arXiv:0904.2765v2 [hep-th] 11 May 2009

Enthalpy and the Mechanics of AdS Black Holes

David Kastor^{a1}, Sourya Ray^{b2} and Jennie Traschen^{a3}

a Department of Physics, University of Massachusetts, Amherst, MA 01003 b Centro de Estudios Cientficos (CECS), Casilla 1469, Valdivia, Chile 1 kastor@physics.umass.edu,^2 ray@cecs.cl,^3 traschen@physics.umass.edu

Abstract

We present geometric derivations of the Smarr formula for static AdS black holes and an expanded first law that includes variations in the cosmological constant. These two results are further related by a scaling argument based on Euler’s theorem. The key new ingredient in the constructions is a two-form potential for the static Killing field. Surface integrals of the Killing potential determine the coefficient of the variation of Λ in the first law. This coefficient is proportional to a finite, effective volume for the region outside the AdS black hole horizon, which can also be interpreted as minus the volume excluded from a spatial slice by the black hole horizon. This effective volume also contributes to the Smarr formula. Since Λ is naturally thought of as a pressure, the new term in the first law has the form of effective volume times change in pressure that arises in the variation of the enthalpy in classical thermodynamics. This and related arguments suggest that the mass of an AdS black hole should be interpreted as the enthalpy of the spacetime.

1 Introduction

Black hole solutions with a non-vanishing cosmological constant have received considerable recent attention. This is due both to the role they play in the phenomenology of the AdS/CFT correspondence [1, 2, 3] and also, of course, to the observational data suggesting that the universe may have a small, positive value of Λ (see e.g. reference [4]). In four dimensions, the extension of the Kerr-Newman family of solutions to non-zero Λ was found many years ago by Carter [5]. More recently amongst many other results, the extension of the Myers-Perry higher dimensional rotating black hole solutions [6] were found in [7, 8], solutions including NUT charge were constructed in [9, 10] and approximate black ring solutions in AdS were been studied in [11].

The purpose of this paper is to bring our understanding of certain properties of AdS black holes more closely in parallel with well known results in the asymptotically flat case^1. Specifically, we will focus on the Smarr formula for AdS black holes and on an associated, extended version of the first law that accounts for variations in the black hole mass with respect to variations in the cosmological constant. In the asymptotically flat case, the Smarr formula and first law can be derived by geometric means, without relying on the explicit solutions to the field equations. Moreover, these two results are related via a simple scaling argument. We will show that similar geometric methods can be used to obtain the Smarr formula and first law with Λ ≠ 0, and that these results are again related by a simple scaling argument.

In order to extend the geometrical contructions of the Smarr formula and first law to the Λ ≠ 0 case, we employ a new technical ingredient, the Killing potential ω^{ab} that is related to a Killing vector ξ^a according to ξ^b = ∇_aω^{ab}. (1)

The Killing potential was introduced in references [12, 13] in order to construct a Komar integral relation for Λ ≠ 0. We use this new Komar relation to derive the Smarr formula for static AdS black holes^2. We will see that the Killing potential can also be used in the context of the Hamiltonian perturbation theory techniques of references [14][15][16] in order to prove the required generalization of the first law.

In fact, similar expressions for the (A)dS Smarr formula and the first law with variable Λ have been obtained before in references [17, 18, 19, 20, 21, 22]. The results in these papers have been established by direct calculation for specific (A)dS black hole solutions, such as the BTZ black hole or Schwarzschild-(A)dS spacetimes. Our more general, geometrical approach, however, holds a number of advantages^3. Most importantly, we obtain a general

1Our focus will be on the AdS case, but our methodology applies to deSitter black holes as well. 2For simplicity, we will restrict our considerations in this paper to static black holes. However, results for the more general stationary case may be derived in similar fashion.

3Very recently Urano et. al. [23] derived a first law with variable Λ for Schwarzschild-dS spacetimes by

expression for the quantity Θ = 8πG(∂M/∂Λ) (2) that appears in both the first law and the Smarr formula in terms of surface integrals of the Killing potential. This is comparable to knowing that the quantity ∂M/∂A = κ/8πG, where κ is the black hole horizon surface gravity, rather than having only an explicit expression given in terms of the parameters of a particular family of solutions (such as ∂M/∂A = 1/16πGM for Schwarzschild in D = 4). In addition, our derivation of the first law with varying Λ, based on the approach of [15], holds for any perturbations that solve the linearized equations of motion around the static black hole background, rather than only for those that stay within the family of static solutions.

The new term in the first law has the form ΘδΛ/8πG, with the quantity Θ having the dimensions of volume. We show below that for AdS black holes, Θ is an effective renormalized volume V for the region outside the black hole horizon, given by the difference between the (infinite) volume outside the horizon minus the (infinite) volume of a spatial slice of AdS. The quantity Θ is then finite and negative. It can also be thought of as minus the volume excluded by the black hole horizon. If we think of the cosmological constant as a pressure P , then the new term in the first law (36) looks like V δP , a term that occurs in the variation of the enthalpy H = E + P V of a thermodynamic system. This suggests that after expanding the set of thermodynamic variables to include the cosmological constant, the mass M of an AdS black hole should be interpreted as the analogue of the enthalpy from classical thermodynamics, rather than as the total energy of the spacetime. This observation is the basis for the title of the paper.

Inclusion of the new term in the first law is motivated in this paper by the formal scaling argument that leads from the first law to the Smarr formula. However, as noted in the references above, a number of physical mechanisms have been put forward for variable Λ. Prominent among these is the model of Brown and Teitelboim [26, 27] in which the four dimensional cosmological constant represents the energy density of a 4-form gauge field strength, which can change via the instanton induced nucleation of charged membranes.

We would also like to suggest that the inclusion of Λ as a thermodynamic variable may find application in the AdS/CFT [1, 2, 3] context as well^4. In its most well studied instance, AdS/CFT postulates an equivalence between type IIB string theory on AdS_5 × S^5 and maximally supersymmetric SU(N) Yang-Mills theory in four dimensions, where the radius of curvature R = √ −6/Λ of AdS_5 (and the S^5) is given by (R/l_s)^4 = g^2_{Y M} N, with g_{Y M}

means of an adaptation of the Iyer-Wald Noether charge formalism [24, 25]. This method is essentially a covariant version of the Hamiltonian perturbation theory which we use in Section (4). However, the first law constructed in [23] differs substantially from that which would follow from application of our methods to deSitter black holes. The resulting formula would relate variations in the black hole and deSitter horizon areas to the variation in the cosmological constant, while the first law in [23] relates the variation in the Schwarzschild-dS mass parameter to the variation in total sum of the horizon areas and the variation in Λ.

