arXiv:1207.2844v1 [hep-th] 12 Jul 2012

CECS-PHY-12/02, ESI-2372

Higher spin gravity in 3D:

black holes, global charges and thermodynamics

Alfredo Pérez^1, David Tempo^1, Ricardo Troncoso^{1,2∗} 1Centro de Estudios Científicos (CECs), Casilla 1469, Valdivia, Chile and 2Universidad Andrés Bello, Av. República 440, Santiago, Chile.

Abstract

Global charges and thermodynamic properties of three-dimensional higher spin black holes that have been recently found in the literature are revisited. Since these solutions possess a relaxed asymptotically AdS behavior, following the canonical approach, it is shown that the global charges, and in particular the mass, acquire explicit nontrivial contributions given by nonlinear terms in the deviations with respect to the reference background. It is also found that there are cases for which the first law of thermodynamics is fulfilled in the canonical ensemble, i.e., without work terms associated to the presence of higher spin fields, and remarkably, the semiclassical higher spin black hole entropy is exactly reproduced from Cardy formula.

∗Electronic address: aperez, tempo, troncoso@cecs.cl

I. INTRODUCTION

The exact higher spin black hole solutions in three spacetime dimensions that have been recently found in [1–3] provide a unique arena in order to acquire a deeper understanding of higher spin gravity [4–7]. These solutions possess a relaxed asymptotically AdS behaviour as compared with the one proposed in refs. [8–10]. It is worth pointing out that a similar effect occurs in the case of hairy black holes with scalar fields with slow fall-off at infinity [11–15]. In this case, it is known that the asymptotic conditions turn out to be relaxed with respect to the ones of Brown and Henneaux [16], and as a consequence, the global charges, and in particular the mass, acquire nontrivial contributions given by nonlinear terms in the deviation of the fields with respect to the reference background. Therefore, it is natural to wonder about the persistence of this effect for black holes endowed with higher spin fields. Here it is shown that this is indeed the case for the class of higher spin black holes mentioned above. In fact, as they possess a relaxed asymptotic behaviour, their energy does not depend linearly on the deviation of the fields with respect to the background configuration. Therefore, the higher spin black hole mass must be computed from scratch.

In the next section, higher spin gravity in three dimensions as a Chern-Simons theory is revisited, where the canonical approach to construct conserved charges as surface integrals is also briefly discussed. Section III is devoted to perform the explicit computation of the mass, including the analysis of nontrivial integrability conditions for the higher spin black hole solution found in refs. [1, 2]. This is also carried out for the solution of ref. [3] in section IV, where it is also shown that the first law of thermodynamics is fulfilled in the canonical ensemble, i.e., without work terms associated to the presence of higher spin fields. The semiclassical entropy of this higher spin black hole is also shown to be exactly reproduced by means of Cardy formula. Final comments are discussed in section V.

II. HIGHER SPIN GRAVITY AS A CHERN-SIMONS THEORY IN 3D

As it was shown in [17, 18], a Chern-Simons action whose gauge group is given by SL (N, R) × SL (N, R) describes a theory of gravity with negative cosmological constant, coupled to interacting fields of higher spin s = 3, 4, ..., N, in three dimensions. Analogously, a consistent theory of gravity that includes the whole infinite tower of higher spin fields can be constructed by means of two copies of the hs(1, 1) algebra. Let us focus on the simplest case that corresponds to N = 3. The theory can then be described in terms of two independent connection one-forms, A^+ and A^−, associated to each copy of SL (3, R), so that the action is given by I = I_{CS} [ A^+ ] − I_{CS} [ A^− ] , (1) where I_{CS} [A] = k 4π ∫ M ⟨ AdA + 2 3 A^3 ⟩ , (2)

and the level is determined by the Newton constant and the AdS radius according to k =^l_{4G} . Here the bracket stands for an invariant nondegenerate bilinear form of SL (3, R) that is proportional to the Cartan-Killing metric. The fundamental representation of SL (3, R) is generated by L_i and W_m, where i = −1, 0, 1, and m = −2, −1, ..., +2, and the bracket is given by a quarter of the trace, i.e., ⟨· · · ⟩ =^1_4 tr (· · · ), see e.g., [9].

