arXiv:1110.5779v1 [gr-qc] 26 Oct 2011

The perturbation theory of higher dimensional spacetimes á la Teukolsky

Mahdi Godazgar Department of Applied Mathematics and Theoretical Physics Centre for Mathematical Sciences Wilberforce Road, Cambridge CB3 0WA, UK mmg31@cam.ac.uk

October 27, 2011

Abstract

We consider the possibility of deriving a decoupled equation in terms of Weyl tensor components for gravitational perturbations of the Schwarzschild-Tangherlini solution. We find a particular gauge invariant component of the Weyl tensor does decouple and argue that this corresponds to the vector modes of Ishibashi and Kodama. Also, we construct a Hertz potential map for solutions of the electromagnetic and gravitational perturbation equations of a higher dimensional Kundt background using the decoupled equation of Durkee and Reall. Motivated by recent work of Guica and Strominger, we use this to construct the asymptotic behaviour of metric perturbations of the near-horizon geometry of the 5d cohomogeneity-1 Myers-Perry black hole.

1 Introduction

Soon after the discovery, by Kerr, of a solution to the vacuum Einstein equation representing an isolated rotating black hole [1], the status of its classical stability spawned an area of active research in general relativity. Significant progress in this direction was made by Teukolsky, who realised that in the case of algebraically special solutions [2, 8], of which the Kerr solution is an example, one is able to derive a decoupled equation, satisfied by Weyl scalar Ψ_0, from the original perturbation equation [9, 10]. The validity of a separability ansatz, which is related to the existence of hidden symmetries [11, 12], allowed Press and Teukolsky to use the decoupled equation to provide strong evidence for the linear (mode) stability of the Kerr solution under non-algebraically special perturbations [13].

The existence of a decoupled equation was later shown to be related to the existence of gauge invariant quantities [14]. Given that the Weyl scalar Ψ_0, which solves the decoupled equation, is gauge invariant and has the same number of degrees of freedom as the perturbed metric, viz. 2, one may suspect that Ψ_0 encodes all information regarding the perturbation, i.e. a solution of the perturbation equation can be constructed given the existence of a decoupled equation. This was shown to be true by Kegeles and Cohen [15, 16] and Chrzanowski [17]. They outlined a constructive procedure (the Hertz map) for finding solutions of perturbation equations for an algebraically special background given some technical assumptions. A very short and elegant proof of these statements was provided by Wald some time later [18].

The study of higher dimensional gravity, particularly its black hole solutions, has become an active area of research in recent years. One of the most natural questions that one can ask is whether known black holes solutions, such as the Myers-Perry [19], or the black ring [20] solutions are classically stable. The stability of the Schwarzschild-Tangherlini solution, which can be thought of as belonging to the Myers-Perry family has been demonstrated [21].

However, it has been known for some time, by analogy with Gregory-Laflamme (G-L) type instabilities [22], that one would expect instabilities to occur in certain other regimes of the Myers- Perry and black ring families. For example, one would expect thin black rings to suffer from the same type of G-L instability that occurs for a black string [20]. Or, for ultraspinning (d ≥ 6) Myers-Perry black holes to suffer from the same kind of G-L type instability that one finds for p-branes [23]. There has been a great deal of recent progress in using numerical methods to tackle and confirm these conjectures, at least, as far as the Myers-Perry solution is concerned [24].

Nevertheless, experience from 4d GR suggests that there may be a more simple framework (à la Teukolsky) in which the stability of higher dimensional black hole solutions can be addressed. The motivation of such a consideration would not only be that such a framework would facilitate a much simpler study of perturbations of regimes currently under investigation using numerical methods but that it may allow a study of regimes that are currently inaccessible to numerical investigations.

The higher dimensional generalisation of the Teukolsky decoupled equation was first considered in Ref. [29]. In higher dimensions, one can construct the analogue of Ψ_0 by choosing a null frame with null vectors ℓ and n such that ℓ · n = 1 and complete this frame with d − 2 orthonormal spacelike vectors m_{(i)} (i = 2, . . . , d − 1) that are orthogonal to ℓ and n. Now, we define the higher dimensional generalisation of Ψ_0 to be Ω_{ij} = ℓ^am_{(i)}^bℓ^cm_{(j)}^dC_{abcd}^1. Furthermore, for algebraically special solutions the perturbed value of Ω_{ij} is gauge invariant (under infinitesimal diffeomorphisms and frame transformations) [29]. Thus, as the higher dimensional generalisation of Ψ_0, Ω_{ij} is the most natural candidate to consider decoupling in higher dimensions.

