arXiv:1303.3691v2 [hep-th] 15 May 2013

CQUeST–2013-0590

Conserved quantities and Virasoro algebra in New massive gravity

Wontae Kim^{ab∗}, Shailesh Kulkarni^{a†} and Sang-Heon Yi^{a‡}

a Center for Quantum Spacetime (CQUeST), Sogang University, Sinsu-dong, Mapo-gu, Seoul 121-742, Korea b Department of Physics,, Sogang University, Sinsu-dong, Mapo-gu, Seoul 121-742, Korea

ABSTRACT

Using the off-shell Noether current and potential we compute the entropy for the AdS black holes in new massive gravity. For the non-extremal BTZ black holes by implementing the so-called stretched horizon approach we reproduce the correct expression for the horizon entropy. For the extremal case, we adopt standard formalism in the AdS/CFT correspondence and reproduce the corresponding entropy by computing the central extension term on the asymptotic boundary of the near horizon geometry. We explicitly show the invariance of the angular momentum along the radial direction for extremal as well as non-extremal BTZ black holes in our model. Furthermore, we extend this invariance for the black holes in new massive gravity coupled with a scalar field, which correspond to the holographic renormalization group flow trajectory of the dual field theory. This provides another realization for the holographic c-theorem.

∗e-mail : wtkim@sogang.ac.kr †e-mail : skulkarnig@gmail.com ‡e-mail : shyi@sogang.ac.kr

1 Introduction

Local symmetries play a crucial role in understanding the thermodynamical properties of black holes. It was shown that the Noether charges corresponding to the diffeomorphism symmetry of any generally covariant theory of gravity are related to the black hole entropy [1, 2]. This approach, when applied to the conventional Einstein-Hilbert action, reproduce the well known Bekenstein-Hawking entropy (BH) [3, 4]. However, the Wald’s formalism tells us little about the microscopic degrees of freedom responsible for the black hole entropy. A major step to understand the black hole entropy from the microscopic point of view was taken by Strominger and Vafa [5]. They showed that certain extremal black holes in string theory can be described, through a string duality map, by two dimensional conformal field theory (CFT). Then the entropy of this CFT was obtained by using the Cardy formula [6] and shown to be consistent with the standard BH entropy. In the related subsequent development [7], the entropy of the Banados-Teitelboim-Zanelli (BTZ) black holes [8] was also obtained through two dimensional CFT. This formalism relies on the remarkable observation that the algebra among the asymptotic symmetry generators is isomorphic to two copies of the Virasoro algebra with the central charge c [9] [Q_m, Q_n] = (m − n)Q_{m+n} + c 12 m(m^2 − 1)δ_{m+n,0} . (1) This appearance of the Virasoro algebra of symmetry generators can be regarded as the predecessor of the AdS/CFT correspondence [10].

An alternative approach which uses only the near horizon properties of black holes was given by Carlip [11, 12]. In this ‘stretched horizon’ approach one begins by assuming the existence of an approximate null Killing vector. The location of the Killing horizon is determined by the vanishing of the norm of that Killing vector. Under certain boundary conditions near the Killing horizon, it was shown that the Fourier modes of diffeomorphism generators realized by vector fields form subalgebra isomorphic to Diff(S^1), which is also known as Witt algebra, as

[ξ_m, ξ_n]^a = −i(m − n)ξ^a_{m+n}. (2)

The algebra among canonical conserved charges corresponding to the above generators is identical with a copy of the standard Virasoro algebra. This construction of the algebra indicates the existence of a certain two dimensional CFT, and allows us to read off the central charge of the underlying CFT. Then, the black hole entropy is reproduced by substituting the central charge and zero mode eigenvalue of the conserved charge in the Cardy formula. Based on this idea, several alternative methods have been proposed [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] to know more about the microscopic origin of the horizon entropy.

The above stretched horizon approach has been revisited by Majhi et.al. [25] wherein the central charge and the horizon entropy is obtained by using the off-shell expressions for the

Noether current and potential. One of the key features of this method is that the on-shell vanishing part of the Noether current is not essential for performing calculations in brackets among the Noether charges. In this sense the definition of bracket is more general. This formalism extends in a straightforward manner to Lanczos-Lovelock models of gravity. Recently, it has been shown that the same expressions for the Noether charges and horizon entropy can also be obtained by using either the Gibbons-Hawking surface term or the gravitational surface term [26]. This analysis was based on the holographic property of the gravitational action functional [27]. Although Lanczos-Lovelock models generalize Einstein gravity to a great extent, they still come under the two derivative theories. It is known that a specific combination of Ricci scalar and Ricci tensor leads to interesting gravity models in three and four dimensions [28, 29]. The higher curvature gravity in 2 + 1 dimensions, the so-called new massive gravity (NMG), is originally introduced as the parity even counter part of topologically massive gravity [30]. NMG allows propagating massive gravitons and also incorporate various black hole solutions. Moreover, NMG has been shown to be consistent with the so-called holographic c-theorem [31, 32, 33]. It is therefore natural to extend the analysis of [25] to obtain the horizon entropy for black holes in genuinely higher derivative gravity such as NMG.

Another motivation to study 2 + 1 dimensional Einstein gravity and NMG is as follows. For Einstein gravity, it was shown that the conserved quantities like mass and angular momentum for Kerr black hole geometries in arbitrary dimensions take the same values on the near horizon and at the asymptotic infinity [34, 35]. A generalization of this result for the the asymptotically AdS black holes by using the improved surface integrals has been provided in [36, 37]. The improved surface integrals allow us to compute the conserved charges both at the horizon and the asymptotic infinity. In addition to this, it has also been shown that the angular momentum is invariant not only just at two asymptotic boundaries but also all along the entire radial direction. This procedure is valid for higher dimensional Kerr black holes in asymptotically flat as well as AdS geometries.

The rotating AdS black holes in 2 + 1 dimensions (BTZ black holes) possess an extra feature. Since the asymptotic as well as the near horizon geometry correspond to AdS_3 space, this geometry may be viewed as the holographic renormalization group (RG) flow between the ultraviolate and the infrared CFT. This provides another realization of holographic c-theorem beyond domain wall solutions^1. However, in the absence of any matter field this holographic RG flow becomes trivial. The next simplest step would be to study the rotating black holes in 2 + 1 dimensional Einstein gravity coupled to a scalar field. For the interpretation in the holographic RG flow, the extremal black hole solutions are the relevant one [38]^2. The deformed extremally

1The simplest examples of such holographic construction of RG flows are given by domain wall solutions interpolating two AdS spaces.

2For some specific choice of the scalar potential the non-extremal black hole solution is given in [8, 39, 40].

rotating BTZ black holes in NMG coupled with a scalar are also discussed in [41]. It was shown that the family of extremally rotating hairy AdS black holes can be described by reduced-order equations of motions(EOM). These black holes may be regarded as the scalar-hairy deformation of extremally rotating BTZ black holes. However, the explicit derivation of the invariance of the angular momentum for these black holes has not been given in the literature. The detailed analysis of the invariance of the angular momentum for the Einstein as well as NMG by incorporating the scalar field would provide us fresh insights to understand RG flow in the dual CFT.

The purpose of the present work is to compute the horizon entropy from the point of view of the near horizon Virasoro algebra and to show explicitly the invariance of the angular momentum for the rotating BTZ black holes in NMG. We first consider the general expression for the offshell Noether current and its potential [42, 43] for the NMG. Then, by integrating the Noether potential on the stretched horizon we obtain the expression for the Noether charge. Using the general definition of bracket given in [25], we construct the algebra among the Noether charges. It turns out that this algebra is isomorphic to a copy of the Virasoro algebra with a central extension. The zero mode eigenvalue and central charge are obtained by Fourier transforming the Noether charge and central extension term, respectively. Next, we evaluate these expressions for non extremal rotating BTZ black hole. Finally, using the Cardy formula we obtain the expression for the horizon entropy. We also sketch a method to calculate the entropy for extremal rotating BTZ black hole in NMG. For this case we will proceed in a slightly different way. We take the same expressions for the Noether current, potential and the bracket among the Noether charges mentioned earlier. However, we choose the diffeomorphisms different from the non-extremal case, which preserves the fall-off boundary conditions [44] at the asymptotic infinity of the near horizon extremal BTZ. We show that algebra among the Noether charges is isomorphic to the Virasoro algebra with the central extension. The central charge identified from this algebra is consistent with the one given in [45].

To show the angular momentum invariance for the rotating BTZ black holes along the radial direction, we adopt a specific quasi-local method for conserved charges, which is known as the Komar integrals. Here as well, we use the same Noether potential as in the computation for black hole entropy. We calculate the Noether potential corresponding to the rotational Killing vector for the BTZ black hole in the Einstein gravity and NMG. The angular momentum is obtained by integrating this expression over the surface with codimension two situated at r_H ≤ r ≤ r_∞, where r_H is the position of the outer horizon. In the Einstein case, our resulting expression for the angular momentum matches exactly with the corresponding one given in [36, 37]. By applying the same technique we show the invariance of the angular momentum for the rotating BTZ black holes in NMG. As mentioned earlier, the invariance of the angular momentum for the rotating BTZ black holes is related to the holographic RG flow. However, for the pure Einstein or NMG theories this RG flow is trivial. In order to gain further insights into the holographic RG flow, we consider extremally rotating BTZ solution for NMG coupled with a scalar field. Then, we compute the relevant Komar integrals [46] corresponding to the rotating Killing vector and show that the angular momentum is indeed invariant along the radial direction.

