iso, H. Umetsu and F. Wilczek, Phys. Rev. Lett. 96, 151302 (2006) [arXiv:hep-th/0602146].

[6] R. A. Bertlmann and E. Kohlprath, Annals Phys. 288, 137 (2001) [arXiv:hep-th/0011067].

[7] L. Alvarez-Gaume and E. Witten, Nucl. Phys. B 234, 269 (1984).

[8] T. Kimura, Prog. Theor. Phys. 44, 1353 (1970). [9] J. M. Bardeen and G. T. Horowitz, Phys. Rev. D 60, 104030 (1999) [arXiv:hep-th/9905099].

[10] R. C. Myers and M. J. Perry, Annals Phys. 172, 304 (1986).

[11] V. P. Frolov and D. Kubiznak, arXiv:gr-qc/0605058. [12] A. Dabholkar, Phys. Rev. Lett. 94, 241301 (2005) [arXiv:hep-th/0409148].

[13] P. Kraus and F. Larsen, JHEP 0509, 034 (2005) [arXiv:hep-th/0506176].

[14] S. Iso, H. Umetsu and F. Wilczek, arXiv:hep-th/0606018. [15] E. C. Vagenas and S. Das, arXiv:hep-th/0606077. [16] E. Mottola and R. Vaulin, arXiv:gr-qc/0604051. [17] W. G. Unruh, Phys. Rev. D 14, 870 (1976).