By studying the conditions required for Ω_{ij} to decouple, it was found that in higher dimensions, it is not sufficient for the background solution to be algebraically special. In addition, there must exist a geodesic null congruence with vanishing expansion, shear and twist. Equivalently, the solution must be Kundt.

With the above motivation in mind, the strong restrictions found in Ref. [29], which a background must satisfy for Ω_{ij} to decouple, can be thought of as being disappointing. However, this result can still be used to study perturbations of a particular class of higher dimensional black holes. This is because the near-horizon geometry (NHG) of extreme black hole solutions are known to be Kundt. This fact was used by Durkee and Reall to find instabilities of the NHG of cohomogeneity- 1 Myers-Perry solutions [30]. A conjecture relating instabilities of the NHG and the full solution for perturbations preserving certain symmetries was then used to predict an instability of extremal and near-extremal cohomogeneity-1 Myers-Perry solutions in seven or more dimensions [30]. These predictions were later confirmed in Ref. [31].

Even so, one would like a decoupled equation that allows the study of a greater class of solutions within the family of the Myers-Perry solution. While, it is true that Ω_{ij} does not decouple it may be possible to construct some other gauge invariant quantity from the Weyl tensor that does. The first aim of this paper is to consider this possibility for the Schwarzschild-Tangherlini background as a simple class within the Myers-Perry family. The existence of gauge invariant quantities constructed from the Weyl tensor that decouple on the Schwarzschild-Tangherlini background would give us hope of finding analogous quantities for more general solutions within the Myers-Perry family. Equivalently, the absence of such quantities for the Schwarzschild-Tangherlini solution would indicate their absence for more general solutions.

1Ωij is the higher dimensional generalisation of Ψ0 in the sense that they are both the boost weight +2 components of the Weyl tensor.

In section 2, we begin by considering whether other gauge invariant quantities can be added to Ω_{ij} , so that the new quantity decouples. The strategy we take is to find the obstruction to the decoupling of Ω_{ij}. Then, we consider the decoupling of this new quantity and find the obstruction to its decoupling. Once this iterative process terminates we are left with a set of gauge invariant quantities that form an obstruction to each others’ decoupling. For the case of Ω_{ij}, there are three basic gauge invariant quantities including Ω_{ij} that must be considered. However, we find that a linear combination of these quantities can never decouple. Hence, there is no hope of constructing a gauge invariant quantity that decouples using Ω_{ij}.

We then consider other gauge invariant quantities constructed from components of the Weyl tensor and find that a particular set of components Φ^A_{ij} ≡ ℓ^an^bm_{([i)}^cm_{(j])}^dC_{abcd} do decouple. Metric perturbations of the Schwarzschild-Tangherlini solution have been studied by Ishibashi and Kodama [21] using a gauge invariant analysis that is analogous to the 4d gauge invariant approach developed by Moncrief [32]. This approach uses the spherical symmetry of the solution to construct gauge invariant quantities from the metric perturbations. These quantities can be classified into tensor, vector and scalar modes depending on how they behave on the sphere. We argue that Φ^A_{ij} is related to the vector modes of Ishibashi and Kodama.

This is completely analogous to what is known to happen in 4d. On the Schwarzschild background, the perturbed value of the imaginary part of the Weyl scalar Ψ_2, which is gauge invariant and has Φ^A_{ij} as its higher dimensional generalisation, satisfies a decoupled equation. Furthermore, this decoupled equation is equivalent to the Regge-Wheeler equation [34] describing vector mode (or axial) perturbations of the Schwarzschild background [33].

Our results decrease the likelihood of finding a gauge invariant quantity constructed from Weyl tensor components that decouples on the more general Myers-Perry background. This is because Φ^A_{ij} is generally non-zero for the Myers-Perry solution, so its perturbation is not gauge invariant. It is not inconceivable that there exists a gauge invariant quantity constructed from Φ^A_{ij} that decouples. However, we have not been able to come up with a suitable candidate.

The second aim of the paper is to construct the Hertz potential map for constructing solutions of the perturbation equations of higher dimensional Kundt backgrounds in the manner proposed by Wald [18].

In section 3, we begin by presenting Wald’s argument for constructing solutions of a general perturbation equation given a decoupled equation. It was shown in [29] that a decoupled equation for electromagnetic and gravitational perturbations exist for Kundt backgrounds. Thus, we apply this method to construct the Hertz map for electromagnetic (section 3.1) and gravitational (section 3.2) perturbations of Kundt backgrounds in higher dimensions.