4See reference [28] for a treatment of the Smarr formula and first law with fixed Λ in asymptotically locally AdS spacetimes from an AdS/CFT point of view.

the Yang-Mills coupling constant and l_s is the string length. The string coupling constant g_s is given by g_s = 4πg^2_{Y M} . Supergravity is a good approximation in the regime g_s ≪ 1 and R/l_s ≫ 1 which requires N to be large. Assuming that the string coupling is held fixed, variation with respect to Λ on the supergravity side translates into the variation with respect to number of colors N on the field theory side. It would be interesting to understand what the effective volume Θ corresponds to in the CFT.

Finally, our results in this paper for Einstein gravity with Λ ≠ 0 provide the simplest example of more general set of results that can be anticipated for Lovelock gravity theories [29]. A first law for black holes in Lovelock gravity was derived in [30]. However, a basic scaling argument suggests that the Smarr formula for a given Lovelock theory should be related to an augmented first law in which all the coupling constants but one are taken to vary. The Komar integral relations for Lovelock gravity were found in [13] and contain, at each higher derivative Lovelock order, a new quantity analogous to the Killing potential ω^{ab}. These should lead to the required Smarr formula and augmented first law for general Lovelock gravity theories. The case we have considered in this paper is the one in which, rather than adding higher derivative Lovelock terms, we have added only the “lower derivative” cosmological constant term to the Einstein action.

The paper proceeds in the following way. In Section (2) we give the scaling argument based on Euler’s theorem that motivates consideration of a first law with varying Λ. In Section (3) we derive the Smarr formula for AdS black holes starting from the Komar integral relation for Einstein gravity with Λ ≠ 0. In Section (4) we derive the first law with variable Λ. In Section (5) we interpret the augmented first law as the variation in the enthalpy. In Section (6) we present a number of results relating to existence of the Killing potential in the near horizon region.

2 Scaling argument

Let us begin with the scaling argument. In the asymptotically flat case, Euler’s theorem for homogeneous functions provides a route between the the first law of black hole mechanics and the Smarr formula for stationary black holes (see e.g. the discussions in [31, 32]). It was noted in [17] (see also [8]) that in order to apply this procedure to the Λ ≠ 0 case, one must take into account the scaling properties of the cosmological constant. This can be done in the following way. From the gravitational action S =^1_{8πG} ∫ d^Dx √ −g (R − 2Λ), we see that the cosmological constant has dimension (length)^{−2}. Euler’s theorem states that if a function f(x, y) obeys the scaling relation f(α^px, α^qy) = α^rf(x, y), then the function and its partial derivatives satisfy the relation rf(x, y) = p ( ∂f ∂x ) x + q ( ∂f ∂y ) y. (3)

The mass M of a static AdS black hole can be regarded as a function of the horizon area A and the cosmological constant Λ. Under an overall change in length scale, these quantities scale as M ∝ l^{D−3}, A ∝ l^{D−2} and Λ ∝ l^{−2}. Euler’s theorem then implies that the mass of a static AdS black hole satisfies the Smarr formula

(D − 3)M = (D − 2) ( ∂M ∂A ) A − 2 ( ∂M ∂Λ ) Λ. (4)

Setting Λ = 0 and ∂M/∂A = κ/8πG, from the first law of black hole mechanics, gives the well known Smarr formula for static, asymptotically flat black holes. The partial derivative ∂M/∂Λ in (4) can similarly be found by considering an extended version of the first law for AdS black holes that includes the effect of varying the cosmological constant dM = κ 8πG dA + ( ∂M ∂Λ ) dΛ. (5)

The output of Sections (3) and (4) can be thought of as two ways of determining this quantity ∂M/∂Λ by two different geometrical means.

3 AdS Smarr formula

3.1 Komar integral relation with Λ ≠ 0

The Smarr formula for asymptotically flat, stationary black holes can be found directly by geometrical means, i.e. without making use of Euler’s theorem. The basic ingredient in the construction is the Komar integral relation [33], a Gauss’ law type statement that holds in a spacetime with a Killing vector. Assume that M is a spacetime satisfying the vacuum Einstein equations, that ξ^a is a Killing vector on M and that Σ is a hypersurface in M with boundary ∂Σ. The associated Komar integral relation is the statement D − 2 8πG ∫ ∂Σ dS_{ab}∇^aξ^b = 0, (6)

where dS_{ab} is the volume element normal to the co-dimension 2 surface ∂Σ, D is the spacetime dimension and the prefactor is chosen for convenience^5. This statement is proved by rewriting the boundary integral as a volume integral using Gauss’s law and applying the identity for Killing vectors ∇_a∇^aξ^b = −R^b_cξ^c. The resulting volume integrand then vanishes by the vacuum Einstein equations R_{ab} = 0.

5The volume element dS_{ab} is specified in more detail by writing out Gauss’ law for A^c = ∇_bB^{bc} as ∫ Σ dvn_cA^c = ∫ ∂Σ_∞ darbncB bc − ∫ ∂Σ_h darbncB bc where n_a is the unit normal to Σ and r_b is the unit normal to ∂Σ within Σ taken to point towards infinity. Therefore, we have for the surface volume element dS_{bc} = 2dar_{[b}n_{c]}. Note that throughout the paper, we will take n^a to be future pointing.

The Smarr formula for a static black hole is obtained by taking the hypersurface Σ to extend from the horizon out to spatial infinity. The boundary of Σ then has two components, an inner boundary at the horizon and an outer boundary at infinity. Equation (6) implies that the difference of the integrals of ∇^aξ^b over these two components of the boundary should vanish. Letting I_∞ and I_h be the integrals of ∇^aξ^b, multiplied by the normalization factor (D − 2)/8πG, over the boundaries of Σ at infinity and the horizon respectively, we have I_∞ − I_h = 0. It is then straighforward to show that I_∞ = (D − 3)M where M is the ADM mass of the black hole, while it was shown in [34] that the integral at the horizon is given by I_h = (D − 2)κA/8πG. The Komar integral relation (6) then yields the Smarr formula for static black holes in vacuum Einstein gravity

(D − 3)M = (D − 2) κA 8πG . (7)

This result agrees with that obtained by means of Euler’s theorem and the first law. The generalization of this result to stationary black holes, which introduces an angular momentum term, comes about in a similar way.