Apart from its relevance in understanding RG flow in the dual CFT’s, the invariance of the angular momentum gives us an important relation between the infrared and ultraviolate entropies. According to the conventional AdS/CFT correspondence, the central charge of the dual ultraviolet CFT is always greater than that of the infrared CFT, which is coined as holographic c-theorem. Since the Cardy formula requires the conformal weights of dual states together with the central charge, this theorem is insufficient to identify which entropy of dual CFT corresponds to the BH entropy of those black holes. By establishing the angular momentum invariance of the hairy extremal black holes, we verify that the entropy of the dual infrared CFT is always less than or equal to the one of dual ultraviolet CFT and that the entropy of the infrared CFT gives the BH entropy of those black holes. This matching between the infrared dual CFT and the BH entropy of black holes is anticipated through the near horizon CFT approach [11]. However, we would like to emphasize that this near horizon CFT is not the same one with the infrared dual CFT used in holographic c-theorem. Nevertheless, by using conserved currents related to the generalized Komar potential, one can see that the same entropy of black holes can be reproduced in this way.

This paper is organized as follows. In the next section we summarize some basic facts about conserved currents for the local symmetry, for the sake of completeness, and then we consider the modified Noether current which was introduced as the off-shell conserved currents [42] and show that their meaning may be understood as the generalized Komar potential. In section three we obtain the entropy of black holes through the near horizon dual CFT by using the off-shell formalism of [25]. We conclude this section by providing a brief discussion on the entropy for extremally rotating BTZ black holes. In section four, using the generalized Komar potential, we obtain the quasi-local angular momentum of extremally rotating hairy AdS black holes on three dimensions and show its invariance along the radial direction. This verifies that the BH entropy of these black holes can be obtained by the infrared dual CFT. We summarize our results and discuss some future directions in the final section. Appendix-A contains some useful formulae and definitions in the stretched horizon approach. A derivation of angular momentum invariance for the usual Einstein gravity is provided in Appendix-B.

2 Conserved currents and their potentials

In this section we review and summarize the Noether procedure for symmetry to fix our conventions. Since we are interested in the conserved charges and the entropy of black holes, it is useful to collect some well-known results for conserved currents for local symmetry to clarify our presentation (See for reviews, [47, 48, 49]).

Let us consider the generic action, I[φ], which enjoys local symmetry and contains various fields which are denoted collectively as φ^i. Some of these fields can be regarded as gauge fields and others as matter ones. Under the generic variation of the field φ → φ + δφ, the action is varied as δI[φ] = ∫ d^dx √ −g [ E_i(φ)δφ^i + ∇_μΘ^μ(φ, δφ) ] , (3)

where E_i(φ) = 0 denotes EOM for each field φ^i and Θ(φ, δφ) denotes the total surface term after integration by parts. The symmetry of the action is defined by the invariance of the action under the specific variation of fields φ → φ + δ_ϵφ. The invariance of the action under the symmetry can be written as δ_ϵI[φ] = ∫ d^dx √ −g∇_aK^a(φ, δ_ϵφ) = 0 . (4) The standard Noether current is introduced as J̃^a ≡ Θ^a(φ, δ_ϵφ) − K^a(φ, δ_ϵφ) . (5)

By taking the generic variation as the symmetry in Eq. (4), one can see that this current satisfies ∇_aJ̃^a = −E_i(φ)δ_ϵφ^i , (6) which tells us the on-shell conservation of the Noether current. For global symmetry this procedure leads to the well-defined conserved charges by integrating the current on the hypersurface. However, that is not the case for a local symmetry. The basic reason for the inadequacy of this procedure in local symmetries is the existence of the so-called Noether identities. In terms of local symmetry variation parameter ϵ = ϵ(x), this identity can be written as the form of − E_i(φ)δ_ϵφ^i = ∇_aS^a(E(φ), δ_ϵφ) , (7) where S^a denotes the on-shell vanishing current. Even for the the global symmetries, which may appear as the rigid limit of corresponding local symmetries, the current S^a can be introduced. However, for this case the corresponding Noether identities are somewhat trivial. The absence of gauge fields in the case of global symmetry tells us that there are missing equations for gauge fields among the equations of motion, E(φ) = 0. Because of these missing equations, S^a for the global symmetry does not need to vanish even at the the on-shell level.

Noether identities together with the Poincaré lemma enable us to express the Noether current in terms of the on-shell vanishing current S^a and a certain arbitrary anti-symmetric second rank tensor J^{ab}, which will be named as the Noether potential^3 J̃^a = S^a + ∇_bJ^{ab} . (8)

3This tensor, in the canonical terminology, is called as the superpotential. However, we have chosen the potential for this one since the same terminology is also used in the context of (fake) supersymmetry with the completely different meaning.

This expression shows that the Noether current for local symmetry becomes on-shell vanishing up to a certain ambiguity. Thus, it is unclear how to define conserved charges for local symmetry generically in terms of currents. To define conserved charges under the inherent ambiguity of the Noether current, one needs to adopt a certain prescription for choosing the appropriate current or potential.

One way to define conserved charges is to introduce the asymptotically conserved potential through the on-shell vanishing current by linearizing the fields and EOM on a given background. Then, by removing the ambiguity from the potential, one can define the conserved charges as their integrals of the on-shell potential corresponding to the ‘asymptotic Killing vectors’. More mathematically, the arbitrariness of the potential may be resolved in the language of the characteristic cohomology with the appropriate identification of asymptotic boundary behaviors [50]. The well-established Arnowitt-Deser-Misner (ADM) [51] and Abbott-Deser-Tekin (ADT) [52] methods can be understood in this category.

There are also well known approaches [1, 2, 53] to define conserved charges by the Noether potential without the linearization, which belong to quasi-local category. For some specific cases, these quasi-local charges are shown to be consistent with the conserved charges under the linearized method by using the one parameter family of solutions when a certain integrability condition is satisfied [36]. This indicate that the conserved charges may be defined even at the non-linear level by the appropriate choice of the Noether potential.

While the conventional Noether current defined in eq.(5) is conserved on-shell only, it is possible to construct the current which would be conserved without using EOM, i.e. off-shell current. Indeed, by using the eq.(8), one can construct the corresponding off-shell Noether current J^a, as J^a ≡ J̃^a − S^a = ∇_aJ^{ab} . (9) It turns out that this current satisfies the off-shell conservation law. Just like the case of the on-shell current, there exists a definite prescription to obtain the off-shell Noether current by the appropriate potential J^{ab}, directly from the Lagrangian of any diffeomorphism theory of gravity [42]. Since our derivation of the horizon entropy and angular momentum invariance uses the off-shell Noether current and its potential, we shall now review this approach^4.

Consider a generally covariant Lagrangian built from metric and curvature tensor I = 1 16πG ∫ d^dx √ −g [ L(g_{ab}, R_{abcd}) + L_m(g_{ab}, ϕ) ] . (10)

The variation of L with respect to g^{ab} is given by δ(L √ −g) = √ −g(G_{ab}δg^{ab} + ∇_aV^a) , (11) 4It is also possible to extend the following analysis for the more general theories containing derivatives of curvature tensor. However, for the sake of simplicity we shall concentrate on the Lagrangians constructed from the metric and curvature tensor.

where G_{ab} = P^{cde}_a R_{bcde} − 2∇^c∇^dP_{abcd} − 1 2 g_{ab}L ; P^{abcd} ≡ ∂L ∂R_{abcd} , V^a(δg) = 2[P^{cbad}∇_bδg_{dc} − δg_{dc}∇_bP^{cabd}] . (12) Here, G^{ab} is the generalized Einstein tensor which satisfies Bianchi identity. Let us consider the variation in metric which is induced by the diffeomorphism

x^a → x^a − ξ^a ; δg_{ab} = 2∇_{(a}ξ_{b)} . (13)

Under the above transformation any scalar density changes as δ_ξ(L √ −g) = √ −g∇_a(Lξ^a) . (14) This implies (using eq(11)) the off-shell conservation law for the ‘modified’ Noether current ∇_a [ 2G^{ab}ξ_b + ξ^aL − V^a(ξ) ] = ∇_aJ^a = 0 , (15)

where J^a = 2G^{ab}ξ_b + ξ^aL − V^a(ξ) . (16)

Expressing the boundary term V^a as the linear combination of δg_{ab} and δΓ^a_{bc} [54] and using the eq. (13), we can rewrite the above expression as J^a = 2∇_b(P^{adcb} + P^{acdb})∇_cξ_d + 2P^{abcd}∇_b∇_cξ_d − 4ξ_d∇_b∇_cP^{abcd} . (17) There is an important point which we would like to emphasize. The usual expression for the Noether current consists of the last two terms of eq.(16). A comparison with eq.(9) clearly shows that S^a = 2G^{ab}ξ_b. Consequently, this current is conserved only after using EOM. In contrast, the modified Noether current obtained above obeys the off-shell conservation law.