Since the field equations imply the vanishing of SL (3, R) curvatures, i.e., F^± = 0, the connections become locally flat on shell.

It is useful to introduce a generalization of the dreibein and spin connection according to A^± = ω ± e l , (3)

so that, in the principal embedding of sl (2, R) into sl (3, R), the spacetime metric and the spin 3 field are recovered from g_{μν} = 1 2 tr (e_μe_ν ) , (4) and φ_{μνρ} = 1 3! tr ( e_{(μ}e_ν e_{ρ)} ) , (5) respectively.

It is worth pointing out that the metric transforms nontrivially under the higher spin gauge symmetries embedded in SL (3, R) × SL (3, R), and as a consequence, some standard geometric and physical notions may appear to be ambiguous, since they are no longer gauge invariant. Therefore, in order to provide a reliable definition of energy, it is better to stay attached to its very basic definition: the energy corresponds to the conserved charge associated with the generator of time evolution, i.e., it is given by the Hamiltonian.

A. Canonical generators

The suitable definition of energy we look for a Chern-Simons theory of the form (1) can then be obtained following the Regge-Teitelboim approach [19]. In the canonical formalism, the variation of the conserved charge associated to an asymptotic gauge symmetry generated by an algebra-valued parameter η = η^+ + η^− is given by δQ (η) = − k 2π ∫ ∂Σ (⟨ η^+δA^+_ϕ ⟩ − ⟨ η^−δA^−_ϕ ⟩) dϕ , (6) where ∂Σ stands for the boundary of the spacelike section Σ (see e.g., [20–22]). Since diffeomorphisms are not independent of gauge transformations for a Chern-Simons theory in three dimensions, the variation of the generator of an asymptotic symmetry spanned by an asymptotic killing vector ξ^μ, reduces to δQ (ξ) = k 2π ∫ ∂Σ ξ^μ (⟨ A^+_μ δA^+_ϕ ⟩ − ⟨ A^−_μ δA^−_ϕ ⟩) dϕ . (7) Therefore, the variation of the energy, M = Q (∂_t), is given by

δQ (∂_t) = k 2π ∫ ∂Σ (⟨ A^+_t δA^+_ϕ ⟩ − ⟨ A^−_t δA^−_ϕ ⟩) dϕ . (8) The variation of the canonical generators in eqs. (6), (7), and (8) then corresponds to the ones of higher spin gravity provided the parameter η^± takes values on hs (1, 1) or sl (N, R). In both cases, a consistent set of asymptotic conditions has been proposed in refs. [8] and [9, 10], respectively, being such that the conserved charges turn out to be linear in the deviation of the fields with respect to the AdS_3 background^1. Indeed, for the case of sl (3, R), the asymptotic conditions for the gauge fields can be written as

A^± = Ā^± + ΔA^± ,

where the deviation with respect to the background configuration Ā^±, which is assumed to be AdS_3 spacetime of radius l, is of the form

ΔA^± = ± ( − 2π k L^±e^{−ρ}L^±_{∓1} ∓ π 2k W^±e^{−2ρ}W^±_{∓2} ) dx^± , (9)

with x^± =^t_l ± ϕ, and L^±_i span two copies of the sl (2, R) subalgebra. By virtue of (9), it is then simple to verify that the variation of the canonical generators in (7) becomes linear

1 The supersymmetric extension of the asymptotic conditions of [8] was developed in ref. [23].

in the deviation of the fields. Therefore, the conserved charges can be readily integrated so that, in particular, the zero modes of the Virasoro generators read L^±_0 = Q (∂_±) = ∫ L^±dϕ , (10) and hence, the mass (8) is given by M = Q (∂_t) = 1 l ∫ ( L^+ + L^− ) dϕ . (11) It is also simple to verify that eqs. (10) and (11) also hold for the asymptotic conditions in [9, 10] and [8], for sl (N, R) and hs (1, 1), respectively, where it has also been shown that the algebra of the canonical generators acquires the same central extension as the one found by Brown and Henneaux in [16] for General Relativity with negative cosmological constant, c = 3l 2G . (12) In the next section we show that, since the higher spin black hole solutions found in [1–3] do not fulfill the asymptotic conditions of ref. [9], the zero mode of their Virasoro generators, and then their mass, differ from eqs. (10) and (11), respectively, because they acquire explicit nonlinear contributions that come from the deviation of the fields with respect to the reference background. It is also worth pointing out that further integrability conditions that guarantee that the variation of the energy is an exact differential are also found. This implies that some of the integration constants appearing on the higher spin black hole solutions considered here become functionally related, and hence they are not independent.