We now ask whether there is an analogous relation for black holes in Einstein gravity with Λ ≠ 0? In this case the field equations imply that the Ricci tensor is given by R_{ab} = 2Λ (D − 2) g_{ab}. (8) A Killing vector then satisfies ∇_a∇^aξ^b = −2Λ/(D − 2)ξ^b and Gauss’s law no longer implies the zero on the right hand side of (6). However, it was shown in references [12, 13] that a Komar integral relation^6 that holds with Λ ≠ 0 can be constructed by adding a new term to the integrand in (6). The new term is built using the anti-symmetric Killing potential ω^{ab} associated with the Killing vector ξ^a via the relation (1). The existence of ω^{ab} is guaranteed, at least locally, by Poincare’s lemma^7. The Komar integral relation with Λ ≠ 0 then has the form D − 2 8πG ∫ ∂Σ dS_{ab} ( ∇^aξ^b + 2 D − 2 Λω^{ab} ) = 0, (9)

as one can verify using the Killing identity and the equations of motion (8).

It is instructive to consider what this new Komar integral relation says for pure AntideSitter space. In this case, ∂Σ has only one component, at infinity. Equation (9) then implies that the divergent integral of ∇^aξ^b is exactly cancelled by a divergence in the integral of the Killing potential. For a static black hole in AdS, we will see that the divergences at

6See also reference [35] for alternative geometric approach to obtaining a Komar relation with Λ ≠ 0 and the Smarr formula for AdS black holes.

7This is more familiar in the language of forms. A Killing vector ξ^a satisfies ∇_aξ^a = 0 as a consequence of Killing’s equation. In terms of the 1-form ξ = ξ_adx^a this is ∗d ∗ ξ = 0. Poincare’s lemma then implies that locally ∗ξ can be written as ∗ξ = d ∗ ω where ω is a 2-form. This translates into ξ = ∗d ∗ ω, or in components ξ^b = ∇_aω^{ab}.

infinity due to the AdS piece and the Killing potential continue to cancel leaving a finite result.

Before computing these finite pieces, note that the Killing potential is not unique. If ω^{ab} solves ξ^b = ∇_aω^{ab}, then so will ω^{′ab} = ω^{ab} + λ^{ab}, so long as ∇_aλ^{ab} = 0. Let us call an antisymmetric tensor λ^{ab} that satisfies ∇_aλ^{ab} = 0 closed, while one that can be written as λ^{ab} = ∇_cη^{cba} with η^{cba} totally anti-symmetric, and is therefore also divergenceless, will be called exact. Nonsingular antisymmetric 2-index tensors that are closed, but not exact, in this sense will exist if the rank D − 2 cohomology of Σ is non-trivial. This will be the case in black hole spacetimes, in which Σ is taken to extend outward from the black hole horizon either to spatial infinity for Λ < 0, or to the deSitter horizon for Λ > 0.

We can now ask how this non-uniqueness will effect the Smarr formula that results from the Komar integral relation (9). Adding an exact term to the Killing potential will not alter the value of the integral in (9) on either component of ∂Σ, since each component is necessarily closed and the integral of a total divergence over a closed surface vanishes. However, shifting the Killing potential by a term that is closed but not exact will change the values of the integrals on the outer and inner boundaries of Σ by equal and opposite amounts. As a consequence, the integrals of ω^{ab} over the inner and outer boundaries cannot be given separate interpretations. Only the difference of the two terms is physically meaningful, as is the case with the electromagnetic potential.

3.2 Smarr formula for Schwarzschild-AdS black holes

The route between the Komar integral relation (9) and the Smarr formula for AdS black holes is more complicated than in the asymptotically flat case. First, the integrals of ω^{ab} over the horizon and infinity are tied together by the possibility of adding a closed but not exact term to the Killing potential. Second, the Killing vector and Killing potential terms in the boundary integrand at infinity are both divergent, in such a way that their divergences cancel to yield a finite result. In order to see how this works out, we first derive the Smarr formula for the explicit family of Schwarzschild-AdS spacetimes^8.

The Schwarzschild-(A)dS metric is given by

ds^2 = −f(r)dt^2 + dr^2 f(r) + r^2dΩ^2_{D−2}, f(r) = 1 − M̃ r^{D−3} − Λ̃r^2, (10)

where M̃ = 16πGM/(D − 2)V_{D−2}, Λ̃ = 2Λ/(D − 1)(D − 2), V_{D−2} is the volume of a unit

8In the asymptotically flat case, the Schwarzschild spacetime has been shown to be the unique static, regular black hole solution (see e.g. the review [36]). In the asymptotically AdS case, it can be argued that under certain assumptions this is also the case [37][38]. However, the situation is considerably more complicated.

D − 2 sphere, and we will assume that Λ < 0. The non-vanishing components of the tensor ∇^aξ^b for the static Killing vector ∂/∂t are given by

∇^rξ^t = −∇^tξ^r = (D − 3)M̃ 2 r^{D−2} − Λ̃r (11)

The linear term in r leads to a divergent contribution to the boundary integral at infinity in the Komar integral relation (9).

The Killing potential for the static Killing vector is not uniquely determined. We will consider the one parameter family of Killing potentials for ∂/∂t, ω^{rt} = −ω^{tr} = r (D − 1) + α r_h (r_h r )_{D−2} (12)

where α is a dimensionless constant and r_h is the horizon radius^9. The linear term in r yields a second divergent contribution to the boundary term at infinity in (9). The arbitrary constant α reflects the freedom of adding a closed, but not exact, term to the Killing potential. In the case of pure AdS space, the second term in (12) is not allowed because of its singularity at r = 0. For later use, we take the Killing potential ω^{ab}_{AdS} for pure AdS spacetime to have non-zero components ω^{rt}_{AdS} = −ω^{tr}_{AdS} = r/(D − 1). (13)

Letting I_h and I_∞ again be the components of the integral in (9) at the horizon and at infinity, we find for I_∞ I_∞ = −(D − 3)M − 2ΛV_{D−2} 8πG α (14)

where we have used dS_{rt} = −(1/2)r^{D−2}dΩ_{D−2}. The divergence coming from the second term in (11) is exactly cancelled by the divergent term in the Killing potential (12). The infinite background subtraction of the prescription of [39] for computing the Komar mass in asymptotically AdS spacetimes is effectively carried out by cancellations within the boundary integrand itself. The integral at the horizon is found to be

I_h = −(D − 2) κA 8πG − 2ΛV_{D−2} 8πG ( r^{D−1}_h (D − 1) + α ) . (15)

Combining the results (14) and (15) using the Komar integral relation I_∞ − I_h = 0 gives the Smarr formula (D − 3)M = (D − 2) κ 8πG A − 2 Θ 8πG Λ (16)

with Θ = −V_{D−2}r^{D−1}_h /(D − 1). This result has the general form (4) expected from the scaling argument given in Section (2) provided we can make the identification Θ/8πG =

9More generally α could be taken to be a function of the angular coordinates.