Next, we introduce the antisymmetric tensor J^{ab} (Noether potential) by the condition

J^a = ∇_bJ^{ab} . (18)

Then, we can take J^{ab} = 2P^{abcd}∇_cξ_d − 4ξ_d(∇_cP^{abcd}) . (19) It is worth mentioning that for Einstein gravity if the diffeomophisms are Killing vectors then the Noether potential reduces to the well known Komar potential [46]. As we shall show later, for the higher curvature gravity like NMG, the above Noether potential can also be used to calculate the conserved quantities corresponding to the appropriate Killing vectors. In this sense, we call J^{ab}[ξ_{Killing}] as the generalized Komar potential.

The conserved Noether charge corresponding to J^{ab} may be defined by Q = 1 16πG ∫ dΣ_{ab} J^{ab}. (20)

Our convention for the area element for the subspace of codimension one and two is taken as dΣ_a and dΣ_{ab}, respectively. These are defined such that the Stokes’ theorem takes the following form ∫ M dΣ_a J^a = ∫ M dΣ_a ∇_bJ^{ab} = ∫ ∂M dΣ_{ab} J^{ab} . The variations of the current J^a and the measure dΣ_a under an arbitrary diffeomorphism x^a → x^a − ξ^{′a} are given by

δ_ξ′ J^a = ξ^{′b}∇_bJ^a − J^b∇_bξ^{′a} , δ_ξ′ dΣ_a = dΣ_a(∇_bξ^{′b}) , (21)

which lead to the variation of the charge as δ_ξ′ Q = 1 8πG ∫ dΣ_{ab} ξ^{′[b}J^{a]} . (22)

One can apply the above formalism even to gravity theory coupled with matters. To be specific, let us consider an interacting scalar field with two derivatives, whose Lagrangian is L_m(g_{ab}, ϕ) = − 1 2 ∂_aϕ∂^aϕ − V (ϕ) . (23) Its generic variation and diffeomorphism transformation are given by δ( √ −gL_m) = √ −g [ E_ϕδϕ + ∇_aV^a(δϕ) ] , δ_ξ( √ −gL_m) = √ −g(ξ^aL_m) , (24)

where δ_ξϕ denotes the variation of the scalar field under diffeomorphism and so it is given by δ_ξϕ = L_ξϕ = ξ^a∇_aϕ. The additional contribution from a scalar field can be computed as^5

− 2T^{ab}ξ_b + ξ^aL_m − V^a(δ_ξ ϕ) = 0 . (25)

As a result, the final expression for currents with a scalar field can be taken as the same form given earlier (16) without matter fields.

3 Killing horizon and entropy of black holes

In this section we shall compute the central extension term in the Virasoro algebra among the generators corresponding to the diffeomorphism symmetry for the NMG with a cosmological

5In presence of the matter term the right hand side of eq.(11) should contain an extra piece proportional to T_{ab}δg^{ab} .

constant. Then, we implement the stretched horizon approach and calculate the horizon entropy for the non-extremal rotating BTZ black hole.

Let us consider the action for NMG with the cosmological constant [28] I = 1 16πG ∫ d^3x √ −g [ R + 2 ℓ^2 + 1 m^2 K ] , (26)

where K ≡ R_{ab}R^{ab} − 3 8 R^2 .

For this Lagrangian the corresponding P^{abcd} is given by P^{abcd} = ∂L ∂R_{abcd} = g^{a[c}g^{d]b} + 1 m^2 ( R^{a[c}g^{d]b} − R^{b[c}g^{d]a} − 3 4 Rg^{a[c}g^{d]b} ) . (27)

It is easy to see that ∇_aP^{abcd} ≠ 0 in general and therefore we should use the general expressions for the Noether current and potential given in (17) and (19), respectively. It is useful to compare this with the corresponding expressions in the usual Einstein or Lanczos-Lovelock gravity. In these cases only second term in eq. (17) and first term in eq.(19) survive.

Our task is to compute the central extension term C[ξ_1, ξ_2] for the algebra among the conserved Noether charges defined in eq.(20). The general form of C[ξ_1, ξ_2] is given by

C(ξ_1, ξ_2) = [Q(ξ_1), Q(ξ_2)] − Q( [ξ_1, ξ_2] ) , (28)

where the Lie bracket [ξ_1, ξ_2] is defined by

[ξ_1, ξ_2]^a ≡ ξ^b_1∇_bξ^a_2 − ξ^b_2∇_bξ^a_1 . (29)

The essential part in the computation of the central extension term is to consider the Lie variation of the covariantly conserved Noether current under the diffeomorphism x → x − ξ_2. Note that the current J^a[ξ_1] is the consequence of the invariance of the original action under the diffeomorphism labeled by ξ_1 (see eq.(16)). The Lie variation of this current, δ_{ξ2} J^a[ξ_1] induces the corresponding variation in the conserved Noether charge as

δ_{ξ2} Q[ξ_1] = 1 16πG ∫ dΣ_{ab} ( ξ^b_2J^a[ξ_1] − ξ^b_1J^a[ξ_2] ) . (30)

This enable us to compute the bracket among the Noether charges [25]

[Q(ξ_1), Q(ξ_2)] ≡ δ_{ξ1} Q(ξ_2) − δ_{ξ2} Q(ξ_1) = 2 ∫ dΣ_{ab} ( ξ^{[a}_2 J^{b]}_1 − ξ^{[a}_1 J^{b]}_2 ) . (31)

where J^a_1 ≡ J^a[ξ_1]. Note that the the definition for the bracket is general in the sense that it does not require explicit form for the Noether current and works well for any covariant theory of gravity.

Next, in order to obtain the horizon entropy we shall evaluate the algebra among the Noether charges, Q([ξ_1, ξ_2]) on the null surface. To this purpose we implement the stretched horizon approach given in [12]. In this approach one begins with an approximate Killing vector χ^a in the neighborhood of the boundary Σ of generic d + 1 dimensional Riemannian manifold. The local Killing horizon is defined by the condition χ^2 = 0. This can be alternatively stated as

χ^2 = ϵ. (32)

with ϵ being taken to be zero at the end. The vector orthogonal to the orbits of χ^a is given by

ρ_a = − 1 2κ ∇_aχ^2 . (33)

Where κ is the surface gravity associated with the Killing vector field χ^a

κ^2 ≡ lim_{χ2→0} [ ∇_aχ^2∇^aχ^2 4χ^2 ] . (34)

Consider a general diffeomorphism transformation

ξ^a = T χ^a + Rρ^a , (35)

with the condition that δχ^2 = 0 ; as χ^2 → 0 . (36)

This condition leads to the following relation between two arbitrary functions T and R: R = 1 κ χ^2 ρ^2

DT ; D ≡ χ^a∇_a . (37)

Now we compute the Noether potential J^{ab} for the diffeomorphism (35) on the stretched horizon. By exploiting the relation (37) we can express this diffeomorphism completely in terms of T . Then by using eq.(A.5) we get J^{ab}(ξ) = − { P^{abcd}S_{cd} [ 2κT − D^2T κ ] + 4∇_cP^{abcd} ( χ_dT + ρ_d DT κ )} . (38)

Integrating this expression over the null surface with the differential area element dΣ_{ab} given by (A.7) and using the identity (A.9), we arrive at the expression for the conserved Noether charge Q[ξ] = − 1 32πG ∫ √ hd^{d−2}x { P^{abcd}S_{ab}S_{cd} [ 2κT − D^2T κ ] + 4∇_cP^{abcd}S_{ab} ( χ_dT − ρ_d DT κ )} .(39)

Note that the above expression contains the terms proportional to P^{abcd} as well as ∇_aP^{a···}. However, near the Killing horizon, ∇_aP^{a···} term is of the higher order χ^2 compared to P^{abcd} term. Since the Killing horizon is defined by the limit χ^2 → 0, we can neglect the derivative term of P -tensor.^6 This can be explicitly checked by Taylor expanding the P and ∇P terms near the Killing horizon. Similar kind of arguments were used earlier (see the eq.(19) of Ref. [24]) to obtain the central charge for higher curvature gravity within the Carlip’s on-shell approach. On using this fact, the expression for the Noether charge becomes Q[ξ] = − 1 32πG ∫ √ h d^{d−2}x { P^{abcd}S_{ab}S_{cd} [ 2κT − D^2T κ ]} . (40)

We now evaluate the corresponding expression for Q( [ξ_1, ξ_2] ). First, we note that the Lie bracket for the diffeomorphisms (35) can be writen as

[ξ_1, ξ_2]^a = χ^a[T_1, T_2] − ρ^a κ D[T_1, T_2] ; [T_1, T_2] = T_1DT_2 − T_2DT_1 . (41)