As stated above, the NHG of extremal black hole solutions is Kundt. In particular, the decoupled equation for NHG of cohomogeneity-1 Myers-Perry solutions was studied in [30]. As an application, we use the results of [30] to determine the asymptotic behaviour of metric perturbations of the NHG of the 5d cohomogeneity-1 Myers-Perry black hole. This is, in part, motivated by a recent paper concerning the entropy counting of such black hole solutions [36]. We find that there exist modes that violate the boundary conditions required in Ref. [36]. Thus, at higher orders, it will not be possible to deform the NHG.

2 Decoupling results for perturbations of the Schwarzschild- Tangherlini solution

In this paper, we define the gauge invariance of a perturbed quantity following Stewart and Walker [14]. Given a spacetime scalar X, we can decompose this into its background and perturbed value, i.e. to first order X = X^{(0)} + X^{(1)}. We are interested in the how the perturbed value of X, X^{(1)} changes under infinitesimal coordinate and frame transformations. We say that X^{(1)} is gauge invariant if and only if it remains invariant under coordinate and frame transformations. This condition places constraints on the background value of X. For example, under a coordinate transformation parametrised by ξ, X^{(1)} → X^{(1)} + ξ · ∂X^{(0)}. Hence, for X^{(1)} to remain invariant under infinitesimal coordinate transformations X^{(0)} must be constant. The invariance of the perturbed quantity X^{(1)} under infinitesimal frame transformations is verified by performing infinitesimal frame transformations given in equations (A.2)—(A.5) of appendix A. In Ref. [29], it was shown that the perturbed value of Ω_{ij} is gauge invariant if and only if the background solution is algebraically special. Similar arguments to those presented in Ref. [29] can be used to demonstrate the gauge invariance of other Weyl components given a background. For brevity, we will suppress superscript labels on quantities indicating whether they are background or perturbed values since this will be apparent from the context.

In Ref. [29], Durkee and Reall consider the status of Teukolsky’s decoupling result in higher dimensions. They do this by taking an algebraically special background, in which the perturbed value of Ω_{ij} is gauge invariant. Using the Bianchi identity equations of the higher dimensional GHP formalism^2 [37], they derive a second order coupled differential equation, where all second order derivatives act on the gauge invariant quantity Ω_{ij}. For Ω_{ij} to decouple, all other terms involving other components of the Weyl tensor must either be re-expressed in terms of terms involving Ω_{ij} or vanish. Once all the Newman-Penrose and Bianchi equations have been exhausted, they conclude that for Ω_{ij} to decouple, the background must be Kundt. This means that the background admits a null geodesic congruence with vanishing expansion, shear and twist.

Here, we shall take a different approach. Instead of forcing a particular gauge invariant quantity (in their case Ω_{ij}) to decouple and finding restrictions on the background, we fix the background (in this case the Schwarzschild-Tangherlini solution) and try to find gauge invariant quantities constructed from Weyl tensor components that decouple on this background.

Thus, we will use the higher dimensional GHP formalism developed in Ref. [37] to address the possibility that there exists a gauge invariant quantity constructed from Weyl tensor components that decouples on the Schwarzschild-Tangherlini background^3.

We begin by considering the derivation of the decoupling result in [29] for the Schwarzschild- Tangherlini background. Up to equation (5.31) in [29], the only assumption made is that the background admits a null geodesic congruence with vanishing shear and rotation. This is satisfied by the Schwarzschild-Tangherlini solution. Removing other second order terms from equation (5.31) gives (

2�^′� + �_k�_k + ρ^′� +^{d+6}_{d−2} ρ�^′ +^2_{d−2} ρρ^′ +^{4(d−2)}_{d−3} Φ ) Ω_{ij} +^{2ρ2}_{d−2} ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) = 0. (2.1)

Thus, the trace-free part of Φ^S_{ij} is the obstruction for the decoupling of Ω_{ij}^4. We know that this vanishes on the background (see appendix B). Hence, it is invariant under coordinate transformations. By applying infinitesimal frame transformations (A.2)—(A.5) and using the fact that the background solution is type D, we can simply verify that Φ^S_{ij} −^Φ_{d−2} δ_{ij} is a gauge invariant quantity.

We proceed by finding the obstruction to the decoupling of the gauge invariant quantity

ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) . 2See appendix A for a review of the higher dimensional GHP formalism. 3See appendix B for a review of the Schwarzschild-Tangherlini solution. 4Note that in 4d this term vanishes identically leading to the decoupling of Ψ0.