∂M/∂Λ. We can check that this identification is correct by computing ∂M/∂Λ for the Schwarzschild-AdS spacetimes (10). The black hole horizon radius satisfies f(r_h) = 0. From (10), we see that this condition implies that M = (D − 2)V_{D−2} 16πG r^{D−3}_h − V_{D−2} 8πG(D − 1) r^{D−1}_h Λ. (17)

Taking the derivative of M with respect to Λ, while holding r_h and therefore the horizon area fixed, reproduces the value of Θ found above. This verifies that the geometric derivation of the Smarr formula correctly produces the result expected based on the scaling argument of Section (2).

It is interesting to note that the value of Θ above is equal to minus the volume of a (D − 1)-dimensional ball of radius r_h as computed either in flat space, or equivalently, in anti-deSitter spacetime, using the full D-dimensional volume element. We will discuss the reason for and physical interpretation of this property in Section (5).

3.3 More general setting

In this section we derive the Smarr formula in a more general setting, making use only of asymptotic conditions on the metric and properties of the black hole horizon. Because the Schwarzschild-AdS metric (10) already embodies the general fall-off conditions that we will assume, the calculation required here is quite similar to that given above. The benefit will be a general expression, given in equation (22) below, for the quantity Θ in terms of the Killing potential.

Falloff conditions for asymptotically AdS spacetimes have been discussed in reference [40]. We will also impose the condition that the angular momentum vanishes and take the asymptotic form of the metric to be ds^2 ≃ g_{tt}dt^2 +g_{rr}dr^2 +H r^2dΩ^2_{D−2}, with the asymptotic metric functions given by

g_{tt} = −f_0 + c_t r^{D−3} , g_{rr} = 1 f_0 ( 1 − c_r Λ̃rD−1 ) , H = 1 + Λ̃ c_θ r^{D−1} (18)

and f_0 = 1 − Λ̃r^2. For the inverse metric, we then have g^{tt} = f^{−1}_0 (−1 + c_t/Λ̃r^{D−1}) and g^{rr} = f_0 − c_r/r^{D−3}. For solutions to the Einstein equations with Λ < 0, and possibly localized sources of stress energy^{10}, with vanishing angular momentum, the asymptotic behavior is simply that of the Schwarzschild-AdS spacetimes and the constants in (18) satisfy c_t = c_r = M̃ and c_θ = 0.

10 It is straightforward to include the additional volume integral over matter sources in the Smarr relation, as was done for Λ = 0 in reference [34]. We allow for such generalizations by phrasing the current discussion in general terms. In addition, the fall off conditions (18) will be needed in deriving the first law.

The asymptotic behavior of the Killing potential at large radius can similarly be taken to have the form (12) that it has in Schwarzschild-AdS. With these asymptotic forms for the metric and Killing potential, it follows that the integrals in the derivation of the Smarr formula, as well as those in the derivation of the first law in Section (4), are finite. For a large radius sphere, one then finds for the Killing vector term dar_bn_c(∇^bξ^c) ≃ dΩ_{D−2} ( Λ̃r^{D−1} − (D − 3) 2 M̃ ) . (19)

We now want to process the Killing potential term at infinity, such that we can leave the form of the Killing potential general, but still provide for the cancelation of divergences. We do this by both adding and subtracting the divergent term ω^{ab}_{AdS} in (13) to and from the Killing potential. In this way, we are able to write dar_bn_c( 2Λ D − 2 ω^{bc}) ≃ −dΩ_{D−2}(Λ̃r^{D−1}) + dar_bn_c( 2Λ D − 2 [ω^{bc} − ω^{bc}_{AdS} ]) (20)

We can regard the quantity ω^{ab} − ω^{ab}_{AdS} as a renormalization of the Killing potential at infinity. The subtraction simply removes the (divergent) leading order term in ω^{ab} near infinity that reflects the asymptotically AdS boundary conditions. The divergent terms in the boundary integral at infinity then cancel in the same manner as in Schwarzschild-AdS.

For the boundary integral at the horizon, one has

I_h = −(D − 2) κA 8πG + ∫ ∂Σ_h dS_{ab}ω^{ab}. (21) Combining the boundary integrals according to the Komar integral relation, then again yield the Smarr formula (16) with Θ given by

Θ = − [∫ ∂Σ_∞ dS_{ab}(ω^{ab} − ω^{ab}_{AdS}) − ∫ ∂Σ_h dS_{ab}ω^{ab} ] . (22)

This last expression is our general result for Θ. We see that Θ is given by minus the difference between the integral of the renormalized Killing potential at infinity and the integral of the Killing potential on the horizon.

4 First law with δΛ

In this section we use the techniques of reference [15] to derive a version of the first law that includes variations in Λ. We will see that the Killing potential again plays an important role and that we once again arrive at the expression (22) for the quantity Θ.

4.1 Gauss’ law from Hamiltonian perturbation theory

We start by briefly reviewing the Hamiltonian perturbation theory techniques of references [14] [15] [16], leading up to the key result in equation (29) which allows for the derivation of the first law. Let Σ be a family of spacelike surfaces^{11} with unit timelike normal field n_a. Further, let g_{ab} be the spacetime metric and s_{ab} the induced metric on Σ, so that we have

g_{ab} = −n_an_b + s_{ab}, n_cn^c = −1, n^cs_{cb} = 0. (23)

The Hamiltonian variables are the spatial metric s_{ab} and its conjugate momentum π^{ab}. Solutions to the Einstein equations with with energy density ρ = T_{ab}n^an^b and momentum density J_a = T_{bc}n^bs^c_a must satisfy the Hamiltonian and momentum constraint equations H = −16πGρ, H_a = −16πGJ_a. (24) where H = −2G_{ab}n^an^b and H_a = −2G_{bc}n^bs^c_a. For a cosmological constant stress energy, the constraint equations are simply H = −2Λ and H_a = 0.

Let ξ^a = F n^a + β^a with n^cβ_c = 0 be a vector field. The Hamiltonian density for evolution along ξ^a in Einstein gravity with cosmological constant Λ is given by H = √ s {F (H + 2Λ) + β^aH_a} (25)

Other sources of stress energy may be included. See references [14][15] [16] for details of how this affects the result (29) below. Varying the Hamiltonian density (25) with respect to F and β^a give the constraint equations (24), while variations with respect to s_{ab} and π^{ab} give the evolution equations for −π̇^{ab} and ṡ_{ab} respectively, where dot denotes the Lie derivative along the vector field ξ^a.

