arXiv:1010.1379v4 [hep-th] 19 Aug 2011

Holographic Q-picture of Kerr-Newman-AdS-dS Black Hole

Bin Chen^{1,2∗}, Chiang-Mei Chen^{3†}, and Bo Ning^{1‡}

1Department of Physics, and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, P.R. China 2Center for High Energy Physics, Peking University, Beijing 100871, P.R. China 3Department of Physics and Center for Mathematics and Theoretical Physics, National Central University, Chungli 320, Taiwan

August 22, 2011

Abstract

In this article, we show that a four-dimensional Kerr-Newman-AdS-dS black hole could be described by two different holographic two-dimensional conformal field theories. The first description, in view of the angular momentum, has been well discussed in [23]. The other alternative dual picture, however, is somehow overlooked. This new description, in view of the charge, provides another holographic correspondence. This picture again is supported not only by the match of the macroscopic entropy with the counting of microscopic degrees of freedom via the Cardy formula and also by the agreement on the real-time correlator in the superradiant scattering.

∗Email:bchen01@pku.edu.cn †Email:cmchen@phy.ncu.edu.tw ‡Email:ningbo@pku.edu.cn

1 Introduction

It is a remarkable fact that an asymptotically flat four dimensional Kerr black hole could be described holographically by a two-dimensional conformal field theory (CFT). The Kerr/CFT correspondence was first proposed for the extremal Kerr black hole by studying the asymptotic symmetry group of its near horizon geometry [1, 2, 3]. This correspondence was firstly supported by the match of the microscopic entropy counting with the macroscopic Bekenstein-Hawking entropy, and moreover supported by the agreement of the superradiant scattering amplitudes with the dual CFT prediction [4, 5, 6, 7, 8]. Furthermore, the Kerr/CFT correspondence was generalized to a generic non-extremal Kerr black hole by the study of the hidden conformal symmetry acting on the solution space [9]. It was found that in the low-frequency limit the radial equation of the scalar scattering off a Kerr black hole could be written in terms of SL(2, R) quadratic Casimir. Though the hidden conformal symmetry can not generate new solutions, it really determines the scattering amplitudes. Both the entropy counting and the low frequency amplitudes again support the holographic picture.

Inspired by the Kerr/CFT correspondence, the holographic descriptions of other kinds of black holes have been investigated [10, 11]. Among them, the holographic description of the Reissner-Nordström (RN) charged black hole is of particular interest. For the extremal RN black hole, the charge gives the radius of the AdS space appearing in the near horizon geometry, and therefore is expected to determine the central charge of the dual CFT [12, 13, 14, 15, 16, 17]. However, unlike the Kerr case, the AdS_3 information in RN black hole is not completely encoded in the geometry, but also in the gauge potential, therefore it is subtle to compute the central charge of the dual CFT [15]. The Kerr/CFT and RN/CFT correspondences naturally suggest that for the four-dimensional Kerr-Newman black hole there should exist two distinct hidden conformal symmetries associated with twofold holographic descriptions, called J-picture and Q-picture respectively [18]. This is reminiscent of the multi-fold descriptions of higher-dimensional extremal Kerr black holes which have multiple independent angular momenta [19, 20, 21].

On the other hand, the investigation of holographic pictures of the Kerr black holes in AdS or dS spacetime is also remarkable. In this case, the function determining the horizon is quartic rather than quadratic for asymptotically flat black hole and this fact causes the search for the hidden conformal symmetry be more tricky. Different from the Kerr case in which one can move away from the horizon and work with the “near” region, one has to focus strictly on the near horizon region to find the hidden conformal symmetry. This is in accordance with the universal behavior of the black hole. In [23], a holographic picture, in view point of angular momentum, of the Kerr(-Newman)-AdS-dS black hole has been proposed. Both the Bekenstein-Hawking entropy and the superradiant scattering amplitudes are in good agreement with the

CFT prediction.

It is a natural expectation that there should be a Q-picture description dual to a Kerr-Newman-AdS-dS black hole. In this article, we will explore this picture in more details. In the next section, we discuss the hidden conformal symmetry in holographic Q-picture. Similar to the treatment in [23], we need to focus on the nearhorizon region. After turning off the angular mode of the probe scalar field, we find that the radial equation could be rewritten in terms of SL(2, R) quadratic Casimir, indicating the existence of a hidden conformal symmetry. As a result, we read out the temperatures of dual CFT. In section 3, we present the microscopic description in Q-picture. The key theme is to find the central charges of the dual CFT. As in the other cases, we first consider the central charges of the near-extremal black holes and expect the same expression holds even for generic black holes. In the Q-picture, another subtle point is that we have to uplift the 4D black hole to 5D in order to read the central charges. It turns out that the central charges and temperatures include a free parameter. Furthermore we discuss the thermodynamics of the black hole and calculate the superradiant scattering amplitude, which is in perfect agreement with the CFT prediction. We end with some discussions in section 4.