Inserting this in eq.(40), we obtain the expression for Q( [ξ_1, ξ_2] ) as

Q[{ξ_1, ξ_2}] = − 1 32πG ∫ √ h d^{d−2}X { P^{abcd}S_{ab}S_{cd} [ 2κ (T_1DT_2 − T_2DT_1) − 1 κ ( DT_1D^2T_2

+T_1D^3T_2 − DT_2D^2T_1 − T_2D^3T_1 ) ]} . (42)

Next, we perform the similar analysis on the right hand side of eq.(31). The explicit expression of the Noether current (17) for the diffeomorphism (35) is given by J^a(ξ) = 2P^{abcd} χ_cρ_dχ_b χ^4 ( 2κDT − D^3T κ ) + 2∇_bP^{abcd} χ_cρ_d χ^2 ( 2κT − D^2T κ )

−4∇_b [( T χ_d − DT κ ρ_d ) ∇_cP^{abcd} ] . (43)

Substituting this in eq.(31) and using the identity (A.10), we can see

[Q(ξ_1), Q(ξ_2)] = 1 32πG ∫ √ h d^{d−2}x { P^{abcd}S_{ab}S_{cd} [( 2κDT_1 − D^3T_1 κ ) T_2 − (1 ↔ 2) ]} .(44)

As before, we have neglected the terms proportional to ∇P and ∇∇P . Combining this result with the eq.(42), the central extension term C[ξ_1, ξ_2] finally becomes

C[ξ_1, ξ_2] = − 1 32πG ∫ √ h d^{d−2}X { P^{abcd}S_{ab}S_{cd} 1 κ [ DT_1D^2T_2 − DT_2D^2T_1 ] } . (45)

By rewriting the above expression in the Fourier variables

C(ξ_1, ξ_2) = ∑ mn f_{mn}C(ξ_m, ξ_n) , (46)

we obtain C(ξ_m, ξ_n) = − 1 32πG ∫ √ h d^{d−2}x { P^{abcd}S_{ab}S_{cd} 1 κ [ DT_mD^2T_n − DT_nD^2T_m ]} . (47)

6For some specific cases, where the near horizon geometry is AdS (e.g BTZ black hole) or the product of two maximally symmetric spaces like AdS2 × M^{n−2} or Rindler × M^{n−2}, ∇P vanishes identically.

We now apply this analysis for non-extremal rotating BTZ black hole given by the metric

ds^2 = L^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 ( dθ − r_+r_− r^2 dt )_2] . (48)

For this case, the approximate Killing vector χ^a is given by

χ^a = (1, 0, Ω) ; χ_a = (g_{tt} + Ωg_{tθ}, 0, Ωg_{θθ} + g_{tθ}) , (49)

where Ω = r_−/r_+ is the angular velocity at the outer horizon. In the near horizon region given by r = r_+ + ϵ, it is easy to see that the norm of the Killing vector χ_a behaves as

χ^2 = −ϵ [ 2(r^2_+ − r^2_−)

r_+

L^2 ] . (50)

In order to obtain the central charge, we take the ansatz of T_n, appropriate for Diff(S^1) algebra [21], as T_n = 1 α + Ω exp[in(αt + θ + g(r))] . (51)

Here, variables t and θ have periodicities 2π/α and 2π respectively and g(r) is a certain function regular at the Killing horizon. Inserting this in eq.(47), we arrive at

C[ξ_m, ξ_n] = A 8πG [ −im^3δ_{m+n,0} (α + Ω) κ ] , (52)

where A ≡ − L 2 ∫ rdθP^{abcd}S_{ab}S_{cd} . (53) Using the anstaz of T_n, one can see that the Fourier modes of the Noether charges are given by Q(ξ_m) = A 8πG [ δ_{m,0} κ (α + Ω) ] ; Q( [ξ_m, ξ_n ]) = −i(m − n)Q(ξ_m) . (54)

Using these expressions and the eq.(52) in the algebra (28), we identify the central charge c and the zero-mode eigenvalue of Q(ξ_m) as c = α + Ω κ 12 8πG A ; Q_0 = κ (α + Ω) A 8πG . (55)

Through the Cardy formula, the entropy for non-extremal BTZ black holes is given by

S = 2π √ cΔ_0 6 = 2π √ c ( Q_0 −^c_{24} ) 6 = A 4G [ 2 − ( α + Ω κ )_2]1/2

. (56)

By setting α = κ − Ω, one can see that the above expression reduces to familar Wald formula [1].

Using the P -tensor for the rotating BTZ black holes P^{abcd} = g^{a[c}g^{d]b} [ 1 + 1 2m^2L^2 ] , (57)

and the expression for S_{ab} in the eq.(53), we obtain A = 2πLr_+ [ 1 + 1 2m^2L^2 ] . (58)

Hence, the corresponding entropy of the horizon (with the choice α = κ − Ω) becomes S = πLr_+ 2G [ 1 + 1 2m^2L^2 ] . (59)

The first term in the above represents the entropy for rotating BTZ black hole in Einstein gravity, while the second term gives its correction due to the higher curvature terms in the Lagrangian (26). Our result for entropy is also consistent with the one given in [55].

We now briefly describe some important steps to compute the entropy for extremally rotating BTZ black holes by the off-shell expressions for Noether current and potential. For the extremal case, the ‘stretched horizon’ approach, given in [12] needs to be modified. An alternate way to deal with such geometries within the stretched horizon approach was presented in [61]. We shall not follow this approach here. Instead, we consider the near horizon limit of extremally rotating BTZ black hole in which case the resultant geometry is AdS_3. We then compute the central extension term for the diffeomorphisms which preserve the asymptotic fall-off conditions [9, 62].

To begin with, let us take the near horizon extremal BTZ geometry in the form of

ds^2_{NH} =

L^2 4 [ − ρ^2dt^2 + 1 ρ^2 dρ^2 + 4r^2_H ( dθ − ρ 2r_H dt )_2] . (60)

The relevant diffeomorphisms given in [44, 62], are ξ_n = e^{inθ} ( ∂_θ − inρ∂_ρ ) , (61)

which preserve appropriate boundary conditions [9]. It can be easily checked that these diffeomorphisms satisfy Diff(S^1) algebra (2). We now use the generic expression for the central term

C(ξ_1, ξ_2) = 1 8πG ∫ dΣ_{ab} {[( 2P^{bcde}ξ^a_2 ∇_c∇_dξ_{1e} + ξ^a_2 ( 2∇_cP^{bcde}∇_dξ_{1e} − 4∇_dP^{bcde}∇_cξ_{1e} ) (62) −4ξ^a_2 ξ_{1e}∇_c∇_dP^{bcde} ) − (1 ↔ 2) ] − 1 2 [ 2P^{abcd}∇_c {ξ_1, ξ_2}_d − 4 {ξ_1, ξ_2}_d ∇_cP^{abcd} ]} . which can be obtained by using the eq.(28). It may be recalled that this central extension was derived using the off-shell expressions for Noether current (17) and potential (19). After performing a little algebra, we obtain C(ξ_p, ξ_q) = −i L 8G [ 1 + 1 2m^2L^2 ] p(p^2 + 4r^2_H ) δ_{p+q,0} , (63) and hence the central charge becomes, c_{IR} = 3L 2G [ 1 + 1 2m^2L^2 ] . (64)

The above expression for the central charge is also consistent with the corresponding one given in [45]. By exploiting the standard Cardy formula we can obtain the entropy for the infrared dual CFT as S_{IR} = 2π √ c_{IR} 6 (M_H L + J_H ) + 2π √ c_{IR} 6 (M_H L − J_H ) = 2π √ c_{IR} 3 J_H , (65)

where M_H and J_H represent the mass and angular momentum at the horizon, respectively. The second equality in the above expression comes from the fact that, at extremality, mass and angular momentum satisfy M_H L = J_H . As we shall see later, the quasi-local angular momentum J_H matches exactly with the total angular momentum J_∞. This property is the consequence of the invariance of the angular momentum along the radial direction. In the next section we shall give the explicit proof for this invariance and show that the entropy (65) is indeed identical with the one computed earlier (59).

4 Angular momentum and extremal black holes

In this section we will compute the angular momentum for the BTZ black holes in NMG by using only the off-shell Noether potential (19). As will be shown later, the angular momentum remains invariant along the radial direction. Next, we show that hairy deformation of the extremal BTZ black holes also carry the same property. The point is that these extremal black hole solutions interpolate two AdS spaces, viz. the asymptotic AdS_3 and the near horizon AdS_3 and therefore can be regarded as a holographic realization of RG flows of a certain field theory. Our confirmation of the angular momentum invariance in these black hole solutions also verifies that the entropy of the infrared dual CFT is identical with the BH entropy^7.