Let s^{(0)}_{ab} and π^{ab}_{(0)} be a solution to the Einstein equations with cosmological constant Λ_{(0)} and with a Killing vector ξ^a. Hamiltonian evolution with respect to the Killing vector ξ^a implies that −π̇^{ab}_{(0)} = 0, ṡ^{(0)}_{ab} = 0. Now consider perturbations s_{ab} = s^{(0)}_{ab} + h_{ab}, π^{ab} = π^{ab}_{(0)} + p^{ab} and Λ = Λ_{(0)} + δΛ to the spatial metric, the momentum and the cosmological constant respectively. It then follows from Hamilton’s equations for the zeroth order spacetime, that the linearized constraint operators δH and δH_a combine to form a total derivative, according to F δH + β^aδH_a = −D_cB^c (26)

where D_a is the covariant derivative operator on Σ compatible with the metric s^{(0)}_{ab} , and the spatial vector B^a is given by B^a = F (D^ah − D_bh^{ab}) − hD^aF + h^{ab}D_bF + 1 √ s β^b(π_{(0)}^{cd}h_{cd}s^{(0)a}_b − 2π^{ac}_{(0)}h_{bc} − 2p^a_b) (27)

11We use the same symbol to denote both the family of, as well as individual, surfaces.

This last statement holds for arbitrary perturbations h_{ab}, p^{ab} and δΛ. If the perturbations are taken to be solutions to the linearized Einstein equations, equation (26) implies that the linearized constraints (24) take the form of a Gauss’ Law^{12}

D_cB^c = 2F δΛ. (28)

The cosmological constant source term in equation (28) can be rewritten as a total derivative by once again making use of the Killing potential ω^{ab}. One has the chain of equalities F = −n_aξ^a = −D_c(n_aω^{ca}). Substituting into equation (28) and rewriting it in integral form then ∫ ∂Σ da_c(B^c + 2ω^{cd}n_dδΛ) = 0. (29)

Equation (29) is the main result of this summary. For the familiar case of a static black hole in an asymptotically flat spacetime, i.e. with Λ_{(0)} = δΛ = 0, evaluating the boundary term on the boundaries at the horizon and at infinity gives the usual first law [15]. It is worth noting that this proof of the first law holds under less stringent assumptions than that given in [34] in that the perturbations are not required to share the static symmetry of the background black hole spacetime.

4.2 First law

In this section we derive the first law including changes in the cosmological constant δΛ by evaluating the boundary terms in (29) when g^{(0)}_{ab} is a static, asymptotically AdS black hole with bifurcate Killing horizon. Consider perturbations about the metric g^{(0)}_{ab} , with the perturbations also required to satisfy the asymptotically AdS fall-off conditions (18). Choose the Killing vector ξ^a in the Hamiltonian construction of the previous subsection to be the horizon generator and assume that ξ^a approaches (∂/∂t)^a at infinity in the asymptotic coordinates used above. The spacelike hypersurface Σ in the Gauss’ law construction is taken to extend from a boundary ∂Σ_h at the bifurcation sphere of the black hole horizon to a boundary ∂Σ_∞ infinity, chosen such that at infinity the unit normal is n_a = −F ∇_at. With these choices, the terms proportional to the vector β^a in the boundary term (27) vanish sufficiently rapidly at infinity that they do not contribute to the boundary term there.

Following our practice in section (3), let us write equation (29) as I_∞ − I_h = 0, where again the normal to ∂Σ_h within Σ is taken to point outward towards infinity. First consider the boundary term at infinity and compute the integral ∫ ∂Σ_∞ da_cB^c = ∫ ∂Σ_∞ da_c[F (D^ch − D_bh^{bc}) − hD^cF + h^{bc}D_bF ] (30) 12Including general perturbative matter sources would give an additional contribution on the right hand side of the form 16πG(F δρ + β^aδJ_a), which would act as a source for the geometrical fields on the left hand side.

At large radius it is sufficient to consider both the background metric and the perturbations to have the Schwarzschild-AdS form (10). Near infinity, we then have h_{rr} ≃ −1 f^2 δf = − 1 f(r)^2 [ δM̃ r^{D−3} + δΛ̃r^2 ] , (31)

while F ≃ √ f and da_r ≃ r^{D−2}dΩ_{D−2}/ √ f and we find that ∫ ∂Σ_∞ da_cB^c = −16πGδM − lim_{r→∞} ( 2r^{D−1}V_{D−2} D − 1 ) δΛ. (32)

Evaluating the second term in the boundary integral at infinity using the asymptotic form of ω^{ab} in (12) leads to 2 ∫ ∂Σ_∞ da_cω^{cd}n_dδΛ = lim_{r→∞} ( 2r^{D−1}V_{D−2} D − 1 ) δΛ + 2 (∫ ∂Σ_∞ da_c(ω^{cd} − ω^{cd}_{AdS} )n_d ) δΛ. (33)

Combining the results in equations (32) and (33) to obtain I_∞, we see that the divergent pieces cancel, much as they did in the derivation of the Smarr formula above. The remaining finite expression for the boundary term at infinity is given by

I_∞ = −16πδM + 2 (∫ ∂Σ_∞ da_c(ω^{cd} − ω^{cd}_{AdS} )n_d ) δΛ. (34)

Now, consider the boundary term in (29) at the horizon. Evaluation of the first term in the integral proceeds as in references [15, 16] and gives −2κδA. One then has I_h = −2κδA + 2 (∫ ∂Σ_h da_cω^{cd}n_d ) δΛ (35)

Putting all the terms together gives the first law with varying cosmological constant δM = κ 8πG δA + Θ 8πG δΛ (36)

with Θ again given by the expression in (22). In the next section we will show that the new ΘδΛ term in the first law for AdS black holes can be interpreted as a work term of the form V dP .

5 Enthalpy

The quantity Θ is expressed in (22) in terms of the boundary integrals of the renormalized Killing potential at infinity and the Killing potential at the horizon. We can gain physical insight into the thermodynamic role of Θ by re-expressing these boundary integrals as volume integrals.