III. AMMON-GUTPERLE-KRAUS-PERLMUTTER SOLUTION

Let us first consider the higher spin black hole solution found in refs. [1, 2] for the case N = 3. The gauge field can be conveniently written as A^± = g^{−1}_± a^±g_± + g^{−1}_± dg_± , (13) where g_± = g_± (ρ) stand for suitable elements of each copy of SL (3, R) that depend only on the radial coordinate, so that a^± = ± ( L^±_1 − 2π k LL^±_{∓1} ∓ π 2k WW^±_{∓2} ) dx^± + μ ( W^±_{±2} − 4π k LW^±_0 +

4π^2 k^2

L^2W^±_{∓2} ± 4π k WL^±_{∓1} ) dx^∓ , (14) correspond to the connection in the “wormhole gauge”. As explained in [1, 2], this solution does not fulfill the asymptotic conditions of ref. [9] in eq. (9), since the metric asymptotically approaches to that of AdS_3, but of radius l̃ = l/2, and moreover the deviation with respect to the background configuration, ΔA^±, possesses additional components along dx^∓ =^1_{l̃} dt∓dϕ.

It is simple to verify that, since g_± = g_± (ρ), the variation of the canonical generator in eq. (8) reduces to δQ (∂_t) = k 2π ∫ ∂Σ (⟨ a^+_t δa^+_ϕ ⟩ − ⟨ a^−_t δa^−_ϕ ⟩) dϕ , (15) and hence, the variation of the energy, δM = δQ (∂_t), is given by δM = 8π l [ δL − 32π 3k δ(L^2μ^2) + μδW + 3Wδμ ] . (16)

Since the configuration is static, by virtue of (7), the variation of the zero modes of the Virasoro generators then reads

δL^±_0 = δQ (∂_±) = l̃ 2 δM . (17) According to eq. (16), the higher spin black hole energy not only has the expected linear contribution in δL, but also acquires additional terms that depend nonlinearly in the integration constants. Note that the energy is well defined provided its variation becomes an exact differential, so that it can be integrated. Therefore, in order to guarantee that, the last two terms at the r.h.s. of eq. (16) give a nontrivial integrability condition that have to be fulfilled. This condition then reads

δ^2M = 16π l δW ∧ δμ = 0 , (18) and as a consequence, the integration constants μ and W are not independent, i.e., they become functionally related as μ = F^′ (W) , (19) where F^′ is the derivative of an arbitrary function F that is fixed once precise boundary conditions are provided. Hence, the mass is given by M = 8π l [ L − 32π 3k μ^2L^2 + 3μW − 2F ] , (20)

up to an arbitrary constant without variation.

IV. CASTRO-HIJANO-LEPAGE-JUTIER-MALONEY SOLUTION

The second example we consider is the static higher spin black hole solution found in [3], also for N = 3. As in the previous case, it is convenient to express the gauge field as in eq. (13), where now g_± = e^{±ρL±0} , and

a^± = ± ( ℓ_P L^±_1 − LL^±_{∓1} ± ΦW^±_0 ) dx^± + ( ℓ_DW^±_{±2} + WW^±_{∓2} − QW^±_0 ) dx^∓ , (21) with^2 Qℓ_P − 2Lℓ_D = 0 ; QL − 2Wℓ_P = 0 . (22) It is simple to verify that this solution does not fit within the asymptotic conditions in eq. (9). Indeed, the asymptotic form of the metric approaches to AdS_3 of radius l̃ = l/2, and the deviation of the gauge field also possesses additional components along dx^∓.