2 Hidden conformal symmetry in Q-picture

For a four-dimensional Kerr-Newman-AdS-dS black hole, its metric takes the following form in Boyer-Lindquist-type coordinates [24]

ds^2 = −

Δ_r ρ^2 ( dt − a sin^2 θ Ξ dϕ )_2 + ρ^2 Δ_r dr^2 + ρ^2 Δ_θ dθ^2 +

Δ_θ ρ^2 sin^2 θ ( adt − r^2 + a^2 Ξ dϕ )_2 , (2.1) where

Δ_r = (r^2 + a^2) ( 1 + r^2 l^2 ) − 2Mr + q^2, q^2 = q^2_e + q^2_m,

Δ_θ = 1 − a^2 l^2 cos^2 θ,

ρ^2 = r^2 + a^2 cos^2 θ,

Ξ = 1 − a^2 l^2

. (2.2)

Here l^{−2} is the normalized cosmological constant, which is positive for dS and negative for AdS. The above metric reduces to the one of a Kerr-Newman black hole when l^{−2} = 0, and it describes a RN-AdS-dS black hole when a = 0. The physical mass, angular momentum and charges of the black hole are related to the parameters M, a, q_{e,m} by M_{ADM} = M Ξ^2 , J = aM Ξ^2 , Q_{e,m} = q_{e,m} Ξ . (2.3)

The gauge potential and its field strength are respectively

A_{[1]} = − q_er ρ^2 ( dt − a sin^2 θ Ξ dϕ ) − q_m cos θ ρ^2 ( adt − r^2 + a^2 Ξ dϕ ) , (2.4)

F_{[2]} = − q_e(r^2 − a^2 cos^2 θ) + 2q_mra cos θ ρ^4 ( dt − a sin^2 θ Ξ dϕ ) ∧ dr + q_m(r^2 − a^2 cos^2 θ) − 2q_era cos θ ρ^4 sin θdθ ∧ ( adt − r^2 + a^2 Ξ dϕ ) . (2.5)

In the following, for simplicity, we just focus on the electrically charged black hole, i.e. q_m = 0, q = q_e. The Hawking temperature, entropy and angular velocity of the horizon are respectively

T_H = r_+ 4π(r^2_+ + a^2) ( 1 − a^2 + q^2 r^2_+ + a^2 l^2 + 3r^2_+ l^2 ) , S_{BH} = π(r^2_+ + a^2) Ξ , Ω_H = aΞ r^2_+ + a^2

. (2.6)

The electric potential Φ, measured at infinity with respect to the horizon, is

Φ_e = A_μξ^μ | | |_{r→∞} − A^μξ^μ | | |_{r=r+} = q_er_+ r^2_+ + a^2

, (2.7)

where ξ = ∂_t + Ω_H ∂_ϕ is the null generator of the horizon.

As discussed in [23], the scattering issue in the Kerr-AdS-dS and Kerr-Newman- AdS-dS black holes needs a careful treatment, because that the function Δ_r is quartic. In order to find the the hidden conformal symmetry, one has to focus on the nearhorizon region. In the near-horizon region, the function Δ_r can be expanded to the quadratic order of r − r_+,

Δ_r = (r^2 + a^2) ( 1 + r^2 l^2 ) − 2Mr + q^2 ≃ k(r − r_+)(r − r_∗), (2.8)

where r_+ is the outer horizon, and

k = 1 + a^2 l^2 + 6r^2_+ l^2

, (2.9)

r_∗ = r_+ − r_+ k ( 1 − a^2 + q^2 r^2_+ + a^2 l^2 + 3r^2_+ l^2 ) . (2.10)

For a complex massless scalar field with charge e, its dynamics is given by the Klein-Gordon (KG) equation

(∇_μ + ieA_μ)(∇^μ + ieA^μ)Φ = 0. (2.11)

By imposing the following ansatz Φ = e^{−iωt+imϕ}S(θ)R(r), (2.12) the KG equation is decoupled into an angular equation 1 sin θ

∂_θ (sin θΔ_θ∂_θS) −

(mΞ)^2 Δ_θ sin^2 θ S + 2maΞω − a^2ω^2 sin^2 θ

Δ_θ

S + KS = 0, (2.13)

and a radial equation

∂_r (Δ_r∂_rR) +

[ω(r^2 + a^2) − maΞ − eq_er]^2 Δ_r

R − KR = 0, (2.14)

where K is the separation constant. In the near-horizon region and in the low frequency limit r_+ω ≪ 1, the radial equation could be simplified as

∂_r[(r − r_+)(r − r_∗)∂_rR] + r_+ − r_∗ r − r_+ A R + r_+ − r_∗ r − r_∗ B R + C R = 0, (2.15)

with A = [ ω(r^2_+ + a^2) − maΞ − eq_er_+

]_2

k^2(r_+ − r_∗)^2 , B = − [ω(r^2_∗ + a^2) − maΞ − eq_er_∗]^2 k^2(r_+ − r_∗)^2 , C = e^2q^2_e k^2 − K k . (2.16)

In order to study the hidden conformal symmetry, we need to introduce the following conformal coordinates for non-extremal black holes:

ω^+ = √ r − r_+ r − r_∗ e^{2πTRϕ+2nRt}, ω^− = √ r − r_+ r − r_∗ e^{2πTLϕ+2nLt}, y = √ r_+ − r_∗ r − r_∗ e^{π(TL+TR)ϕ+(nL+nR)t}, from which we may define locally the vector fields