It can be shown that this quantity satisfies^5 ( 2�^′� + �_k�_k +^{d+6}_{d−2} (ρ^′� + ρ�^′) +^{4Φ}_ρ � +^{2(3d+5)}_{(d−2)2} ρρ^′ −^{4(3d−8)}_{(d−2)(d−3)} Φ ) [ ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} )] +^{(d−4)}

(d−2)^2 ρ 2 ( ρ^{′2}Ω_{ij} + ρ^2Ω^′_{ij} ) = 0. (2.2)

Hence, the obstructions to the decoupling of ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) are ρ^2ρ^{′2}Ω_{ij} and ρ^4Ω^′_{ij}, which can simply be shown to be gauge invariant. An equation of the form above can be derived for these quantities using equation (2.1). However, this procedure will lead to yet another new quantity to consider: ρ^4ρ^{′2} ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) . Thus, we find that this iterative process generates boost weight +2 terms of the form Ω_{ij},

ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) and ρ^4Ω^′_{ij} multiplied by various factors of ρρ^′. Therefore, we take

X_{ij} = Ω_{ij} + f ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) + g ρ^4Ω^′_{ij} (2.3)

as our ansatz for the decoupled gauge invariant quantity, where f and g are GHP scalars of boost and spin weight 0.

For X_{ij} to decouple, there must exist f and g such that ( 2�^′� + �_k�_k ) X_{ij} = OX_{ij}, (2.4)

where O is some first order differential operator.

The only boost and spin weight 0 GHP scalars that do not vanish on the background are ς = ρρ^′ and Φ. Hence, f = f(ς, Φ), g = g(ς, Φ). (2.5)

In particular, equations (NP3), (NP3)^′ and (B5) evaluated on the background imply that on the background �_if = 0, �_ig = 0. (2.6)

Using equation (2.1), its primed version for ρ^4Ω^′_{ij} and eq. (2.2), we find ( 2�^′� + �_k�_k ) X_{ij} = { ρ^′� +^{d+6}_{d−2} �^′ + . . . } Ω_{ij} + {( −2^{�′f}_f +^{d+6}_{d−2} ρ^′ +^{4Φ}_ρ ) � + ( −2^{�f}_f +^{d+6}_{d−2} ρ ) �^′ + . . . } [ fρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} )]

+ {( −2^{�′g}_g +^{d+14}_{d−2} ρ^′ +^{8Φ}_ρ ) � + ( −2^{�g}_g +^{d+6}_{d−2} ρ ) �^′ + . . . } ( gρ^4Ω^′_{ij} ) , (2.7)

where the ellipses indicate other scalar terms that have been omitted for brevity. Necessarily, for X_{ij} to decouple, the coefficients of the derivative operators in the 3 terms on the right hand side must be equal, i.e.

ρ^′ = −2^{�′f}_f +^{d+6}_{d−2} ρ^′ +^{4Φ}_ρ = −2^{�′g}_g +^{d+14}_{d−2} ρ^′ +^{8Φ}_ρ , d+6 d−2 ρ = −2^{�f}_f +^{d+6}_{d−2} ρ = −2^{�g}_g +^{d+6}_{d−2} ρ. (2.8)

These imply that on the background

�f = 0, �g = 0, �^′f = 2

(_2

d−2 ρ^′ +^Φ_ρ ) f, �^′g = 4

(_2 d−2 ρ^′ +^Φ_ρ ) g. (2.9)

5The derivation of this equation is given in appendix C.

Equation (B2) evaluated on the background implies that

�^′Φ = −^{d−1}_{d−2} ρΦ. (2.10)

This, along with the equations above, can be used to show that

[�^′, �]f =

(_4

(d−2)^2 ρρ

′ +^{2(d−1)}_{d−2} Φ −^1_{d−2} ) f, (2.11)

which is non-vanishing on the background. However, considering commutator equation (C1) on f, on the background, gives that this should vanish. Thus, we encounter a contradiction. We would arrive also at a contradiction had we considered a commutator on g.

Therefore, there do not exist scalars f and g such that the gauge invariant quantity X_{ij} , given by eq. (2.3), decouples.

In summary, we took Ω_{ij} as the initial ansatz for a decoupled equation. This does not work as there is another gauge invariant quantity that obstructs the decoupling of Ω_{ij}. Then, we considered the decoupling of this new quantity and found other quantities that obstruct its decoupling. Repeating this iterative process we found that all obstructions are of a form given by one of three basic gauge invariant quantities constructed from Ω_{ij}, Φ^S_{ij} and Ω^′_{ij} . Thus, we take a gauge invariant quantity constructed from a linear combination of these three basic quantities as our new ansatz and find that such a quantity cannot decouple. Hence, a decoupled equation for the Schwarzschild-Tangherlini solution cannot be found by completing Ω_{ij} with other gauge invariant quantities.