The variation of the zero modes of the Virasoro generators can then be obtained from eq. (17), where according to eq. (15), the mass reads δM = δQ (∂_t) = 1 3G [ δ ( 3Lℓ_P − 4Q^2 − 2QΦ + Φ^2 ) + 4ΦδQ ] . (23) Therefore, as expected, the variation of the mass has a nonlinear dependence in the integration constants. The integrability condition that comes from (23) is given by δ^2M = 4 3G δΦ ∧ δQ = 0 , (24) which means that the integration constants Φ and Q are functionally related. It is convenient to express this relation as Φ = F^′(Q) , (25) for some arbitrary function F. Hence, up to an arbitrary constant without variation, the mass can be written as M = 1 G [ Lℓ_P + 4Q^2 ] + w(Q) , (26) with w(Q) := 1 3G [(Φ − 4Q)(Φ + 4Q) − 2(QΦ − 2F)] , (27) so that the zero modes of the Virasoro generators read

L_0 := L^±_0 = l̃ 2 M = l 4 M . (28)

2 We have chosen a different orientability as compared with the one in [3], i.e., x^+ ↔ x^−. As in the previous section, here x^± =^t_{l̃} ± ϕ, and hereafter we will consider the branch with ℓ_P , ℓ_D ≠ 0.

A. Thermodynamics

As it was shown in [3], requiring the holonomy around the thermal cycle of the Euclidean solution to be trivial, allows to fix Hawking temperature according to T = 2 πl √ Lℓ_p + 4Q^2 , (29)

and gives an additional condition that reads

Φ = 4Q . (30)

This allows to determine the precise form of the function F in (25), according to F = 2Q^2. As a consequence, the function w(Q) in (27) vanishes, so that the mass becomes proportional to the square of the temperature, i.e., M = π^2l^2 4G T^2 , (31)

and then the entropy can be readily found in the canonical ensemble, dM = T dS, to be given by S = πl √ M G . (32) Note that in terms of the zero modes of the Virasoro generators, in eq. (28), the semiclassical entropy of the higher spin black hole (32) reads S = 4π √ l 4G L_0 , (33)

which exactly agrees with Cardy formula, S = 4π √ c 6 L_0 , (34)

provided c = 3l 2G , (35) i.e., precisely the standard central charge that has been found to hold also for higher spin gravity with asymptotically AdS_3 boundary conditions [8–10]. This result suggests that the higher spin black hole found in [3] could be naturally regarded as a large nonperturbative deviation with respect to the AdS_3 vacuum of radius l.

V. DISCUSSION

The canonical formalism to compute conserved charges as surface integrals [19] has been briefly reviewed in the case of higher spin gravity in three dimensions, and it was applied in order to obtain the mass of the higher spin black holes in refs. [1, 2] and [3]. In both cases, it was found that the energy acquires nonlinear terms in the deviation of the fields with respect to the reference background. This goes by hand with non trivial functional relationships between the integration constants that have to be fulfilled in order to ensure integrability of the charges. This effect occurs due to the fact that these solutions possess a relaxed asymptotically AdS behavior as compared with the ones in [8–10], and hence the zero modes of the Virasoro generators, and then their mass, differ from eqs. (10) and (11), respectively^3. It is worth then pointing out that finite charges as surface integrals that are obtained through different perturbative approaches do not capture this effect. Indeed, although they may transform suitably under the Virasoro symmetry, a priori, there is no guarantee that they reproduce the energy unless one explicitly check that they generate the time evolution.

For the specific examples considered here, some remarks are in order. In the case of the higher spin black hole of [1, 2] the integrability condition that makes the variation of the energy to be an exact differential reduces to eq. (19). The case μ = μ_0, where μ_0 is arbitrary and without variation is certainly one of the possibilities, and hence along the lines of the AdS-CFT correspondence, the generic functional relationship (19) naturally arises in the context of multi-trace deformations [31, 32]. It is also worth mentioning that, as explained in [1, 2], for the Euclidean solution, requiring the holonomy around the thermal cycle to be trivial not only determines the higher spin black hole temperature, but also gives an additional condition. As a consequence, once eq. (19) is imposed, the mass in eq. (20) turns out to depend on a single integration constant. It would then be interesting to explore how thermodynamics works once these results are taken into account.

In the case of the higher spin black hole found in [3], requiring triviality of the holonomy around the thermal cycle singles out a unique possibility for the functional relationship in eq. (25). Since the mass becomes proportional to the square of the temperature, as in eq.