H_1 = i∂_+,

H_0 = i ( ω^+∂_+ + 1 2 y∂_y ) , H_{−1} = i ( ω^{+2}∂_+ + ω^+y∂_y − y^2∂_− ) , (2.17) and H̃_1 = i∂_−,

H̃_0 = i ( ω^−∂_− + 1 2 y∂_y ) , H̃_{−1} = i (ω^{−2}∂_− + ω^−y∂_y − y^2∂_+) . (2.18)

These vector fields obey the SL(2, R) Lie algebra

[H_0, H_{±1}] = ∓iH_{±1}, [H_{−1}, H_1] = −2iH_0, (2.19)

and similarly for (H̃_0, H̃_{±1}). The quadratic Casimir is

H^2 = H̃^2 = −H^2_0 + 1 2 (H_1H_{−1} + H_{−1}H_1) = 1 4 (y^2∂^2_y − y∂_y) + y^2∂_+∂_−. (2.20)

In terms of (t, r, ϕ) coordinates, the Casimir becomes

H^2 = (r − r_+)(r − r_∗)∂^2_r + (2r − r_+ − r_∗)∂_r + r_+ − r_∗ r − r_∗ ( n_L − n_R 4πG ∂_ϕ − T_L − T_R 4G ∂_t )_2

− r_+ − r_∗ r − r_+ ( n_L + n_R 4πG ∂_ϕ − T_L + T_R 4G ∂_t )_2 , (2.21)

where G = n_LT_R − n_RT_L.

By assuming q_e = 0 in (2.15), one can find a hidden conformal symmetry from the radial equation. This leads to a holographic J-picture of a Kerr-Newman-AdS-dS black hole, as shown in [23]. In this case, the radial equation could be written in terms of the SL(2, R) quadratic Casimir as H̃^2R(r) = H^2R(r) = −CR(r). (2.22)

with the identification

n^J_R = 0, n^J_L = − k 2(r_+ + r_∗) ,

T^J_R = k(r_+ − r_∗) 4πaΞ , T^J_L = k(r^2_+ + r^2_∗ + 2a^2) 4πaΞ(r_+ + r_∗)

. (2.23)

This helps us to fix the temperatures of dual CFT.

On the other hand, in the radial equation (2.15), one may set m = 0 as well. This leads to another holographic description of the Kerr-Newman-AdS-dS black hole, which will be called Q-picture. Define an operator ∂_χ acts on the “internal space” of U(1) symmetry of the complex scalar field and its eigenvalue is the charge of the scalar field ∂_χΦ = iηeΦ. Then the radial equation could be rewritten as

H^2R(r) = −CR(r), (2.24)

with the SL(2, R) Casimir operator (2.21) in which the derivative ∂_ϕ is replaced by ∂_χ. The temperatures in the dual 2D CFT, T_{L,R}, and n_{L,R} and be identified as

n^Q_L = − k(r_+ + r_∗) 4(r_+r_∗ − a^2) , n^Q_R = − k(r_+ − r_∗) 4(r_+r_∗ − a^2) , T^Q_L = kη(r^2_+ + r^2_∗ + 2a^2) 4πq_e(r_+r_∗ − a^2)

, T^Q_R = kη(r^2_+ − r^2_∗) 4πq_e(r_+r_∗ − a^2)

. (2.25)

It would be interesting to study the hidden conformal symmetry in the extremal limit. In this case, the radial equation (2.15) reduces to

∂_r(r − r_+)^2∂_rR(r) + 1 k^2

2[ω(r^2_+ + a^2) − maΞ − eq_er_+](2ωr_+ − eq_e) r − r_+ R(r) + 1 k^2

[ω(r^2_+ + a^2) − maΞ − eq_er_+]^2 (r − r_+)^2

R(r) + CR(r) = 0. (2.26)

For the extremal black hole, we should use the following conformal coordinates [25]

ω^+ = 1 2 ( α_1t + β_1ϕ − γ_1 r − r_+ ) , ω^− = 1 2 ( e^{2πTLϕ+2nLt} − 2 γ_1 ) , (2.27) y = √ γ_1 2(r − r_+) e^{πTLϕ+nLt}. Then the corresponding SL(2, R) quadratic Casimir is

H^2 = ∂_r(Δ∂_r) − ( γ_1(2πT_L∂_t − 2n_L∂_ϕ) Ā(r − r_+)

)_2 − 2γ_1(2πT_L∂_t − 2n_L∂_ϕ) Ā2(r − r_+) (β^1∂^t − α^1∂^ϕ), (2.28) where Ā = 2πT_Lα_1 − 2n_Lβ_1 and Δ = (r − r_+)^2.

In the J-picture, we set q_e = 0 and rewrite the radial equation as

H̃^2R(r) = H^2R(r) = −CR(r). (2.29)

with the identification

α^J_1 = 0, β^J_1 = γ_1k a , T^J_L = k Ξ r^2_+ + a^2 4πar_+ , n^J_L = − k 4r_+

. (2.30)

The left-temperature T^J_L and n^J_L are consistent with the identification (2.23) in the extremal limit. In the Q-picture, we set m = 0 and rewrite the radial equation as

H^2R(r) = −CR(r), (2.31)

with the identification

α^Q_1 = − k r^2_+ − a^2 γ_1, β^Q_1 = 2r_+ηk q_e(r^2_+ − a^2) γ_1,

n^Q_L = − kr_+ 2(r^2_+ − a^2)

, T^Q_L = ηk(r^2_+ + a^2) 2πq_e(r^2_+ − a^2)

. (2.32)

Once again, the left-temperature T^Q_L and n^Q_L are both consistent with the identification (2.25) in the extremal limit.