It is clear from the above calculation that gauge invariant quantities formed from Ω_{ij} or the tracefree part of Φ^S_{ij} will not decouple. However, one can consider other gauge invariant quantities. For example, one can consider boost weight +1 components of the Weyl tensor: Ψ_{ijk}. Although Ψ_{ijk} is gauge invariant under infinitesimal coordinate transformations, since it vanishes on the background, its gauge invariance under infinitesimal tetrad transformations is not so clear. Under a null rotation about n parametrised by z_i, Ψ_i and Ψ_{ijk} transform as [37]

Ψ_i → Ψ_i − z_iΦ + . . . , Ψ_{ijk} → Ψ_{ijk} + z_{[k}Φ_{j]i} + z_lΦ_{lijk} + . . . , (2.12)

where the ellipses refer to terms that vanish on the background and need not be considered. Thus, in order to be gauge invariant, the boost weight +1 ansatz must be of the form

Ψ_{ijk} +^2_{d−3} δ_{i[j} Ψ_{k]}, (2.13)

which vanishes in 4d. Looking at the Bianchi equations (B1)–(B7), it is not clear how they can be manipulated to give a decoupling result for the quantity above.

Alternatively, we can use the Penrose wave equation [38] g^{ef} ∇_e∇_f R_{abcd} + R_{abef} R^{ef}_{cd} + 2(R_{aecf} R^e_b^f_d − R_{aedf} R^e_b^f_c ) = 0 (2.14) to confirm that decoupling is indeed not possible. Shortly after the decoupling result of Teukolsky, it was shown by Ryan, that the Teukolsky decoupled equation can be derived by projecting the Penrose wave equation on the appropriate null tetrad component and linearising [39]. Note, that since we are going to consider this equation to first order in perturbed quantities and, furthermore, that the perturbed solution continues to satisfy the vacuum Einstein equation, we can replace the Riemann tensors in the equation above with Weyl tensors.

Contracting the Penrose wave equation (2.14) with ℓ^am_{(i)}^bm_{(j)}^cm_{(k)}^d +^2_{d−3} ℓ^an^bℓ^cδ_{i[j}m_{(k])}^d gives O ( Ψ_{ijk} +^2_{d−3} δ_{i[j} Ψ_{k]} ) =^{2ρ}_{d−2} ( �_iΦ^A_{jk} −^1_{d−3} δ_{i[j} �_{k]}Φ ) + . . . , (2.15) where we have used the Bianchi identities to simplify the expression on the right hand side. The ellipses indicate terms that are of zero order in derivatives. The Bianchi identities can not be used to transform the first order in derivatives obstruction on the right hand side into a terms involving Ψ_{ijk} +^2_{d−3} δ_{i[j}Ψ_{k]}. Thus, we conclude that this boost weight +1 gauge invariant quantity cannot decouple.

We will not consider gauge invariant quantities constructed from Φ_{ijkl} since it is not clear whether such a quantity would be simpler to work with than the original metric perturbation.

The only components left to consider are Φ^A_{ij}. It is simple to verify that Φ^A_{ij} is gauge invariant. We proceed by using the Bianchi equations to derive an equation, in which second order derivatives act only on Φ^A_{ij}. As before, we throw away terms that are clearly of quadratic order or above in the perturbation expansion.

Antisymmetrising over ij in (B2) gives

− �Φ^A_{ij} + �_{[i}Ψ_{j]} =^3_{d−2} ρΦ^A_{ij} +^{d−1}_{d−2} Φρ_{[ij]}, (2.16)

while antisymmetrising over ij in (B5) gives

�_kΦ^A_{ij} + �_{[i}Φ_{j]k} + �^′Ψ_{[ij]k} = −^2_{d−2} ρ^′Ψ_{[ij]k} −^{d−1}_{(d−2)(d−3)} Φδ_{k[i}τ_{j]} −^ρ_{d−2} ( Ψ^′_{[ij]k} − δ_{k[i}Ψ^′_{j]} ) . (2.17)

Contracting over indices jl in (B3) and antisymmetrising over the remaining indices gives

�_{[i}Ψ_{j]} − �_kΨ_{[ij]k} =^{(d−1)(d−4)} (d−2)(d−3) Φρ[ij] − d−4 d−2 ρΦ^A_{ij}. (2.18)

Now, consider �_k(2.17) −2�^′(2.16)

(2�^′� + �_k�_k)Φ^A_{ij} + �^′�_kΨ_{[ij]k} − 2�^′�_{[i}Ψ_{j]} + �_{[i}�_{|k|}Φ_{j]k} − [�^′, �_k]Ψ_{[ij]k} + [�_k, �_{[i}]Φ_{j]k} = . . . , (2.19)

where the ellipses refer to terms on the right hand side. All such terms have only single derivatives. In addition, commutator equations (C2) and (C3) can be used to rewrite the final two terms on the right hand side as an expression involving only single derivatives. Furthermore, equations (C.4) and (2.18) imply that �^′�_kΨ_{[ij]k} − 2�^′�_{[i}Ψ_{j]} + �_{[i}�_{|k|}Φ_{j]k} = −[�^′, �_{[i}]Ψ_{j]} + . . . ,

which can be converted into an expression with single derivatives using (C2)^′. Thus, we have an equation in which all double derivatives act on Φ^A_{ij}

(2�^′� + �_k�_k)Φ^A_{ij} = . . . .