The action for NMG minimally coupled to a scalar field ϕ is I = 1 16πG ∫ d^3x √ −g [ R + 1 m^2 K − 1 2 ∂_aϕ∂^aϕ − V (ϕ) ] . (66) The equations of motion for the metric and the scalar field are given by

E_{ab} ≡ G_{ab} − T_{ab} = 0 , E_ϕ ≡ ∇^2ϕ − ∂_ϕV = 0 , (67)

where G_{ab} denotes the generalized Einstein tensor and T_{ab} does the stress tensor for a scalar field as G_{ab} = R_{ab} − 1 2 Rg_{ab} + 1 2m^2 K_{ab} , T_{ab} = 1 2 ∂_aϕ∂_bϕ − 1 2 g_{ab} [1 2 ∂_cϕ∂^cϕ + V (ϕ) ] , (68)

7The relevant discussion for the Einstein gravity is provided in Appendix-B.

K_{ab} ≡ g_{ab} ( 3R_{cd}R^{cd} − 13 8 R^2 ) + 9 2 RR_{ab} − 8R_{ac}R^c_b + 1 2 ( 4D^2R_{ab} − D_aD_bR − g_{ab}D^2R ) . By applying the formalism given in section-2 to the present case, we obtain the quasi-local angular momentum corresponding to the rotational Killing vector on the domain B of codimension two, as J_B ≡ Q_B(ξ_R) = 1 16πG ∫ B dΣ_{ab} J^{ab}(ξ_R) = 1 8G √ −det g J^{rt}(ξ_R) | | |_B , (69)

where det g denotes the determinant of the three-dimensional metric g_{ab}. Our convention for the normalization of the rotational Killing vector ξ_R ≡^∂_{∂θ} is chosen such as ξ^2_{R(r→∞)} → L^2r^2.

For the Killing vector ξ^μ of the metric, one can see that

J^a = 2R^{ab}ξ_b − 2 m^2 R^{cd}∇_c∇_dξ_b + 1 m^2 [ − 2R^{acdb}R_{cd} − 3 2 RR^{ab} + 2∇^2R^{ab} − 1 2 ∇^a∇^bR − 1 2 g^{ab}∇^2R ] ξ_b . (70)

Let us consider rotating BTZ black holes (48) as an example to give some taste of our approach. By computing the Komar potential of BTZ black holes, one obtains

J^{rt}(ξ_R) =

2r_+r_− rL^2 [ 1 + 1 2m^2L^2 ] , (71)

which leads to the quasi-local angular momentum as

J_{Br} = J_∞ = J_H = Lr_+r_− 4G [ 1 + 1 2m^2L^2 ] , (72)

where J_{Br} , J_∞ and J_H denote the quasi-local angular momentum at the r = constant, the asymptotic infinity and the horizon, respectively. Note that this expression for the angular momentum at asymptotic infinity, J_∞ is consistent with the result for the angular momentum of BTZ black holes in other methods like ADT or boundary stress tensor [55, 56, 57, 58, 59, 60]. In fact, this result shows us that the angular momentum is invariant along the radial direction as was argued generically to be the case for pure Einstein gravity in [34]. Now it is easy to see that by inserting J_H in the eq.(65) we can reproduce the entropy for extremally rotating BTZ black holes S_{IR} = πLr_+ 2G [ 1 + 1 2m^2L^2 ] . (73)

It is interesting to note that our result agrees with the corresponding one obtained by using the central charge of ultraviolate CFT (c_{UV} ) and the total angular momentum J_∞ [7, 55].

Now we consider the extremally rotating BTZ black holes in NMG coupled with a scalar field and show explicitly the invariance of the angular momentum along the radial direction. The most generic axi-symmetric metric of the rotating hairy black holes, deformed from BTZ ones, can be taken as

ds^2 = L^2 [ − e^{2A(r)}dt^2 + e^{2B(r)}dr^2 + r^2(dθ + e^{C(r)}dt)^2 ] , (74)

with the asymptotic AdS boundary condition for r → ∞ as e^{A(r)} → r , e^{B(r)} → 1 r , e^{C(r)} → constant , ϕ(r) → constant . (75) To obtain the extremal hairy AdS black hole solutions in the case of NMG, the scalar potential can be taken in terms of the so-called superpotential W(ϕ) as

V (ϕ) = 1 2L^2

(∂_ϕW)^2 [ 1 − 1 8m^2L^2

W^2

]_2 − 1 2L^2

W^2 [ 1 − 1 16m^2L^2

W^2 ] , (76)

which is motivated by the domain wall case [63] and can be explained by fake supersymmetry in the Einstein gravity limit [64]. As was shown in [41], extremal hairy deformed BTZ black holes satisfy some reduced EOM. By solving partially this reduced EOM, one can show that the metric functions A and B are determined in terms of a certain function Ψ and the superpotential W as

rA^′(r) − 1 = Ψ r e^{B(r)} , (77) e^{−B(r)} = r 2 [ W − Ψ r^2 ] , (78)

where^′ denotes the differentiation with respect to the radial coordinate r. The remaining part of the reduced EOM for the function Ψ is given by Δ̃ [ 1 + 1 2m^2L^2 ] = 1 m^2L^2 e^{−2B} (Ψ̈ − WΨ̇) + [ 1 + 1 8m^2L^2

(W^2 − 4Ẇ) ] Ψ , (79)

where Δ̃ is a certain integration constant and ˙ denotes the differentiation defined as Ψ̇ ≡ e^{−B} Ψ^′. In fact, it turns out that the constant Δ̃ is related to the horizon values of W as

Δ̃ = r^2_H W(ϕ_H ) [ 1 + 1 8m^2L^2

W^2(ϕ_H ) ][ 1 + 1 8m^2L^2

W^2(ϕ_∞) ]_{−1} . (80)

Note that these solutions satisfy the extremality condition as e^{−2B(rH )} =^d_{dr} e^{−2B(rH )} = 0. This is equivalent to the relation between the mass and the angular momentum : M_∞L = J_∞.

In the following we confine ourselves to the Brown-Henneaux boundary conditions [9]. These boundary conditions however are not the most general ones even for the usual Einstein gravity coupled to a scalar field [8, 39]. The asymptotic analysis in this case gives us the following expression for metric variables, the superpotential and the scalar field respectively

A(r) = ln r − Δ̃ 2r^2

+ · · · , B(r) = − ln r + 1 2r^2 ( Δ̃ − 1 2q ϕ̃^2_1 ) + · · · , (81)

W(ϕ(r)) = 2 + ϕ̃2_1 2qr^2 + · · · , ϕ(r) = ϕ_∞ + ϕ̃_1 r + · · · , where q is defined by q ≡ 1 − 1/2m^2L^2. By a straightforward near horizon analysis, one can see that

A(r) = s̃_0W(ϕ_H )(r − r_H ) + · · · , B(r) = 1 W(ϕ_H )(r − r_H ) · · · , (82)

W(ϕ(r)) = W(ϕ_H ) − 1 2 W(ϕ_H ) [ 1 − 1 8m^2L^2

W^2(ϕ_H ) ]_{−1} (ϕ − ϕ_H )^2 + · · · ,

ϕ(r) = ϕ_H + g̃_0(r − r_H ) + · · · ,

where s̃_0 and g̃_0 are certain non-vanishing constants. One can show that the near horizon geometry becomes the so-called self-dual orbifold of AdS_3 space whose metric can be written as

ds^2_{NH} = L̄2 4 [ − ρ^2dt^2 + 1 ρ^2 dρ^2 + 4r^2_H ( dθ − ρ 2r_H dt )_2] , L̄ ≡ 2L W(ϕ_H )

. (83)

In this case, it turns out that the rt component of the potential is given by

J^{rt}(ξ_R) = 1 L^2 e^{−2B−A}F [ 1 + 1 2m^2L^2 e^{−2B} )^{′′} − 3 4m^2L^2 F r (e^{−2B} )^′ ] (84) + 3 2m^2L^4 e^{−2B−A} F^′ (e^{−2B} )^′ + 1 8m^2L^4 e^{−4B−A} [ 1 r^2

F^3 − 4 r^2 F − 12 r F F^′ + 8F^{′′} ] ,

F ≡ rA^′(r) − 1 . By using the eq. (78) and the eq. (80), one can obtain a differential equation without the superpotential W. By combining the resultant equation with the eq. (77), one can show that the above quasi-local angular momentum is independent of the radial coordinate as

J_{Br} (ξ_R) = L 8G Δ̃ [ 1 + 1 2m^2L^2 ] = L 8G Δ̃ [ 1 + 1 8m^2L^2

W^2(ϕ_∞) ] . (85)

Note that the above expression of angular momentum at the asymptotic infinity for hairy deformed BTZ black holes is completely consistent with the previous results [58]. It is interesting to compute the quasi-local angular momentum directly on the near horizon geometry. The result is given by J_H = L 8G r^2_H W(ϕ_H ) [ 1 + 1 8m^2L^2

W^2(ϕ_H ) ] . (86)

Now, by using the relation between Δ̃ and W(ϕ_H ) given in the eq. (80), one can verify that

J_{Br} = J_{r→∞} = J_H . (87)

Some comments are in order. Firstly, the AdS radii on the asymptotic infinity and on the horizon are different but give the same expression for the angular momentum. In the

Einstein gravity limit this result is consistent with the general argument given in the Appendix- B. Secondly, this result is also consistent with the one from the Brown-Henneaux method adopted in [38] for a specific example. Our result can be regarded as the generalization of this case to more generic extremal hairy black holes. Furthermore, we showed that the quasi-local angular momentum is invariant along whole RG trajectory not just at the two conformal points. Finally, one may note that the invariance of angular momentum for the extremal hairy deformed BTZ black holes is, more or less, connected with the reduced order EOM, which may have some implication for the entropy of black holes.