For a RN-AdS-dS black hole, corresponding to the limit a = 0, there is only one holographic description. The J-picture in such limit is actually singular.

In the limit of vanishing cosmological constant, we recover both the J-picture and Q-picture of the asymptotically flat case, studied in [18].

3 Microscopic description in Q-picture

In order to have a complete Q-picture description, we need to determine the central charges of the dual CFT. Let us consider the near horizon geometry of the extreme Kerr-Newman-AdS-dS black hole with degenerated horizon at r_+ = r_∗ = r_0. In terms of the following new coordinates

r = r_0 + ϵr̂, t = r^2_0 + a^2 k t̂ ϵ , ϕ = ϕ̂ + Ω_H t, (3.33)

the metric becomes [12, 26]

ds^2 = Γ(θ) [ −r̂^2dt̂^2 + dr̂^2 r̂^2 + α(θ)dθ^2 ] + γ(θ)(dϕ̂ + p^J r̂dt̂)^2, (3.34) where Γ(θ) = ρ^2_0 k , α(θ) = k Δ_θ , γ(θ) = (r^2_0 + a^2)^2Δ_θ sin^2 θ

Ξ^2 ρ^2_0

, (3.35) and ρ^2_0 = r^2_0 + a^2 cos^2 θ, p^J =

2ar_0Ξ k(r^2_0 + a^2)

. (3.36)

The near horizon gauge field is

A_{[1]} = q_e ρ^2_0 ( r_0a sin^2 θ Ξ dϕ̂ + r^2_0 − a^2 cos^2 θ k r̂dt̂ ) + f(θ)(dϕ̂ + p^J r̂dt̂), (3.37)

with f(θ) = q_m(r^2_0 + a^2)

Ξρ^2_0 cos θ. (3.38)

The central charges of the dual CFT could be read from the near-horizon geometry of the extremal black holes. It turns out that in the J-picture (q_e = q_m = 0, i.e. q = 0), the dual 2D CFT has the central charges c = 3p^J ∫_π 0 dθ √ Γ(θ)α(θ)γ(θ) = 12ar_0 k . (3.39)

For a general expression of the central charge, one should rewrite r_0 in the notion of mass, i.e. (r_+ + r_∗)/2, as it has done in the Kerr black holes. Consequently, the J-picture left- and right-handed central charges are

c^J_L = c^J_R =

6a(r_+ + r_∗) k . (3.40)

It is easy to see from the Cardy formula S^J_{CF T} = π^2 3 (c^J_LT^J_L + c^J_RT^J_R ), (3.41)

that the CFT entropy recovers exactly the macroscopic Bekenstein-Hawking entropy. This provides a primary evidence to our holographic picture.

In order to get the central charges in Q-picture, (a = 0), we need to uplift the geometry to 5D. Combine the U(1) gauge bundle

A_{[1]} = p^Qr̂dt̂ + q_m Ξ cos θdϕ̂, p^Q = q_e k , (3.42)

with the geometry and write the 5D space as

ds^2 = ds^2_{BH} + (dy + A_{[1]})^2, (3.43) where y is the fiber coordinate with period 2πη and ds^2_{BH} is the 4D near horizon metric (3.34). We can choose similar boundary conditions as in [12]

h_{μν} ∼ r̂^2 r̂ 1/r̂ 1/r̂^2 1 1/r̂ 1 1/r̂ 1 1/r̂ 1/r̂^2 1/r̂ 1/r̂^3 1/r̂ 1 , (3.44)

in the basis of (t̂, ϕ̂, θ, r̂, y). The most general diffeomorphisms preserving those boundary conditions are ζ^{(y)} = ϵ(y)∂_y − r̂ϵ^′(y)∂_{r̂}, (3.45) where ϵ(y) = e^{−iny}. The central charge can be computed from the 5D generalization of the treatment in [12]. It turns out that the central charges associated with ζ^{(y)} is c = 3p^Q η ∫_π 0 dθ √ Γ(θ)α(θ)γ(θ) = 6q_er^2_0 ηΞk . (3.46)

Similarly, one should rewrite r_0 in terms of general variables, r_+, r_∗ and a, to have general central charges. For the Q-picture, inspired by the results of the RN black hole, one should rewrite r^2_0 in the notion of charge square, i.e. r_+r_∗ − a^2, which leads to the general expression of Q-picture left- and right-handed central charges

c^Q_L = c^Q_R = 6q_e ηΞ r_+r_∗ − a^2 k . (3.47)

In the extreme limit r_+ = r_∗, we have

a^2 = r^2_+(1 + 3r^2_+/l^2) − q^2 1 − r^2_+/l^2

. (3.48)

Taking a → 0, we see that the central charge (3.46) recover precisely the one of the extreme Reissner-Nordström-AdS-dS black holes [12], c → 6q_er̃^2_0 η , (3.49)

where r̃^2_0 → r^2_+(1 − r^2_+/l^2) 1 + 6r^2_+/l^2 − 3r^4_+/l^4 − q^2/l^2

. (3.50)

We conclude that in the Q-picture, the Kerr-Newman-AdS-dS black hole is described by a dual 2D CFT with the central charges (3.46) and temperatures (2.25).