3 Further examples exhibiting similar features have also been discussed in refs. [24, 25] in the context of topologically massive gravity [26–28], as well as in [29] for BHT “new” massive gravity [30] in vacuum.

(31), the thermodynamics can be easily carried out in the canonical ensemble. Remarkably, the semiclassical entropy of the higher spin black hole was shown to exactly agree with Cardy formula, provided the central charge is the one of Brown and Henneaux, which was found to hold also for higher spin gravity with asymptotically AdS_3 boundary conditions [8–10]. Note that if the asymptotic conditions are relaxed in a consistent way with the asymptotic symmetries, the central charge does not change, since it is determined by the ground state configuration. Therefore, although the higher spin black hole of [3] asymptotically approaches to AdS_3 spacetime of radius l̃ =^l_2 , our result naturally suggests that it could be consistently regarded as a large nonperturbative deviation with respect to the AdS_3 vacuum of radius l. In this sense, it is worth mentioning that AdS_3 with radius l has been argued to be the only ground state for which the perturbative spectrum of the theory could admit a unitary representation for large values of the central charge [33].

Curiously, in this sense, the usual practice that suggests the possibility of regarding the asymptotics of the higher spin black hole as a perturbative deviation with respect to AdS_3 of radius l̃ does not appear to be an appealing one. Indeed, if this was the case, according to ref. [2], the central charge that corresponds to the ground state would be given by c̃ =^{3l}_{8G} , and hence the standard form of Cardy formula in eq. (34), with c = c̃, would fail in reproducing its semiclassical entropy. It is also worth pointing out that in this case, along the lines of refs. [34, 35], Cardy formula still would have a chance to work if it is generalized so as to admit nontrivial lowest eigenvalues for the Virasoro operators, which would correspond to the ones of a suitable ground state that asymptotically approaches to AdS_3 of radius l̃. However, if this was the case, the lowest eigenvalues of the Virasoro operators would be given by L̄^±_0 = −^l_{16G} < −^{c̃}_{24} , which manifestly violates the unitarity bound.

As an ending remark, it would be interesting to explore the possibility of recovering the results discussed here from the dual theory at the boundary, along the lines of [36–41], as well as inspecting whether they persist for the different class of higher spin black holes found in [42–44], or for the generic solution of [45].

Acknowledgments. We thank H. Afshar, G. Barnich, X. Bekaert, E. Bergshoeff, N. Boulanger, C. Bunster, A. Campoleoni, A. Castro, M. Gary, H. González, M. Grigoriev, D. Grumiller, O. Hohm, C. Iazeolla, P. Kraus, S. Pfenninger, R. Rahman, R. Rashkov, P. Sundell, M. Valenzuela, A. Waldron, J. Zanelli, and specially to M. Henneaux, C. Martínez and S. Theisen for many useful discussions and comments. We also wish to thank the organizers of the Workshop on Higher Spin Gravity, hosted by the Erwin Schrödinger Institute (ESI), during April 2012 in Vienna, for the opportunity of presenting this work. We thank the kind hospitality at the Physique théorique et mathématique group of the Université Libre de Bruxelles, the International Solvay Institutes, and the Max-Planck-Institut für Gravitationsphysik (Albert-Einstein-Institut). This work has been partially funded by the Fondecyt grants N^∘ 1095098, 1121031, 3110122, 3110141, and by the Conicyt grant ACT-91: “Southern Theoretical Physics Laboratory”(STPLab). The Centro de Estudios Científicos (CECs) is funded by the Chilean Government through the Centers of Excellence Base Financing Program of Conicyt.

[1] M. Gutperle and P. Kraus, “Higher Spin Black Holes,” JHEP 1105, 022 (2011) [arXiv:1103.4304 [hep-th]].

[2] M. Ammon, M. Gutperle, P. Kraus and E. Perlmutter, “Spacetime Geometry in Higher Spin Gravity,” JHEP 1110, 053 (2011) [arXiv:1106.4788 [hep-th]].

[3] A. Castro, E. Hijano, A. Lepage-Jutier and A. Maloney, “Black Holes and Singularity Resolution in Higher Spin Gravity,” JHEP 1201, 031 (2012) [arXiv:1110.4117 [hep-th]].