Now we study the relationship between the entropy of the deformed extremal BTZ black holes and holographic c-theorem. The central charge of the ultraviolet and the infrared dual CFT can be obtained through the dictionary of the AdS/CFT correspondence as c_{UV} = 3L 2G [ 1 + 1 2m^2L^2 ] = 3L GW(ϕ_∞) [ 1 + 1 8m^2L^2

W^2(ϕ_∞) ] , (88) c_{IR} = 3L̄ 2G [ 1 + 1 2m^2L̄^2 ] = 3L GW(ϕ_H ) [ 1 + 1 8m^2L^2

W^2(ϕ_H ) ] . Though the central charge, c_{UV} , of ultraviolet dual CFT has been derived in various ways [65], the central charge, c_{IR} of the infrared dual CFT has not done explicitly. Following the discussion given at the end of the previous section, it is straightforward to obtain the expression for c_{IR} for the extremal hairy BTZ black holes by using the near horizon geometry given in the eq. (83). This would provide a generalization of scalar-Einstein theory given in [38] to the NMG case. The holographic realization of the central charge function, which connects the above two central charges has been suggested in [41].

By using the relations between total conserved charges and conformal weights of the ultraviolet dual CFT M_∞ = E_L + E_R , J_∞ = L(E_L − E_R) , one can see that the entropy of the ultraviolet CFT computed from the Cardy formula is given by S_{UV} = 2π √ c_L 6 (M_∞L + J_∞) + 2π √ c_R 6 (M_∞L − J_∞) = 2π √ c_{UV} 3 J_∞ , (89) where we have used the property of extremal black holes: M_∞L = J_∞. To apply the same relations for the infrared dual CFT on the near horizon self-dual orbifold of AdS_3, one needs the quasi-local expressions for mass and angular momentum. Using our result for the angular momentum invariance, J_∞ = J_H and the extremality condition for conserved charges M_HL̄ = J_H , it can be easily seen that the entropy of the dual CFT is related to the BH entropy as S_{UV} ≥ S_{IR} = S_{BH} = A_H 4G [ 1 + 1 2m^2L̄^2 ] , A_H ≡ 2πL̄r_H . (90) This result verifies our claim that the entropy of the infrared CFT is indeed the same as the usual black hole entropy.

5 Conclusion

In this work we have studied the entropy and the invariance of the angular momentum for the rotating BTZ black holes in NMG by using the off-shell expressions for the Noether current and potential. We have also showed the invariance of the angular momentum for extremally rotating scalar-hairy deformed BTZ black holes which can be interpreted as the RG flows for the dual field theory in the context of the AdS/CFT correspondence.

Firstly, we have computed the entropy for non-extremal rotating BTZ black hole by using the so-called stretched horizon approach. In this case, the entropy tensor P^{abcd} is not divergence free. Consequently, the generic expressions for off-shell Noether current, potential and conserved charge contain the terms proportional to P^{abcd}, ∇P and ∇∇P . Simplification occurs when we evaluate these expressions in the vicinity of the Killing horizon. Near the Killing horizon, ∇P and ∇∇P terms are of the higher order in χ^2 and hence does not contribute to the Virasoro algebra. As a result, the final expression for the central term takes the same form with the one in Einstein or Lanczos-Lovelock gravity [25]. By Fourier-transforming this central extension term and using the ansatz for the scalar function T , we identified the central charge. Finally, by using this central charge and zero mode eigenvalue of the conserved Noether charges the black hole entropy is obtained.

We have also provided a brief derivation of the central charge for the rotating extremal BTZ case. In this case, we also used the off-shell expressions for the Noether current and potential as in the non-extremal case. However, we adopted the standard AdS/CFT dictionary to obtain the central charge, for which we have taken the diffeomorphisms preserving the fall-off boundary conditions at the asymptotic boundary of the near horizon extremal geometry. Our result for the central charge is in agreement with the one given in [7, 55] where the asymptotic boundary of whole extremal geometry is used.

Secondly, we have established the invariance of the angular momentum along the radial direction for black holes in our models. To this purpose, we have used the same expressions for Noether current or potential and verified our claims explicitly. In the context of the AdS/CFT correspondence conserved charges of three-dimensional AdS black holes are related to the conformal weights of states dual to the black holes. Therefore, the angular momentum invariance along the radial direction in this set-up indicates a certain RG flow behavior of scaling dimensions of dual operators. This invariance also plays a crucial role in the computation of the entropy. Our expression of the entropy for the extremally rotating BTZ black hole (see eq.(65)) contains quasi-local angular momentum J_H , which corresponds to conformal weight in the infrared CFT. On the other hand, the Cardy formula for ultraviolate case [7, 55] uses the asymptotic value for the angular momentum, J_∞, as the conformal weight. The fact that the angular momentum is invariant along the radial direction allows us to match our result (73) with the corresponding one in the ultraviolate case. While this is somewhat anticipated by the stretched horizon approach to the black hole entropy, the quasi-local conserved charges need to be adopted to show this matching. Moreover, we have also shown the angular momentum invariance of the deformed extremally rotating BTZ black holes. In this case we verified that the corresponding entropy computed from the infrared CFT is less than the one from the ultraviolate case and it matches with the black hole entropy. Since our boundary conditions are rather restricted, it would be interesting to study hairy deformed rotating AdS black holes with more generic boundary conditions and investigate the angular momentum invariance in those cases.

The angular momentum invariance discussed here is restricted to some specific black hole solutions. It would be interesting to extend this analysis to the more generic case. This would enable us to connect the generalized Komar potential used here and the ADT/ADM potentials for the generic higher derivative gravity. We would like to investigate these issues in the near future.

Acknowledgments

This work was supported by the National Research Foundation (NRF) of Korea grant funded by the Korea government (MEST) through the Center for Quantum Spacetime (CQUeST) of Sogang University with grant number 2005-0049409. W. Kim was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (2010-0008359). S.-H.Yi was supported by Basic Science Research Program through the NRF of Korea funded by the MEST (2012R1A1A2004410). S. Kulkarni would like to thank B.R. Majhi for useful discussions. S.-H. Yi would like to thank Seungjoon Hyun, Jahoon Jeong, Yongjoon Kwon, Soonkeon Nam and Jong-Dae Park for some discussions.

Appendix A: Some formulae in stretched horizon approach

In this appendix we shall briefly state some results in Carlip’s stretched horizon approach[12]. This will be useful in deriving the near horizon expressions for Noether current, potential and charge. Detailed derivation of these results can be found in the Appendix-B of Ref. [25].

The approximate Killing vector χ^a and the vector ρ^a which is normal to the Killing orbits satisfy

ρ^2 χ^2

= −1 , (A.1)

∇_aχ_b = 2κ χ^2 χ_{[a}ρ_{b]} , (A.2)

∇_aρ_b = κ χ^2

(χ_aχ_b − ρ_aρ_b) . (A.3)

For the diffeomorphisms given by eq.(35), we have ∇_aT = χ_a χ^2

DT , (A.4)

∇_aξ_b = 1 χ^2 [ DT ρ_aρ_b + 2κT χ_{[a}ρ_{b]} − D^2T κ χ_aρ_b ] , (A.5)

∇_a∇_bξ_c = 1 χ^4 [ χ_aχ_bρ_c ( 2κDT − D^3T κ ) − D^2T χ_aχ_bχ_c ] . (A.6)

These expressions are valid upto order χ^2.

Next, we give the expression for d − 2 dimensional surface element dΣ_{ab} :

dΣ_{ab} = √ hd^{d−2}xS_{ab} , (A.7) where h is the determinent of the metric h_{ab} on d − 2 dimensional surface and S_{ab} = − 2|χ| ρχ^2 (χ_{[a}ρ_{b]}) . (A.8)

Using the eq.(A.8) and the symmetries of P^{abcd} one can easily verify the following identities: P^{abcd}χ_cρ_d = − 2|χ| ρχ^2 P^{abcd}S_{cd} , (A.9)

χ_cχ_eρ_dρ_bP^{becd} = ρ^2χ^2 4 P^{becd}S_{be}S_{cd} . (A.10)

Appendix B: Angular momentum invariance in Einstein gravity

In this appendix we show the angular momentum invariance in Einstein gravity minimally coupled with a scalar field. Note that our class of the hairy deformation of extremal BTZ black holes can be understood as the limit of the NMG case. In this case one can give more general argument for the angular momentum invariance.