Suppose that the hypersurface Σ is orthogonal to the static Killing vector ξ^a, so that ξ^a = F n^a. The full spacetime volume element on Σ is given by √ −g^{(D)} = F √ g^{(D−1)}, where √ g^{(D−1)} is the intrinsic volume element on Σ. One of the ingredients of the expression for Θ in (22), the integral of ω^{ab} over the boundary of Σ can then be rewritten via the chain of equalities ∫ ∂Σ dS_{ab}ω^{ab} = ∫ Σ d^{D−1}x √ g^{(D−1)}n_bξ^b = − ∫ Σ d^{D−1}x √ −g^{(D)}. (37)

as minus the quantity V_{BH} ≡ ∫ Σ d^{D−1}x √ −g^{(D)}, the (infinite) volume on Σ between the black hole horizon and infinity. The other ingredient in Θ, the integral of ω^{ab}_{AdS} over the boundary at infinity can be similarly written as V_{AdS} , the (also infinite) volume of a spatial slice of AdS spacetime stretching out to infinity. We then have the result

Θ = V_{BH} − V_{AdS} . (38)

At the end of Section (3.2), we observed that the value of Θ was equal to minus the volume of a ball of radius r_h in AdS spacetime. Here we see the origin for this result. The quantity V = −Θ gives a measure of the volume excluded from the spacetime by the black hole horizon^{13}.

We are now in a position to give a physical interpretation of the term ΘδΛ/8πG in the first law (36). The cosmological constant can be thought of as a perfect fluid stress-energy with pressure P = −Λ/8πG. With these identifications, we have ΘδΛ/8πG = V δP . Combining this with the usual identifications T = κ/2π and S = A/4G for the black hole temperature and entropy, the first law becomes δM = T δS + V δP. (39) Stated in this way, the right hand side coincides with the variation of the enthalpy H = E + P V in classical thermodynamics. This result suggests that the mass of an AdS black hole should be thought of as the enthalpy of the spacetime.

The identification of the AdS black hole mass as an enthalpy makes good physical sense. The mass of an AdS black hole is defined via an integral at infinity. However, between the black hole horizon and infinity is an infinite amount of energy density that needs to be subtracted off in some manner to get a finite result. Since the energy density in the cosmological constant is ρ = +Λ/8πG, adding a P V term naturally cancels out a ρV contribution to the energy.

13The Smarr formula for a family of deSitter black holes is computed in [42] by integrating over the region between the black hole and deSitter horizons including the stress energy volume contribution directly, producing a term proportional to the volume between the horizons.

Specific constructions in which such a subtraction takes place are the following. In the spinorial proof of the positive mass theorem for asymptotically AdS spacetimes [41], a supercovariant derivative operator is introduced, together with the super-covariantly constant spinors which exist in pure AdS. This derivative operator has the effect of subtracting out the contribution of the cosmological constant in the positve energy construction. In effect, the background pressure times the volume is added to the contributions to the mass from the matter and gravitational fields. The Abbott-Deser construction for conserved charges in AdS [43] has the same feature of adding in the AdS P V to give a finite conserved charge. It would further be interesting to study whether the enthalpy interpretation of the AdS black hole mass proves useful from the standpoint of Euclidean black hole thermodynamics.

6 Killing potential near a static horizon

The potential for the Killing vector ξ^a was defined as an antisymmetric tensor ω^{ab} whose divergence gives ξ^a as in equation (1). In this section we show that there exist solutions for ω^{ab} that are well behaved near the horizon. These near horizon solutions take the form of the area element on the horizon times an arbitrary function ψ that is Lie-derived by ξ^a. The Killing potential is not unique, as a solution to the homogeneous equation can always be added in, and this is reflected in the arbitrariness of ψ. However, only the constant mode w_H in ψ contributes to the boundary integral of ω^{ab} over the horizon. Further, a homogeneous solution with a different tensor structure also does not contribute to the boundary integral. Hence the horizon boundary term has an arbitrariness of a single constant. Similar remarks apply to the integral of ω^{ab} at infinity.

Physically meaningful statements, such as the Smarr relation or the first law, depend on the difference in the potential between the horizon and infinity. This is analogous to the situation with the electric potential, in which only the difference in the electric potential times δQ contributes to the work term in the first law. In the electromagnetic case, this work term can be understood in terms of the mechanics of charged particles. For the Killing potential term in (36) we still lack such a test particle (or test field) based mechanical understanding.

Before turning to the construction of the near horizon solutions, we note two different gauge choices for the potential that give alternate interpretations of Θ, which is given in (38) as the finite difference between the volume of a spatial slice in pure AdS and for an AdS black hole. As we saw explicitly in the case of Schwarzschild-AdS, this gives the picture that Θ is (the negative of) the volume occupied black hole at a given time. Choose a gauge so that ω^{ab} is equal to its AdS value at infinity, then Θ is given in (22) by just the integral of ω^{ab} over the horizon. The results of this section then show that this is equal to −w_H A_H . So the meaning of the constant value of ω^{ab} on the horizon is the length so that w_H times the horizon area is an effective volume of the black hole. Alternatively, one can choose a gauge such that the Killing potential vanishes on the horizon.

6.1 Preliminaries

We start by collecting some needed information about the geometry in a neighborhood of a Killing horizon H with null normal ξ^a. Here we follow the treatments of Carter [44] [45] and Price and Thorne [46]. Since ξ^a is also tangent to H we can choose a coordinate s such that ξ^a = ( ∂ ∂s )_a . (40)

Now, let x^i with i = 1, . . . , D − 2 denote the D − 2 spatial coordinates on a constant s cross section of the horizon. The vectors e^a_{(i)} = (^∂_{∂xi} )^a satisfy ξ_ae^a_{(i)} = 0.

In order to extend these coordinates to a neighborhood of the horizon, we take the additional coordinate U to be an affine parameter for the null geodesic field q^a that is ingoing at H, orthogonal to the vectors e^a_{(i)} and normalized so that q^aξ_a = −1 on H. Hence, we have

q^a = ( ∂ ∂U )_a , q_aq^a = 0, q^b∇_bq^a = 0, e^a_{(i)}q_a|_H = 0. (41)

The horizon is taken to be at U = 0. The horizon surface gravity is given in terms of ξ^aand q^a by κ = ξ^bq^c∇_cξ_b = 1 2 q^c∇_c(ξ · ξ), (42)

and because the components of the vorticity of the Killing field, ∇_{[a}ξ_{b]} = ∇_aξ_b, vanish when projected onto the horizon, it follows from equation (42) that the vorticity can be written as ∇_aξ_b = κ(ξ_aq_b − q_aξ_b). (43)

The coordinates s and x^i can now be extended off the horizon by parallel transporting the vectors (^∂_{∂s} )^a and (^∂_{∂xi} )^a outward from the horizon along q^a. In the resulting coordinates, one has g_{UU} = 0, because U is a null coordinate throughout, while on the horizon U = 0, one has g_{ss} = 0. Near the horizon, the metric then has the form [46]

ds^2 = −2dsdU + 2KU(ds)^2 + γ_{ij}dx^idx^j + O(U^2), (44)

where the metric functions κ and γ_{ij} may depend on the coordinates s and x^i (although on the horizon they are independent of s which is a Killing parameter there). It is straightforward to verify that with this form of the metric, q^a indeed solves the geodesic equation and that the coordinate basis vectors (^∂_{∂s} )^a and (^∂_{∂xi} )^a are parallel transported by q^a.