3.1 Thermodynamics

One can check that in the Q-picture the Bekenstein-Hawking entropy of a Kerr- Newman-AdS-dS black hole could be reproduced through the Cardy formula using (2.25) and (3.46) S_{BH} = π(r^2_+ + a^2) Ξ ≡ π^2 3 (c_LT_L + c_RT_R) = S_{CF T} . (3.51)

This provides a nontrivial check for our suggestion.

From the first law of thermodynamics δS_{BH} = δM − Ω_H δJ − Φ_eδq T_H = δE_L T_L + δE_R T_R , (3.52)

we always have δE_L = ω_L − q_Lμ_L, δE_R = ω_R − q_Rμ_R, (3.53) in both pictures. But the identifications are quite different. The derivations correspond to the parameters of probe scalar field by δM = ω, δJ = m, δQ = e. In the J-picture, we have

ω^J_L = r^2_+ + r^2_∗ + 2a^2 2aΞ ω, ω^J_R = r^2_+ + r^2_∗ + 2a^2 2aΞ ω − m, q^J_L = q^J_R = δQ = e,

μ^J_L = q(r^2_+ + r^2_∗ + 2a^2)

2aΞ(r_+ + r_∗)

, μ^J_R = q(r_+ + r_∗) 2aΞ . (3.54)

While in the Q-picture we have

ω^Q_L = η(r_+ + r_∗)(r^2_+ + r^2_∗ + 2a^2) 2q_e(r_+r_∗ − a^2) ω, ω^Q_R = η(r_+ + r_∗)(r^2_+ + r^2_∗ + 2a^2) 2q_e(r_+r_∗ − a^2) ω − ηaΞ(r_+ + r_∗) q_e(r_+r_∗ − a^2) m, q^Q_L = q^Q_R = δQ = e,

μ^Q_L = η(r^2_+ + r^2_∗ + 2a^2)

2(r_+r_∗ − a^2)

, μ^Q_R = η(r_+ + r_∗)^2 2(r_+r_∗ − a^2)

. (3.55)

In the limit of vanishing cosmological constant, these quantities reduce to the ones found in [18].

3.2 Superradiant scattering

In a 2D conformal field theory, one can define the two-point function

G(t^+, t^−) = ⟨O^†_ϕ(t^+, t^−)O_ϕ(0)⟩, (3.56) where t^+, t^− are the left and right moving coordinates of 2D worldsheet and O_ϕ is the operator corresponding to the field perturbing the black hole. For an operator of dimensions (h_L, h_R), charges (q_L, q_R) at temperatures (T_L, T_R) and chemical potentials (μ_L, μ_R), the two-point function is dictated by conformal invariance and takes the form [27]: G(t^+, t^−) ∼ (−1)^{hL+hR} ( πT_L sinh(πT_Lt^+) )_{2hL} ( πT_R sinh(πT_Rt^−) )_{2hR} e^{iqLμLt++iqRμRt−} . (3.57) The retarded correlator G_R(ω_L, ω_R) is analytic on the upper half complex ω_{L,R}-plane and its value along the positive imaginary ω_{L,R}-axis gives the Euclidean correlator: G_E(ω_{L,E}, ω_{R,E}) = G_R(iω_{L,E}, iω_{R,E} ), ω_{L,E}, ω_{R,E} > 0. (3.58) At finite temperature, ω_{L,E} and ω_{R,E} take discrete values of the Matsubara frequencies ω_{L,E} = 2πm_LT_L, ω_{R,E} = 2πm_RT_R, (3.59) where m_L, m_R are integers for bosonic modes and are half integers for fermionic modes.

In a 2D CFT, the Euclidean correlator G_E is obtained by a Wick rotation t^+ → iτ_L, t^− → iτ_R, and is determined by the conformal symmetry. At finite temperature the Euclidean time is taken to have period 2π/T_L, 2π/T_R and via analytic continuation the momentum space Euclidean correlator is given by [28] G_E(ω_{L,E}, ω_{R,E}) ∼ T^{2hL−1}_L T^{2hR−1}_R e^i ω̄L,E 2TL e^i ω̄R,E 2TR Γ ( h_L + ω̄_{L,E} 2πT_L ) Γ ( h_L − ω̄_{L,E} 2πT_L )

×Γ ( h_R + ω̄_{R,E} 2πT_R ) Γ ( h_R − ω̄_{R,E} 2πT_R ) , (3.60)

where ω̄_{L,E} = ω_{L,E} − iq_Lμ_L, ω̄_{R,E} = ω_{R,E} − iq_Rμ_R. (3.61) Since the function Δ_r is quartic, the radial equation for generic black hole is intractable. In the study of the hidden conformal symmetry, we focus on the near horizon region. However, when we try to discuss the scattering issue and move away from the horizon, the expansion of Δ_r to the second order of (r − r_+) breaks down. Therefore in general, we cannot use the radial equation (2.15) to discuss the scattering process, even though it provides useful information on dual CFTs. Nevertheless, for near-extremal Kerr-Newman-AdS-dS black hole, we may pose a well-defined scattering problem. To this end, we need to zoom in the near-horizon region and introduce the coordinates (3.33) to describe the geometry. In this case, we have to focus on the frequencies near the superradiant bound ω_s,

ω = ω_s + ω̂ ϵ r_0

, ω_s = mΩ_H + eΦ_e, (3.62) where Ω_H and Φ_e are the horizon angular velocity and the electric potential given in (2.6) and (2.7) respectively.