Through the so-called fake supersymmetry formalism, one may take the scalar potential in this case as [64] V (ϕ) = 1 2L^2

(∂_ϕW)^2 − 1 2L^2

W^2 , (B.1)

and it turns out that the extremally rotating AdS black holes can be described by the following first order EOM

ϕ^′ = −e^B ∂_ϕW , A^′ = e^B W − 1 r , A^′ + B^′ = r 2 ϕ^{′2} , (e^C )^′ = ± (1 r e^A )_′ , (B.2)

where^′ denotes the derivative with respect to the radial coordinate r. Note that the last equation can be integrate as e^{C(r)} = C_± ±e^{A(r)}/r. Since the sign in this equation is related to the rotation direction, we will take the upper sign for definiteness. And the integration constant C_+ is taken as C_+ = 1 to match with the BTZ black holes asymptotically.

By manipulating the first order EOM, one can show that the metric functions A and B are determined in terms of a certain constant Δ and the superpotential W as

rA^′(r) − 1 = Δ r e^{B(r)} , e^{−B(r)} = r 2 [ W − Δ r^2 ] , (B.3)

which correspond to Ψ = Δ = const. in the NMG case.

In this case of Einstein gravity, it turns out that all the relevant quantities, e.g. the asymptotic and the near horizon expansion, the relation Δ = r^2_H W(ϕ_H ) and the Komar potential

J^{rt}(ξ_R) = 1 L^2 e^{−2B(r)−A(r)} [ rA^′(r) − 1 ] , (B.4)

can be understood as the limit m^2 → ∞ in the NMG case.

By using the expression for the metric function A given in (B.3) and by noting that √ −det g = L^3e^{A+B}r, one can see that the quasi-local angular momentum is given by

J_B = L 8G Δ = L 8G r^2_H W(ϕ_H ) = L̄ 8G r^2_H W^2(ϕ_H ) 2 , (B.5)

where B_r denotes the hypersurface of the constant radius r.

One may apply our formalism for non-extremal hairy black holes. For rotating hairy AdS black holes given in [40], one can check that the Komar potential leads to

J^{rt}(ξ_R) = 6 L^2 ω B^2(r + 2B)^3 (r + B)^4(1 − ω^2)

. (B.6)

By using √ −g = L^3(r + B)^4/(r + 2B)^3 for the metric of those black holes, one can see that

J_{Br} = J_∞ = J_H = 3L 4G ωB^2 1 − ω^2

, (B.7)

which is consistent with the result in [40] through the Hamiltonian formalism up to the conventiondependent normalization. While these hairy AdS black holes satisfy more generic boundary conditions than Brown-Henneaux ones, the Komar integrand gives us the consistent result with the one given in [40].

In Einstein gravity, the more general argument for this angular momentum invariance along the radial direction can be given as follows. When a hypersurface Σ has two boundaries B_1 and B_2, one can see that the quasi-local conserved charges for a Killing vector ξ at each boundary are related as ∫

B_1

dΣ_{ab} J^{ab}(ξ) = ∫ B_2

dΣ_{ab} J^{ab}(ξ) + ∫ Σ dΣ_a J^a(ξ) . (B.8)

This expression shows us that, whenever the current, J^a vanishes on the hypersurface Σ, the quais-local conserved charge is independent of its domain. Interestingly for Einstein gravity coupled with scalar fields, our current for a Killing vector ξ is simply given by

J^a(ξ) = 2P^{abcd}∇_b∇_cξ_d = 2R^{μν} ξν . (B.9)

The angular momentum invariance follows from the fact that, for the rotational Killing vector ξ_R, the hypersurface Σ connecting two boundary B_{r=rH} and B_{r=∞} can be chosen such that it is orthogonal to the current, J^a(ξ_R).

References

[1] R. M. Wald, “Black hole entropy is the Noether charge,” Phys. Rev. D 48, 3427 (1993) [gr-qc/9307038].

[2] V. Iyer and R. M. Wald, “Some properties of Noether charge and a proposal for dynamical black hole entropy,” Phys. Rev. D 50, 846 (1994) [gr-qc/9403028].

[3] J. D. Bekenstein, “Black holes and entropy,” Phys. Rev. D 7, 2333 (1973).

[4] S. W. Hawking, “Black hole explosions,” Nature 248, 30 (1974).

[5] A. Strominger and C. Vafa, “Microscopic origin of the Bekenstein-Hawking entropy,” Phys.

Lett. B 379, 99 (1996) [hep-th/9601029].

[6] J. L. Cardy, “Operator Content of Two-Dimensional Conformally Invariant Theories,” Nucl.

Phys. B 270, 186 (1986).

[7] A. Strominger, Black hole entropy from near-horizon microstates, JHEP 9802 (1998) 009 [arXiv:hep-th/9712251].

[8] M. Henneaux, C. Martinez, R. Troncoso and J. Zanelli, Black holes and asymptotics of 2+1 gravity coupled to a scalar field, Phys. Rev. D 65 (2002) 104007 [hep-th/0201170];

[9] J. D. Brown and M. Henneaux, “Central Charges in the Canonical Realization of Asymptotic Symmetries: An Example from Three-Dimensional Gravity,” Commun. Math. Phys. 104, 207 (1986).

[10] J. M. Maldacena, “The Large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [hep-th/9711200].

[11] S. Carlip, “Black hole entropy from conformal field theory in any dimension,” Phys. Rev.

Lett. 82, 2828 (1999) [hep-th/9812013].

[12] S. Carlip, Entropy from conformal field theory at Killing horizons, Class. Quant. Grav. 16 (1999) 3327 [gr-qc/9906126].

[13] F. -L. Lin and Y. -S. Wu, “Near horizon Virasoro symmetry and the entropy of de Sitter space in any dimension,” Phys. Lett. B 453, 222 (1999) [hep-th/9901147].

[14] R. Brustein, “Causal boundary entropy from horizon conformal field theory,” Phys. Rev.

Lett. 86, 576 (2001) [hep-th/0005266].

[15] S. N. Solodukhin, “Conformal description of horizon’s states,” Phys. Lett. B 454, 213 (1999) [hep-th/9812056].

[16] J. -l. Jing and M. -L. Yan, “Entropies of rotating charged black holes from conformal field theory at Killing horizons,” Phys. Rev. D 62, 104013 (2000) [gr-qc/0004061].

[17] S. Das, A. Ghosh and P. Mitra, “Statistical entropy of Schwarzschild black strings and black holes,” Phys. Rev. D 63, 024023 (2001) [hep-th/0005108].

[18] M. Hotta, K. Sasaki and T. Sasaki, “Diffeomorphism on horizon as an asymptotic isometry of Schwarzschild black hole,” Class. Quant. Grav. 18, 1823 (2001) [gr-qc/0011043].

[19] J. -i. Koga, “Asymptotic symmetries on Killing horizons,” Phys. Rev. D 64, 124012 (2001) [gr-qc/0107096].

[20] M. -I. Park, “Hamiltonian dynamics of bounded space-time and black hole entropy: Canonical method,” Nucl. Phys. B 634, 339 (2002) [hep-th/0111224].

[21] S. Silva, “Black hole entropy and thermodynamics from symmetries,” Class. Quant. Grav.

19, 3947 (2002) [hep-th/0204179].

[22] M. Cvitan, S. Pallua and P. Prester, “Horizon conformal entropy in Gauss-Bonnet gravity,” Phys. Lett. B 546, 119 (2002) [hep-th/0207265].

[23] G. Kang, J. -i. Koga and M. -I. Park, “Near horizon conformal symmetry and black hole entropy in any dimension,” Phys. Rev. D 70, 024005 (2004) [hep-th/0402113].

[24] M. Cvitan and S. Pallua, “Conformal entropy for generalised gravity theories as a consequence of horizon properties,” Phys. Rev. D 71, 104032 (2005) [hep-th/0412180].

[25] B. R. Majhi and T. Padmanabhan, “Noether Current, Horizon Virasoro Algebra and Entropy,” Phys. Rev. D 85, 084040 (2012) [arXiv:1111.1809 [gr-qc]].

[26] B. R. Majhi and T. Padmanabhan, “Noether current from the surface term of gravitational action, Virasoro algebra and horizon entropy,” Phys. Rev. D 86, 101501 (2012) [arXiv:1204.1422 [gr-qc]] ; B. R. Majhi, “Noether current of the surface term of Einstein- Hilbert action, Virasoro algebra and entropy,” arXiv:1210.6736 [gr-qc].

[27] A. Mukhopadhyay and T. Padmanabhan, “Holography of gravitational action functionals,” Phys. Rev. D 74, 124023 (2006) [hep-th/0608120].

[28] E. A. Bergshoeff , O. Hohm and P. K. Townsend, “Massive gravity in three dimensions,” Phys. Rev. Lett. 102 (2009) 201301 [arXiv:0901.1766 [hep-th]]; E. A. Bergshoeff , O. Hohm and P. K. Townsend, “More on massive 3D gravity,” Phys. Rev. D 79 (2009) 124042 [arXiv:0905.1259 [hep-th]].