In order to evaluate derivatives of ξ^a in a direction that is not tangent to H, we need to know how the Killing field extends off H in the coordinates of (44). Define the vector l^a = (^∂_{∂s} )^a in a neighborhood of H. The vectors l^a and ξ^a will then agree on H, but otherwise may differ. However as we next show, the vector l^a also satisfies Killings equation on H. In coordinates of equation (44), one has l_b = g_{bs}, and

q^al^b∇_{(a}l_{b)} = ∂_U g_{ss} + ∂_sg_{Us} − 2Γ^c_{sU} g_{cs} (45) = −2κ + 2κ = 0

Similarly, one can check that e^a_{(i)}q^b(∇_al_b +∇_bl_a) = 0 and q^aq^b∇_al_b = ∂_U g_{Us} −2Γ^c_{UU} g_{cs} = 0 on H. Hence we can use (^∂_{∂s} ) for the Killing field and its derivatives on H. Finally, the surface gravity is given by q^a∇_a(ξ_bξ^b) = ∂_U (g_{ss}) = 2K, so that the metric function K evaluated at the horizon is given by the surface gravity, i.e.

K|_H = κ. (46)

6.2 The Killing potential

We look for a solution to (1) for ω^{ab} in a neighborhood of the horizon H that has the form

ω^{ab} = ψ(ξ^aq^b − q^aξ^b) (47)

for some function ψ. As previously mentioned, this is the only index structure for ω^{ab} that will contribute to the integral over the horizon. By in a neighborhood of H, we mean such that the resulting expression for ω^{ab} correctly reproduces the Killing vector ξ^a and its derivatives on the horizon, so that Killing’s equation is satisfied on H. If ω^{ab} is to be a Killing potential, then on H it must reproduce the conditions ξ_aξ^a = 0 and ξ^aq_b = −1. These translate respectively into the conditions

ξ^b∇_bψ = 0, ∇_b(q^bψ) = −1. (48)

Lastly, we need that ξ_ae^a_{(i)} = 0 . If the vectors e^a_{(i)} are chosen such that they commute with ξ^a, as in the previous sub-section, this orthogonality condition is also satisfied.

The form (47) must also reproduce Killing’s equation on the horizon. We have already shown that (^∂_{∂s} ) satisfies Killing’s equation on H. Therefore, we just need to show that ∇_aω^{ab} = (^∂_{∂s} )^b plus terms of order U^2. For example, the b = s component should give ξ^s = 1. This is checked by computing ∇_aω^{as} = −1 √ γ ∂_U ( √ γψ)(1 + O(U^2)) (49)

= (1 + O(U^2))

where we have used the fact that √ −g = √ γ(1 + O(U^2)) in the first line and equation (48) in the second. Similarly, one finds that ∇_aω^{aU} = ∇_aω^{ai} = 0 plus terms of order U^2.

To solve for ψ we Taylor expand about the horizon,

ψ(U, s, x^i) = ψ_0 + U∂_U ψ|_H + 1 2 U^2∂^2_U ψ|_H + ... (50)

The first equation of (48) becomes ∂_sψ_0 = 0, and the second says that ∂_U ψ|_H = −1. Hence

ω^{sU} = ψ = ψ_0(x^i) − U + O(U^2) (51)

for the only nontrivial component of ω^{ab}.

As a check, let’s compute the one non-zero antisymmetric derivative of the Killing field on the horizon equation (42). Substituting ξ_b = g_{bs}, we want to check that at U = 0

2κ = ∂ ∂U ( 1 √ −g g_{bs}∂_c( √ −gω^{cb}) ) (52)

Using ξ = (^∂_{∂s} ) and √ −g = √ γ to order U^2, and ∂_U ψ = −1 at U = 0, this becomes 2κ = ∂_U g_{ss} − ∂_s∂_U ψ = 2κ + 0.

Therefore the general solution for ω^{ab} on a Killing horizon with the tensor structure (47) is given by (51). We have not used the field equations, so this will be true in the higher derivative Lovelock theories as well as in Einstein gravity with cosmological constant. There is an arbitrary function ψ_0, which can depend on the spatial coordinates on the horizon, which is just the gauge freedom in the definition of the potential. This means that the potential can always be chosen to be constant on the horizon intersected with a spacelike slice, since one can always add in some function of the x^i to cancel whatever position dependence of ψ is present. Further, if ψ is expanded in an orthonormal set of basis functions on the horizon, only the constant mode contributes to the boundary integral.

Acknowledgements

The authors thank Piotr Chrusciel, Luca Grisa, Julio Oliva, Lorenzo Sorbo, Ricardo Troncoso and Jorge Zanelli for helpful discussions and correspondence. The work of DK and JT is supported by NSF grant PHY-0555304. This work of SR was partially funded by FONDE- CYT grant 3095018. Centro de Estudios Cientficos (CECS) is funded by the Chilean Government through the Millennium Science Initiative and the Centers of Excellence Base Financing Program of CONICYT. CECS is also supported by a group of private companies which at present includes Antofagasta Minerals, Arauco, Empresas CMPC, Indura, Naviera Ultragas and Telefnica del Sur. CIN is funded by CONICYT and the Gobierno Regional de Los Ros.

References

[1] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200].

[2] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge theory correlators from non-critical string theory,” Phys. Lett. B 428, 105 (1998) [arXiv:hep-th/9802109].

[3] E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2, 253 (1998) [arXiv:hep-th/9802150].

[4] D. N. Spergel et al. [WMAP Collaboration], “Wilkinson Microwave Anisotropy Probe (WMAP) three year results: Implications for cosmology,” Astrophys. J. Suppl. 170, 377 (2007) [arXiv:astro-ph/0603449].

[5] B. Carter, “Hamilton-Jacobi and Schrodinger separable solutions of Einstein’s equations,” Commun. Math. Phys. 10, 280 (1968).

[6] R. C. Myers and M. J. Perry, “Black Holes In Higher Dimensional Space-Times,” Annals Phys. 172, 304 (1986).

[7] S. W. Hawking, C. J. Hunter and M. Taylor, “Rotation and the AdS/CFT correspondence,” Phys. Rev. D 59, 064005 (1999) [arXiv:hep-th/9811056].