The wave function of the radial equation is then

R(z) = z^α(1 − z)^β F (a, b, c ; z), (3.63)

with z =^{r̂−λ}_{r̂+λ} and α = −iÂ, β = 1 2 ( 1 − √ 1 − 4Ĉ ) , (3.64)

c = 1 + 2α, a = α + β + iB̂, b = α + β − iB̂, (3.65) Â = ω̂ 2λ , B̂ = ω̂ 2λ − 2mΩ_H r_+ k − eq k r^2_+ − a^2 r^2_+ + a^2

, Ĉ = Ĉ(ω_s). (3.66)

The solution behaves asymptotically as

R(r) ≃ A_1r^{h−1} + A_2r^{−h}, (3.67)

where h is the conformal weight of the scalar field

h = 1 − β = 1 2 ( 1 + √ 1 − 4Ĉ ) . (3.68)

Taken A_1 as the source and A_2 as the response, the retarded Green’s function is just [22] G_R ∼ A_2 A_1 = Γ(1 − 2h) Γ(2h − 1) Γ ( h − i(Â − B̂) ) Γ ( h − i(Â + B̂) ) Γ ( 1 − h − i(Â − B̂) ) Γ ( 1 − h − i(Â + B̂) )

= Γ(1 − 2h) Γ(2h − 1) Γ ( h − i^{ωL−qLμL}_{2πTL} ) Γ ( h − i^{ωR−qRμR} 2πT_R ) Γ ( 1 − h − i^{ωL−qLμL}_{2πTL} ) Γ ( 1 − h − i^{ωR−qRμR}_{2πTR} ). (3.69)

In the last line, we have applied the identification (2.23) and (3.54) in J-picture and the identification (2.25) and (3.55) in Q-picture. We see that in both pictures, the real-time correlator (3.69) is in perfect match with the CFT prediction. So is the absorption cross section.

Note that in two different pictures, though the retarded Green’s functions share the same expression (3.69), the temperatures, chemical potentials and frequencies are different. However the conformal weights are the same, reflecting the fact the conformal weight is closely related to the asymptotical behavior.

4 Discussions

In this paper, we showed that there are two different holographic descriptions of a generic non-extremal Kerr-Newman-AdS-dS black hole. One is called J-picture, whose construction is based on the black hole angular momentum. The other one is called Q-picture, whose construction originate from the electric charge of the black hole. In these two different pictures, neither the central charges nor the temperatures of the dual CFTs is the same. In particular, in the Q-picture, the central charges and the temperatures are parameterized by a varying constant η, sharing the same feature in the holographic descriptions of RN and Kerr-RN black holes. As a byproduct of our analysis, we showed that there exists only one holographic description for a generic nonextremal RN-AdS-dS black hole.

The discussion in this paper could be generalized easily in several directions. It is straightforward to consider a dyonic Kerr-Newman-AdS-dS black hole. Also the analysis could be applied to the higher dimensional Kerr-AdS-dS black holes and multi-charged black holes, both of which are expect to have multiple holographic descriptions. Moreover, the existence of multiple dual pictures leads to a natural believe that there should exist a certain duality among those different pictures. It is desirable to clarify this important issue.

Very recently it was pointed out in [29] that the existence of different holographic dual descriptions of 5D Kerr-Newman black hole is related to the long and short string pictures. It would be interesting to see if there exist similar pictures in our case.

Acknowledgements

CMC is grateful to Institute of Theoretical Physics and Morningside Center of Mathematics, Chinese Academy of Sciences for the hospitality when this paper was initiated. The work of BC was partially supported by NSFC Grant No.10775002, 10975005. This work by CMC was supported by the National Science Council of the R.O.C. under the grant NSC 99-2112-M-008-005-MY3 and in part by the National Center of Theoretical Sciences (NCTS).

References

[1] M. Guica, T. Hartman, W. Song and A. Strominger, “The Kerr/CFT Correspondence,” Phys. Rev. D 80, 124008 (2009) [arXiv:0809.4266 [hep-th]].

[2] Y. Matsuo, T. Tsukioka and C. M. Yoo, “Another Realization of Kerr/CFT Correspondence,” Nucl. Phys. B 825, 231 (2010) [arXiv:0907.0303 [hep-th]].

“Yet Another Realization of Kerr/CFT Correspondence,” Europhys. Lett. 89, 60001 (2010) [arXiv:0907.4272 [hep-th]].

[3] A. Castro and F. Larsen, “Near Extremal Kerr Entropy from AdS_2 Quantum Gravity,” JHEP 0912, 037 (2009) [arXiv:0908.1121 [hep-th]].