On the right hand side, terms of the form �_kΨ_{[ij]k} can be removed by using equation (2.18). Other terms can be simplified by rearranging terms such that one of the factors in a term vanishes on the background. Then, the other factor can be assumed to take its background value. Bianchi and Newman-Penrose equations on the background can be used to further simply such terms.

Having simplified terms on the right hand side of the equation above, we find that the expression simplifies greatly and Φ^A_{ij} decouples ( 2�^′� + �_k�_k +^{d+2}_{d−2} (ρ�^′ + ρ^′�) +^{4(d−1)}_{(d−2)2} ρρ^′ −^{2(d−1)}_{d−3} Φ ) Φ^A_{ij} = 0. (2.20)

Metric perturbations of the Schwarzschild-Tangherlini solution have been studied by Ishibashi and Kodama [21] using a gauge invariant analysis that is analogous to the 4d approach developed by Moncrief [32]. Φ^A_{ij} is a 2-form on the (d − 2)−sphere. However, their analysis does not find any 2-form type modes on the sphere. They classify the perturbations into three types of tensorial, vector and scalar modes depending on their behaviour on the (d − 2)−sphere, which is parametrised, here, by i type indices. The tensor modes decompose into a trace-free transverse symmetric tensor, a transverse vector and two other scalars, while the vector modes decompose into a transverse vector and a scalar.

Performing a similar decomposition of Φ^A_{ij} gives

Φ^A_{ij} = Φ^A_{T ij} + �_{[i}V_{j]}, (2.21)

where Φ^A_{T ij} is transverse, i.e.

�_iΦ^A_{T ij} = 0 (2.22)

and V_i is some vector mode. Since transverse 2-form modes on the sphere are not found in the Ishibashi and Kodama analysis, we can only conclude that Φ^A_{T ij} parametrise trivial metric perturbations. An intuitive reason for why this should be the case is that to construct (symmetric) metric perturbations from Φ^A_{T ij} , we will need to contract it with a �_i derivative, which gives zero. This leaves V_i, which correspond to the vector modes of Ishibashi and Kodama.

As mentioned in the introduction, this is analogous to what is found in 4d. On the Schwarzschild background, the perturbed value of the imaginary part of the Weyl scalar Ψ_2, which is gauge invariant and has Φ^A_{ij} as its higher dimensional generalisation, satisfies a decoupled equation [33]. Furthermore, this decoupled equation is equivalent to the Regge-Wheeler equation [34] describing vector mode (or axial) perturbations of the Schwarzschild background [33]. The real part of the Weyl scalar Ψ_2, which has Φ ≡ ℓ^an^bℓ^cn^dC_{abcd} as its higher dimensional generalisation, is not gauge invariant. From this, one can construct a gauge invariant quantity using metric perturbations and show that this also decouples and the decoupled equation is equivalent to the Zerilli equation [35] describing scalar mode (or polar) perturbations of the Schwarzschild background [40]. Analogously, Φ is not gauge invariant on a Schwarzschild-Tangherlini background. However, we do not attempt to construct a gauge invariant quantity from this since we are only considering gauge invariant quantities constructed from the Weyl tensor. Had we done so, we would presumably find that this satisfies the scalar mode master equation of Ishibashi and Kodama [21].

In conclusion, we find that the only gauge invariant quantities constructed from Weyl tensor components that decouple on the Schwarzschild background are Φ^A_{ij}. Furthermore, these components are shown to be related to the vector modes of Ishibashi and Kodama [21].

3 Constructing solutions of perturbation equations

The existence of a map in 4d for constructing exact linear perturbations given the existence of a decoupled equation was demonstrated, given some technical assumptions, by Kegeles and Cohen [15, 16] and Chrzanowski [17]. However, Wald put this map on a firmer basis with his elegant proof of it [18]. In this section, we review Wald’s result [18] regarding the construction of solutions of perturbation equations, given the existence of decoupled equations, emphasising the generality of his argument.