[29] H. Lu and C. N. Pope, “Critical Gravity in Four Dimensions,” Phys. Rev. Lett. 106 (2011) 181302 [arXiv:1101.1971 [hep-th]].

[30] S. Deser, R. Jackiw and S. Templeton, “Topologically Massive Gauge Theories,” Annals Phys. 140, 372 (1982) [Erratum-ibid. 185, 406 (1988)] [Annals Phys. 185, 406 (1988)] [Annals Phys. 281, 409 (2000)].

[31] D. Z. Freedman, S. S. Gubser, K. Pilch and N. P. Warner, “Renormalization group flows from holography supersymmetry and a c theorem,” Adv. Theor. Math. Phys. 3 (1999) 363 [hep-th/9904017];

[32] A. Sinha, “On the new massive gravity and AdS/CFT,” JHEP 1006 (2010) 061 [arXiv:1003.0683 [hep-th]].

[33] R. C. Myers and A. Sinha, “Seeing a c-theorem with holography,” Phys. Rev. D 82 (2010) 046006 [arXiv:1006.1263 [hep-th]].

[34] B. Julia and S. Silva, “Currents and superpotentials in classical gauge invariant theories. 1.

Local results with applications to perfect fluids and general relativity,” Class. Quant. Grav. 15, 2173 (1998) [gr-qc/9804029].

[35] S. K. Modak and S. Samanta, “Effective Values of Komar Conserved Quantities and Their Applications,” Int. J. Theor. Phys. 51, 1416 (2012) [arXiv:1006.3445 [gr-qc]].

[36] G. Barnich, “Boundary charges in gauge theories: Using Stokes theorem in the bulk,” Class.

Quant. Grav. 20, 3685 (2003) [hep-th/0301039].

[37] G. Barnich and G. Compere, “Generalized Smarr relation for Kerr AdS black holes from improved surface integrals,” Phys. Rev. D 71, 044016 (2005) [Erratum-ibid. D 71, 029904 (2006)] [gr-qc/0412029].

[38] K. Hotta, Y. Hyakutake, T. Kubota, T. Nishinaka and H. Tanida, “The CFT-interpolating black hole in three dimensions,” JHEP 0901 (2009) 010 [arXiv:0811.0910 [hep-th]].

[39] C. Martinez, R. Troncoso and J. Zanelli, “ Exact black hole solution with a minimally coupled scalar field,” Phys. Rev. D 70 (2004) 084035 [hep-th/0406111]; M. Henneaux, C. Martinez, R. Troncoso and J. Zanelli, “Asymptotic behavior and Hamiltonian analysis of anti-de Sitter gravity coupled to scalar fields,” Annals Phys. 322 (2007) 824 [hep-th/0603185] ;

J. Aparicio, D. Grumiller, E. Lopez, I. Papadimitriou and S. Stricker, “Bootstrapping gravity solutions,” arXiv:1212.3609 [hep-th].

[40] F. Correa, A. Faundez and C. Martinez, “Rotating hairy black hole and its microscopic entropy in three spacetime dimensions,” Phys. Rev. D 87, 027502 (2013) [arXiv:1211.4878 [hep-th]].

[41] Y. Kwon, S. Nam, J. -D. Park and S. -H. Yi, “Extremal Black Holes and Holographic C-Theorem,” Nucl. Phys. B 869 (2013) 189 [arXiv:1208.4509 [hep-th]].

[42] T. Padmanabhan, “Thermodynamical Aspects of Gravity: New insights,” Rept. Prog. Phys.

73, 046901 (2010) [arXiv:0911.5004 [gr-qc]].

[43] T. Padmanabhan, “Gravitation: Foundations and Frontiers,” Cambridge University Press UK (2010 ).

[44] G. Compere, “The Kerr/CFT correspondence and its extensions: a comprehensive review,” Living Rev. Rel. 15, 11 (2012) [arXiv:1203.3561 [hep-th]].

[45] T. Azeyanagi, G. Compere, N. Ogawa, Y. Tachikawa and S. Terashima, “Higher-Derivative Corrections to the Asymptotic Virasoro Symmetry of 4d Extremal Black Holes,” Prog. Theor. Phys. 122, 355 (2009) [arXiv:0903.4176 [hep-th]].

[46] A. Komar, “Covariant conservation laws in general relativity,” Phys. Rev. 113, 934 (1959).

[47] G. Compere, “Symmetries and conservation laws in Lagrangian gauge theories with applications to the mechanics of black holes and to gravity in three dimensions,” [arXiv:0708.3153 [hep-th]].

[48] L. B. Szabados, “Quasi-Local Energy-Momentum and Angular Momentum in GR: A Review Article,” Living Rev. Rel. 7, 4 (2004). HEP :: Search :: Help :: Terms of use :: Privacy policy Powered by Invenio v1.0.0+ Problems/Questions to feedback@inspirehep.net

[49] S. Fischetti, W. Kelly and D. Marolf, “Conserved Charges in Asymptotically (Locally) AdS Spacetimes,” arXiv:1211.6347 [gr-qc].

[50] G. Barnich and F. Brandt, “Covariant theory of asymptotic symmetries, conservation laws and central charges,” Nucl. Phys. B 633 (2002) 3 [hep-th/0111246].

[51] R. L. Arnowitt, S. Deser and C. W. Misner, “The Dynamics of general relativity,” gr-qc/0405109

[52] L. F. Abbott and S. Deser, “Stability of Gravity with a Cosmological Constant,” Nucl.

Phys. B 195 (1982) 76 ; S. Deser and B. Tekin, “Energy in generic higher curvature gravity theories,” Phys. Rev. D 67 (2003) 084009 [hep-th/0212292].

[53] J. D. Brown and J. W. York, “Quasilocal energy and conserved charges derived from the gravitational action”, Phys. Rev. D 47 (1993) 1407 [arXiv:9209012 [hep-th]].

[54] N. Deruelle, J. Katz and S. Ogushi, “Conserved charges in Einstein Gauss-Bonnet theory,” Class. Quant. Grav. 21, 1971 (2004) [gr-qc/0310098] ; G. Lopes Cardoso, B. de Wit and T. Mohaupt, “Deviations from the area law for supersymmetric black holes,” Fortsch. Phys. 48, 49 (2000) [hep-th/9904005].

[55] H. Saida and J. Soda, “Statistical entropy of BTZ black hole in higher curvature gravity,” Phys. Lett. B 471 (2000) 358 [gr-qc/9909061].

[56] G. Clement, “Warped AdS(3) black holes in new massive gravity,” Class. Quant. Grav. 26, 105015 (2009) [arXiv:0902.4634 [hep-th]].

[57] O. Hohm and E. Tonni, “A boundary stress tensor for higher-derivative gravity in AdS and Lifshitz backgrounds,” JHEP 1004, 093 (2010) [arXiv:1001.3598 [hep-th]].

[58] S. Nam, J. -D. Park and S. -H. Yi, “Mass and Angular momentum of Black Holes in New Massive Gravity,” Phys. Rev. D 82, 124049 (2010) [arXiv:1009.1962 [hep-th]].

[59] D. O. Devecioglu and O. Sarioglu, “Conserved Killing charges of quadratic curvature gravity theories in arbitrary backgrounds,” Phys. Rev. D 83, 021503 (2011) [arXiv:1010.1711 [hepth]].

[60] A. Ghodsi and D. M. Yekta, “On Asymptotically AdS-Like Solutions of Three Dimensional Massive Gravity,” JHEP 1206, 131 (2012) [arXiv:1112.5402 [hep-th]].

[61] S. Carlip, “Extremal and nonextremal Kerr/CFT correspondences,” JHEP 1104, 076 (2011) [Erratum-ibid. 1201, 008 (2012)] [arXiv:1101.5136 [gr-qc]].

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

[63] H. L. C. Louzada, U. Camara dS and G. M. Sotkov, “Massive 3D Gravity Big-Bounce,” Phys. Lett. B 686, 268 (2010) [arXiv:1001.3622 [hep-th]] ; U. d. .Camara and G. M. Sotkov, “New Massive Gravity Domain Walls,” Phys. Lett. B 694, 94 (2010) [arXiv:1008.2553 [hep-th]] ; U. Camara dS, C. P. Constantinidis and G. M. Sotkov, “New Massive Gravity Holography,” arXiv:1009.2665 [hep-th] ; U. C. dS, C. P. Constantinidis, A. L. A. Lima and G. M. Sotkov, “Self-Duality from New Massive Gravity Holography,” arXiv:1302.5795 [hep-th].

[64] S. Hyun, J. Jeong and S. -H. Yi, “Fake Supersymmetry and Extremal Black Holes,” arXiv:1210.6273 [hep-th].

[65] S. Nojiri and S. D. Odintsov, “On the conformal anomaly from higher derivative gravity in AdS/CFT correspondence,” Int. J. Mod. Phys. A 15 (2000) 413 [arXiv:hep-th/9903033]. Y. Liu and Y. W. Sun, “Note on New Massive Gravity in AdS_3,” JHEP 0904 (2009) 106 [arXiv:0903.0536 [hep-th]].