[4] I. Bredberg, T. Hartman, W. Song and A. Strominger, “Black Hole Superradiance From Kerr/CFT,” JHEP 1004, 019 (2010) [arXiv:0907.3477 [hep-th]].

[5] T. Hartman, W. Song and A. Strominger, “Holographic Derivation of Kerr- Newman Scattering Amplitudes for General Charge and Spin,” JHEP 1003, 118 (2010) [arXiv:0908.3909 [hep-th]].

[6] M. Cvetic and F. Larsen, “Greybody Factors and Charges in Kerr/CFT,” JHEP 0909, 088 (2009) [arXiv:0908.1136 [hep-th]].

[7] B. Chen and C. S. Chu, “Real-time correlators in Kerr/CFT correspondence,” JHEP 1005, 004 (2010) [arXiv:1001.3208 [hep-th]].

[8] M. Becker, S. Cremonini and W. Schulgin, “Extremal Three-point Correlators in Kerr/CFT,” arXiv:1004.1174 [hep-th].

[9] A. Castro, A. Maloney and A. Strominger, “Hidden Conformal Symmetry of the Kerr Black Hole,” Phys. Rev. D 82, 024008 (2010) [arXiv:1004.0996 [hep-th]].

[10] T. Azeyanagi, N. Ogawa and S. Terashima, “Holographic Duals of Kaluza-Klein Black Holes,” JHEP 0904, 061 (2009) [arXiv:0811.4177 [hep-th]]. T. Hartman, K. Murata, T. Nishioka and A. Strominger, “CFT Duals for Extreme Black Holes,” JHEP 0904, 019 (2009) [arXiv:0811.4393 [hep-th]]. D. D. K. Chow, M. Cvetic, H. Lu and C. N. Pope, “Extremal Black Hole/CFT Correspondence in (Gauged) Supergravities,” arXiv:0812.2918 [hep-th]. H. Isono, T. S. Tai and W. Y. Wen, “Kerr/CFT correspondence and fivedimensional BMPV black holes,” arXiv:0812.4440 [hep-th].

T. Azeyanagi, N. Ogawa and S. Terashima, “The Kerr/CFT Correspondence and String Theory,” arXiv:0812.4883 [hep-th].

J. J. Peng and S. Q. Wu, “Extremal Kerr black hole/CFT correspondence in the five dimensional Gódel universe,” Phys. Lett. B 673, 216 (2009) [arXiv:0901.0311 [hep-th]].

F. Loran and H. Soltanpanahi, “5D Extremal Rotating Black Holes and CFT duals,” arXiv:0901.1595 [hep-th].

A. M. Ghezelbash, “Kerr/CFT Correspondence in Low Energy Limit of Heterotic String Theory,” arXiv:0901.1670 [hep-th].

H. Lu, J. w. Mei, C. N. Pope and J. F. Vazquez-Poritz, “Extremal Static AdS Black Hole/CFT Correspondence in Gauged Supergravities,” Phys. Lett. B 673,

77 (2009) [arXiv:0901.1677 [hep-th]].

G. Compere, K. Murata and T. Nishioka, “Central Charges in Extreme Black Hole/CFT Correspondence,” JHEP 0905, 077 (2009) [arXiv:0902.1001 [hep-th]]. K. Hotta, “Holographic RG flow dual to attractor flow in extremal black holes,” arXiv:0902.3529 [hep-th].

D. Astefanesei and Y. K. Srivastava, “CFT Duals for Attractor Horizons,” arXiv:0902.4033 [hep-th].

A. M. Ghezelbash, “Kerr-Bolt Spacetimes and Kerr/CFT Correspondence,” arXiv:0902.4662 [hep-th].

C. Krishnan and S. Kuperstein, “A Comment on Kerr-CFT and Wald Entropy,” arXiv:0903.2169 [hep-th].

T. Azeyanagi, G. Compere, N. Ogawa, Y. Tachikawa and S. Terashima, “Higher- Derivative Corrections to the Asymptotic Virasoro Symmetry of 4d Extremal Black Holes,” arXiv:0903.4176 [hep-th].

X. N. Wu and Y. Tian, “Extremal Isolated Horizon/CFT Correspondence,” arXiv:0904.1554 [hep-th].

J. Rasmussen, “Isometry-preserving boundary conditions in the Kerr/CFT correspondence,” arXiv:0908.0184 [hep-th].

[11] Y. Q. Wang and Y. X. Liu, “Hidden Conformal Symmetry of the Kerr-Newman Black Hole,” JHEP 1008, 087 (2010) [arXiv:1004.4661 [hep-th]]. R. Li, M. F. Li and J. R. Ren, “Entropy of Kaluza-Klein Black Hole from Kerr/CFT Correspondence,” Phys. Lett. B 691, 249 (2010) [arXiv:1004.5335 [hepth]].

D. Chen, P. Wang and H. Wu, “Hidden conformal symmetry of rotating charged black holes,” arXiv:1005.1404 [gr-qc].

M. Becker, S. Cremonini and W. Schulgin, “Correlation Functions and Hidden Conformal Symmetry of Kerr Black Holes,” JHEP 1009, 022 (2010) [arXiv:1005.3571 [hep-th]].