We consider as our background, a solution of the vacuum Einstein equation

R̄_{ab} = Λḡ_{ab}. (3.1)

We would like to find a solution of some linear (perturbation) equation

E(f) = 0 (3.2) on this background, where f is the perturbation of some field. For example, for an electromagnetic perturbation, f is the 1-form potential A and the equation above reduces to the Maxwell equation

∇^a(∇_aA_b − ∇_bA_a) = 0. (3.3)

In the case of gravitational perturbations, f is the associated metric perturbation, usually denoted by h, while E is the linearised Einstein operator

[G^{(1)}(h)]_{ab} = ∇_c∇_{(a}h_{b)}^c − 1 2 (∇^2h_{ab} + ∇_a∇_bh) − 1 2 ḡ_{ab} ( ∇_c∇_dh^{cd} − ∇^2h ) + 1 2 Λ (hḡ_{ab} − dh_{ab}) , (3.4)

where all indices above have been raised using the background metric ḡ, ∇ is the Levi-Civita connection of ḡ and h is the trace of h_{ab}.

Now, assume that we can construct another equation, which is satisfied by a quantity T (f),

O (T (f)) = 0, (3.5)

where O and T are some linear operators. Such an equation, where T (f) is more simple than f, is usually referred to as a decoupled equation. In 4d, a decoupled equation for electromagnetic and gravitational perturbations can only be derived for vacuum solutions admitting a null geodesic, shear-free congruence [9, 10]. By the Goldberg-Sachs theorem [41], this is equivalent to the condition that the solution be algebraically special (i.e. Petrov type II or more special).

In higher dimensions, the existence of a decoupled equation for electromagnetic and gravitational perturbations places more restrictive conditions on the background solution [29]. For d > 4, the background solution must admit a null geodesic congruence with vanishing optics, i.e. the background solution must be Kundt. Kundt solutions are necessarily of CMPP [42] type II [43].

The existence of a decoupled equation implies the existence of a linear operator S such that SE = OT . (3.6) Simply put, operator S describes how the decoupled equation is derived from the perturbation equation.

The key idea in Wald’s derivation is the use of operator adjoints. Given a linear differential operator O acting on a tensor field t ∈ T and taking it to a tensor field u ∈ U, the unique adjoint operator O^† is defined via (u, Ot) = (O^†u, t) (3.7)

up to a total divergence, where the inner product between any tensor fields v_1 and v_2 of rank m is defined by (v_1, v_2) ≡ ∫ v_1^{a1...am} v_{2a1...am} d(V ol). (3.8) We proceed by taking the adjoint of the operator equivalence (3.6) and using the fact that (O_1O_2)^† = O^†_2O^†_1 to get E^†S^† = T^†O^†. (3.9)

The operator equivalence above implies that given a solution ψ of

O^†ψ = 0, (3.10)

S^†ψ solves the equation E^†(f) = 0. (3.11)

For all cases of interest in this paper, the operator E is self-adjoint, i.e. E^† = E. Thus,

O^†ψ = 0 =⇒ E(S^†ψ) = 0. (3.12)

The solution ψ is called the Hertz potential. Furthermore,

O(T S^†ψ) = (OT )S^†ψ = (SE)S^†ψ = SE(S^†ψ) = 0, (3.13)

where we have used (3.6) in the third equality and (3.12) in the final equality. Hence, T S^†ψ solves the decoupled equation Oφ = 0. (3.14)

3.1 Electromagnetic perturbations of Kundt solutions

In [29], it was shown that for electromagnetic perturbations, a higher dimensional analogue of the decoupled equation found in 4d by Teukolsky [10] can only be derived for Kundt solutions. The higher dimensional decoupled equation is analogous to the Teukolsky equation in the sense that in both cases T (A) is the highest boost weight component of the Maxwell field F = dA. Hence,

T_E(A)_i ≡ φ_i = ℓ^a m_i^b (∇_aA_b − ∇_bA_a). (3.15)

The decoupled equation is O_E (φ)_i = 0, (3.16)

where

O_E(φ)_i = ( 2�^′� + �_j�_j + ρ^′� − 4τ_j �_j + Φ −^{2d−3}_{d−1} Λ ) φ_i + 2(−2τ_{[i}�_{j]} + Φ^S_{ij} + 2Φ^A_{ij} )φ_j . (3.17)

As noted before, E_E (A)_b = ∇^a(∇_aA_b − ∇_bA_a) = 0. (3.18)

Operator S_E is found by considering the derivation of the decoupled equation in [29]. To simplify the derivation of S_E , we assume from the beginning that the background under consideration is Kundt, i.e. κ^{(0)} = ρ^{(0)}_{ij} = 0.