[8] G. W. Gibbons, H. Lu, D. N. Page and C. N. Pope, “The general Kerr-de Sitter metrics in all dimensions,” J. Geom. Phys. 53, 49 (2005) [arXiv:hep-th/0404008].

[9] W. Chen, H. Lu and C. N. Pope, “General Kerr-NUT-AdS metrics in all dimensions,” Class. Quant. Grav. 23, 5323 (2006) [arXiv:hep-th/0604125].

[10] W. Chen, H. Lu and C. N. Pope, “Kerr-de Sitter black holes with NUT charges,” Nucl.

Phys. B 762, 38 (2007) [arXiv:hep-th/0601002].

[11] M. M. Caldarelli, R. Emparan and M. J. Rodriguez, “Black Rings in (Anti)-deSitter space,” JHEP 0811, 011 (2008) [arXiv:0806.1954 [hep-th]].

[12] S. L. Bazanski and P. Zyla, “A Gauss Type Law For Gravity With A Cosmological Constant,” Gen. Rel. Grav. 22, 379 (1990).

[13] D. Kastor, “Komar Integrals in Higher (and Lower) Derivative Gravity,” Class. Quant.

Grav. 25, 175007 (2008) [arXiv:0804.1832 [hep-th]].

[14] J. H. Traschen, “Constraints On Stress Energy Perturbations In General Relativity,” Phys. Rev. D 31, 283 (1985).

[15] D. Sudarsky and R. M. Wald, “Extrema of mass, stationarity, and staticity, and solutions to the Einstein Yang-Mills equations,” Phys. Rev. D 46, 1453 (1992).

[16] J. H. Traschen and D. Fox, “Tension perturbations of black brane spacetimes,” Class.

Quant. Grav. 21, 289 (2004) [arXiv:gr-qc/0103106].

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

[18] S. Wang, S. Q. Wu, F. Xie and L. Dan, “The first laws of thermodynamics of the (2+1)-dimensional BTZ black holes and Kerr-de Sitter spacetimes,” Chin. Phys. Lett. 23, 1096 (2006) [arXiv:hep-th/0601147].

[19] Y. Sekiwa, “Thermodynamics of de Sitter black holes: Thermal cosmological constant,” Phys. Rev. D 73, 084009 (2006) [arXiv:hep-th/0602269].

[20] S. Wang, “Thermodynamics of Schwarzschild de Sitter spacetimes: Variable cosmological constant,” arXiv:gr-qc/0606109.

[21] E. A. Larranaga Rubio, “On the First Law of Thermodynamics for (2+1) Dimensional Charged BTZ Black Hole and Charged de Sitter Space,” arXiv:0707.2256 [gr-qc].

[22] G. L. Cardoso and V. Grass, Nucl. Phys. B 803, 209 (2008) [arXiv:0803.2819 [hep-th]].

[23] M. Urano, A. Tomimatsu and H. Saida, “Mechanical First Law of Black Hole Spacetimes with Cosmological Constant and Its Application to Schwarzschild-de Sitter Spacetime,” arXiv:0903.4230 [gr-qc].

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

[25] 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) [arXiv:gr-qc/9403028].

[26] J. D. Brown and C. Teitelboim, “Dynamical neutralization of the cosmological constant,” Phys. Lett. B 195, 177 (1987).

[27] J. D. Brown and C. Teitelboim, “Neutralization of the Cosmological Constant by Membrane Creation,” Nucl. Phys. B 297, 787 (1988).

[28] I. Papadimitriou and K. Skenderis, “Thermodynamics of asymptotically locally AdS spacetimes,” JHEP 0508, 004 (2005) [arXiv:hep-th/0505190].

[29] D. Lovelock, “The Einstein tensor and its generalizations,” J. Math. Phys. 12, 498 (1971).

[30] T. Jacobson and R. C. Myers, “Black Hole Entropy And Higher Curvature Interactions,” Phys. Rev. Lett. 70, 3684 (1993) [arXiv:hep-th/9305016].

[31] J. P. Gauntlett, R. C. Myers and P. K. Townsend, “Black holes of D = 5 supergravity,” Class. Quant. Grav. 16, 1 (1999) [arXiv:hep-th/9810204].

[32] P. K. Townsend and M. Zamaklar, “The first law of black brane mechanics,” Class.

Quant. Grav. 18, 5269 (2001) [arXiv:hep-th/0107228].

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

[34] J. M. Bardeen, B. Carter and S. W. Hawking, “The Four laws of black hole mechanics,” Commun. Math. Phys. 31, 161 (1973).

[35] 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)] [arXiv:gr-qc/0412029].

[36] M. Heusler, “Stationary Black Holes: Uniqueness And Beyond,” Living Rev. Rel. 1, 6 (1998).

[37] M. T. Anderson, P. T. Chrusciel and E. Delay, “Non-trivial, static, geodesically complete, vacuum space-times with a negative cosmological constant,” JHEP 0210, 063 (2002) [arXiv:gr-qc/0211006].

[38] M. T. Anderson, P. T. Chrusciel and E. Delay, “Non-trivial, static, geodesically complete space-times with a negative cosmological constant. II: n ≥ 5,” arXiv:gr-qc/0401081.

[39] A. Magnon, “On Komar integrals in asymptotically anti-de Sitter space-times,” J.

Math. Phys. 26, 3112 (1985).

[40] M. Henneaux and C. Teitelboim, “Asymptotically Anti-De Sitter Spaces,” Commun.

Math. Phys. 98, 391 (1985).

[41] G. W. Gibbons, S. W. Hawking, G. T. Horowitz and M. J. Perry, “Positive Mass Theorems For Black Holes,” Commun. Math. Phys. 88, 295 (1983).

[42] Y. Brihaye and T. Delsate, “Charged-Rotating Black Holes in Higher-dimensional (A)DS-Gravity,” arXiv:0806.1583 [gr-qc].

[43] L. F. Abbott and S. Deser, “Stability Of Gravity With A Cosmological Constant,” Nucl. Phys. B 195, 76 (1982).

[44] B. Carter in C. DeWitt and B.S. DeWitt, “Black Holes” (Gordon and Breach), New York, 1973

[45] B. Carter in B. Carter and J. B. Hartle, “Gravitation in Astrophysics. Proceedings, NATO Advanced Study Institute, Cargese, France, July 15-31, 1986”

[46] R. H. Price and K. S. Thorne, “Membrane viewpoint on black holes: properties and evolution of the stretched horizon,” Phys. Rev. D 33, 915 (1986).