H. Wang, D. Chen, B. Mu and H. Wu, “Hidden conformal symmetry of extreme and non-extreme Einstein-Maxwell-Dilaton-Axion black holes,” arXiv:1006.0439 [gr-qc].

Y. Matsuo, T. Tsukioka and C. M. Yoo, “Notes on the Hidden Conformal Symmetry in the Near Horizon Geometry of the Kerr Black Hole,” arXiv:1007.3634 [hep-th].

K. N. Shao and Z. Zhang, “Hidden Conformal Symmetry of Rotating Black Hole with four Charges,” arXiv:1008.0585 [hep-th].

M. R. Setare and V. Kamali, “Hidden Conformal Symmetry of Rotating Black Holes in Minimal Five-Dimensional Gauged Supergravity,” arXiv:1008.1123 [hepth].

A. M. Ghezelbash, V. Kamali and M. R. Setare, “Hidden Conformal Symmetry of Kerr-Bolt Spacetimes,” arXiv:1008.2189 [hep-th].

B. Chen, A. M. Ghezelbash, V. Kamali and M. R. Setare, “Holographic description of Kerr-Bolt-AdS-dS Spacetimes,” arXiv:1009.1497 [hep-th]. R. li and J. R. Ren, “Holographic Dual of Linear Dilaton Black Hole in Einstein- Maxwell-Dilaton-Axion Gravity,” JHEP 1009, 039 (2010) [arXiv:1009.3139 [hepth]].

[12] T. Hartman, K. Murata, T. Nishioka and A. Strominger, “CFT Duals for Extreme Black Holes,” JHEP 0904, 019 (2009) [arXiv:0811.4393 [hep-th]].

[13] M. R. Garousi and A. Ghodsi, “The RN/CFT Correspondence,” Phys. Lett. B 687, 79 (2010) [arXiv:0902.4387 [hep-th]].

[14] C. M. Chen, J. R. Sun and S. J. Zou, “The RN/CFT Correspondence Revisited,” JHEP 1001, 057 (2010) [arXiv:0910.2076 [hep-th]].

[15] C. M. Chen, Y. M. Huang and S. J. Zou, “Holographic Duals of Near-extremal Reissner-Nordström Black Holes,” JHEP 1003, 123 (2010) [arXiv:1001.2833 [hepth]].

[16] C. M. Chen, Y. M. Huang, J. R. Sun, M. F. Wu and S. J. Zou, “On Holographic Dual of the Dyonic Reissner-Nordström Black Hole,” Phys. Rev. D 82, 066003 (2010) [arXiv:1006.4092 [hep-th]].

[17] C. M. Chen and J. R. Sun, “Hidden Conformal Symmetry of the Reissner- Nordström Black Holes,” JHEP 1008, 034 (2010) [arXiv:1004.3963 [hep-th]].

[18] C. M. Chen, Y. M. Huang, J. R. Sun, M. F. Wu and S. J. Zou, “Twofold Hidden Conformal Symmetries of the Kerr-Newman Black Hole,” Phys. Rev. D 82, 066004 (2010) [arXiv:1006.4097 [hep-th]].

[19] H. Lu, J. Mei and C. N. Pope, “Kerr/CFT Correspondence in Diverse Dimensions,” JHEP 0904, 054 (2009) [arXiv:0811.2225 [hep-th]].

[20] C. M. Chen and J. E. Wang, “Holographic Duals of Black Holes in Fivedimensional Minimal Supergravity,” Class. Quant. Grav. 27, 075004 (2010) [arXiv:0901.0538 [hep-th]].

[21] C. Krishnan, “Hidden Conformal Symmetries of Five-Dimensional Black Holes,” JHEP 1007, 039 (2010) [arXiv:1004.3537 [hep-th]].

[22] B. Chen and J. Long, “Real-time Correlators and Hidden Conformal Symmetry in Kerr/CFT Correspondence,” JHEP 1006, 018 (2010) [arXiv:1004.5039 [hepth]].

[23] B. Chen and J. Long, “On Holographic description of the Kerr-Newman-AdS-dS black holes,” JHEP 1008, 065 (2010), [arXiv:1006.0157 [hep-th]].

[24] M. M. Caldarelli, G. Cognola and D. Klemm, “Thermodynamics of Kerr- Newman-AdS black holes and conformal field theories,” Class. Quant. Grav. 17, 399 (2000) [arXiv:hep-th/9908022].

[25] B. Chen, J. Long and J. j. Zhang, “Hidden Conformal Symmetry of Extremal Black Holes,” arXiv:1007.4269 [hep-th].

[26] J. Rasmussen, “On the CFT duals for near-extremal black holes,” arXiv:1005.2255 [hep-th].

[27] J. L. Cardy, “Conformal Invariance And Universality in Finite Size Scaling,” J.

Phys. A 17 (1984) L385.

[28] J. M. Maldacena and A. Strominger, “Universal low-energy dynamics for rotating black holes,” Phys. Rev. D 56, 4975 (1997) [arXiv:hep-th/9702015].

[29] M. Guica and A. Strominger, “Microscopic Realization of the Kerr/CFT Correspondence,” arXiv:1009.5039 [hep-th].