[4] E. S. Fradkin and M. A. Vasiliev, “Cubic Interaction in Extended Theories of Massless Higher Spin Fields,” Nucl. Phys. B 291, 141 (1987).

[5] E. S. Fradkin and M. A. Vasiliev, “On the Gravitational Interaction of Massless Higher Spin Fields,” Phys. Lett. B 189, 89 (1987).

[6] M. A. Vasiliev, “More on equations of motion for interacting massless fields of all spins in (3+1)-dimensions,” Phys. Lett. B 285, 225 (1992).

[7] M. A. Vasiliev, “Holography, Unfolding and Higher-Spin Theory,” arXiv:1203.5554 [hep-th]. [8] M. Henneaux and S. -J. Rey, “Nonlinear W_{infinity} as Asymptotic Symmetry of Three- Dimensional Higher Spin Anti-de Sitter Gravity,” JHEP 1012, 007 (2010) [arXiv:1008.4579 [hep-th]].

[9] A. Campoleoni, S. Fredenhagen, S. Pfenninger and S. Theisen, “Asymptotic symmetries of three-dimensional gravity coupled to higher-spin fields,” JHEP 1011, 007 (2010) [arXiv:1008.4744 [hep-th]].

[10] A. Campoleoni, S. Fredenhagen and S. Pfenninger, “Asymptotic W-symmetries in threedimensional higher-spin gauge theories,” JHEP 1109, 113 (2011) [arXiv:1107.0290 [hep-th]].

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

[12] M. Henneaux, C. Martínez, R. Troncoso and J. Zanelli, “Asymptotically anti-de Sitter spacetimes and scalar fields with a logarithmic branch,” Phys. Rev. D 70, 044034 (2004) [arXiv:hep-th/0404236].

[13] 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, 824 (2007) [hep-th/0603185].

[14] T. Hertog and K. Maeda, “Black holes with scalar hair and asymptotics in N = 8 supergravity,” JHEP 0407, 051 (2004) [hep-th/0404261].

[15] A. J. Amsel and D. Marolf, “Energy Bounds in Designer Gravity,” Phys. Rev. D 74, 064006 (2006) [Erratum-ibid. D 75, 029901 (2007)] [hep-th/0605101].

[16] 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).

[17] M. P. Blencowe, “A Consistent Interacting Massless Higher Spin Field Theory In D = (2+1),” Class. Quant. Grav. 6, 443 (1989).

[18] E. Bergshoeff, M. P. Blencowe and K. S. Stelle, “Area Preserving Diffeomorphisms And Higher Spin Algebra,” Commun. Math. Phys. 128, 213 (1990).

[19] T. Regge and C. Teitelboim, “Role Of Surface Integrals In The Hamiltonian Formulation Of General Relativity,” Annals Phys. 88, 286 (1974).

[20] A. P. Balachandran, G. Bimonte, K. S. Gupta and A. Stern, “Conformal edge currents in Chern-Simons theories,” Int. J. Mod. Phys. A 7, 4655 (1992) [hep-th/9110072].

[21] M. Banados, “Global charges in Chern-Simons field theory and the (2+1) black hole,” Phys.

Rev. D 52, 5816 (1996) [hep-th/9405171].

[22] S. Carlip, “Conformal field theory, (2+1)-dimensional gravity, and the BTZ black hole,” Class.

Quant. Grav. 22, R85 (2005) [gr-qc/0503022].

[23] M. Henneaux, G. Lucena Gomez, J. Park and S. -J. Rey, “Super- W(infinity) Asymptotic Symmetry of Higher-Spin AdS_3 Supergravity,” JHEP 1206, 037 (2012) [arXiv:1203.5152 [hepth]].

[24] M. Henneaux, C. Martínez and R. Troncoso, “More on Asymptotically Anti-de Sitter Spaces in Topologically Massive Gravity,” Phys. Rev. D 82, 064038 (2010) [arXiv:1006.0273 [hep-th]].

[25] M. Henneaux, C. Martínez and R. Troncoso, “Asymptotically warped anti-de Sitter spacetimes in topologically massive gravity,” Phys. Rev. D 84, 124016 (2011) [arXiv:1108.2841 [hep-th]].

[26] S. Deser, R. Jackiw and S. Templeton, “Three-Dimensional Massive Gauge Theories,” Phys.

Rev. Lett. 48 (1982) 975.

[27] S. Deser, R. Jackiw and S. Templeton, “Topologically massive gauge theories,” Annals Phys. 140, 372 (1982) [Erratum-ibid. 185, 406.1988 APNYA,281,409 (1988 APNYA,281,409- 449.2000)].

[28] S. Deser, “Cosmological Topological Supergravity” in “Quantum Theory of Gravity: Essays in honor of the 60th birthday of Bryce S. DeWitt. Edited by S.M. Christensen. Published by Adam Hilger Ltd., Bristol, England 1984, p.374.

[29] A. Pérez, D. Tempo and R. Troncoso, “Gravitational solitons, hairy black holes and phase transitions in BHT massive gravity,” JHEP 1107, 093 (2011) [arXiv:1106.4849 [hep-th]].

[30] E. A. Bergshoeff, O. Hohm and P. K. Townsend, “Massive Gravity in Three Dimensions,” Phys. Rev. Lett. 102, 201301 (2009) [arXiv:0901.1766 [hep-th]].

[31] I. R. Klebanov and E. Witten, “AdS / CFT correspondence and symmetry breaking,” Nucl.

Phys. B 556, 89 (1999) [hep-th/9905104].

[32] E. Witten, “Multitrace operators, boundary conditions, and AdS / CFT correspondence,” hep-th/0112258.

[33] A. Castro, E. Hijano and A. Lepage-Jutier, “Unitarity Bounds in AdS_3 Higher Spin Gravity,” JHEP 1206, 001 (2012) [arXiv:1202.4467 [hep-th]].

[34] F. Correa, C. Martínez and R. Troncoso, “Scalar solitons and the microscopic entropy of hairy black holes in three dimensions,” JHEP 1101, 034 (2011) [arXiv:1010.1259 [hep-th]].

[35] F. Correa, C. Martínez and R. Troncoso, “Hairy Black Hole Entropy and the Role of Solitons in Three Dimensions,” JHEP 1202, 136 (2012) [arXiv:1112.6198 [hep-th]].

[36] M. R. Gaberdiel and R. Gopakumar, “An AdS_3 Dual for Minimal Model CFTs,” Phys. Rev.

D 83, 066007 (2011) [arXiv:1011.2986 [hep-th]].

[37] M. R. Gaberdiel, R. Gopakumar, T. Hartman and S. Raju, “Partition Functions of Holographic Minimal Models,” JHEP 1108, 077 (2011) [arXiv:1106.1897 [hep-th]].

[38] A. Castro, M. R. Gaberdiel, T. Hartman, A. Maloney and R. Volpato, “The Gravity Dual of the Ising Model,” Phys. Rev. D 85, 024032 (2012) [arXiv:1111.1987 [hep-th]].

[39] M. Ammon, P. Kraus and E. Perlmutter, “Scalar fields and three-point functions in D=3 higher spin gravity,” arXiv:1111.3926 [hep-th].

[40] M. R. Gaberdiel and P. Suchanek, “Limits of Minimal Models and Continuous Orbifolds,” JHEP 1203, 104 (2012) [arXiv:1112.1708 [hep-th]].

[41] M. R. Gaberdiel, T. Hartman and K. Jin, “Higher Spin Black Holes from CFT,” JHEP 1204, 103 (2012) [arXiv:1203.0015 [hep-th]].

[42] P. Kraus and E. Perlmutter, “Partition functions of higher spin black holes and their CFT duals,” JHEP 1111, 061 (2011) [arXiv:1108.2567 [hep-th]].

[43] H. -S. Tan, “Aspects of Three-dimensional Spin-4 Gravity,” JHEP 1202, 035 (2012) [arXiv:1111.2834 [hep-th]].

[44] M. Gary, D. Grumiller and R. Rashkov, “Towards non-AdS holography in 3-dimensional higher spin gravity,” JHEP 1203, 022 (2012) [arXiv:1201.0013 [hep-th]].

[45] M. Banados, R. Canto and S. Theisen, “The Action for higher spin black holes in three dimensions,” arXiv:1204.5105 [hep-th].