Also, in the derivation in [29], a vector potential A is not introduced. Hence, the Bianchi identity dF = 0 is non-trivial. Here we let F = dA. Thus, of the Maxwell equations (4.4)–(4.7) in [29], only (4.4), (4.6) and their associated primed equations are non-trivial:

(4.4) ⇐⇒ −ℓ^a E_E (A)_a = 0, (3.19) (4.4)^′ ⇐⇒ −n^a E_E (A)_a = 0, (3.20) (4.6) ⇐⇒ (4.6)^′ ⇐⇒ m_i^a E_E(A)_a = 0. (3.21)

The derivation begins by considering the combination �(4.6) + �_j [δ_{ij} (4.4) − (4.5)], which results in equation (4.9) of [29]^6

0 = (2�^′� + �_j�_j)φ_i + 2[�, �^′]φ_i − [�, �_j ](F_{ij} + F δ_{ij} ) + [�_i, �_j]φ_j +� ( − (2ρ^′_{[ij]} − ρ^′δ_{ij} )φ_j + 2(F_{ij} + F δ_{ij} )τ_j ) (3.22) −�_i ( τ^′_jφ_j ) + �_j ( 2τ^′_{[i}φ_{j]} ) , 6We use the notation of [29] to denote components of the Maxwell field strength; that is φi = ℓ^am_{(i)}^bF_{ab}, F = ℓ^an^bF_{ab}, Fij = m_{(i)}^am_{(j)}^bF_{ab} and φ^′_i = n^am_{(i)}^bF_{ab}.

where, as noted before, we assume κ = ρ_{ij} = 0. This is equivalent to considering

� (m_i^a E_E (A)_a) − �_i (ℓ^a E_E (A)_a) . (3.23)

The next manipulation that involves equations (4.4) and (4.6) is eliminating the combination �(F_{ij} + F δ_{ij} ). This is done by adding −(2τ_j + τ^′_j)(δ_{ij} (4.4) − (4.5)) to (3.22) or equivalently (3.23). Hence, we have � (m_i^a E_E(A)_a) − �_i (ℓ^a E_E (A)_a) + (2τ_i + τ^′_i ) (ℓ^a E_E(A)_a) . (3.24)

The rest of the derivation does not make use of the Maxwell equation, that is it involves either the Bianchi identity or the Newman-Penrose equations. Hence, operator S_E is given by equation (3.24) S_E (J)_i = �(m_i^aJ_a) − (�_i − 2τ_i − τ^′_i )(ℓ^aJ_a). (3.25)

The Hertz potential ψ_H is given by solving

O^†_E (ψ_H )_i = 0. (3.26)

We derive O^†_E by considering the inner product

(ψ_i, O_E (φ)_i) . (3.27)

For the inner product to be well-defined ψ_i must be boost weight -1 since O_E (φ)_i is boost weight 1. Using equation (3.17)

(ψ_i, O_E (φ)_i) = ([ 2�^{′†}�^† + �_j^†�_j^† + �^†ρ^′ + −4�_j^†τ_jΦ −^{2d−3}_{d−1} Λ ] ψ_i + 2 [ −2�_{[i}^†τ_{j]} + Φ^S_{ij} − 2Φ^A_{ij} ] ψ_j , φ_i ) (3.28)

Using equations (C.3)–(C.7) for the adjoint of the GHP covariant derivatives, commutator (C1) and the NP equation (NP4) gives

O^†_E (ψ)_i = ( 2�^′� + �_j�_j + ρ^′� + Φ −^Λ_{d−1} ) ψ_i + 2(−2τ_{[i}�_{j]} + Φ^S_{ij} − 2Φ^A_{ij} )ψ_j . (3.29)

To find a solution of the electromagnetic perturbation equation (3.18), we also need to calculate the adjoint of S. We do this by considering the inner product

(ψ_i, S(A)_i) = ([ m_i^a�^† + ℓ^a(−�_i^† + 2τ_i + τ^′) ] ψ_i, A_a ) (3.30)

where we have used (3.25). Using equations (C.3) and (C.7) gives

S^†(ψ)_a = [−m_{ia} � + ℓ_a(�_i + τ_i)] ψ_i. (3.31)

Thus, using the results of section 3, we have that if ψ_{H i} is a solution to (3.26), where O^†_E is given in equation (3.29), then S^†_E (ψ_H )_a = [−m_{ia} � + ℓ_a(�_i + τ_i)] ψ_{H i} (3.32)

is a solution of the electromagnetic perturbation equation (3.18).

Also, T_ES^†_E (ψ_H )_i = �^2(ψ_H )_i (3.33)

is a solution of the decoupled equation O_E (φ)_i = 0.

Consider a doubly Kundt solution. This is a solution with two null geodesic congruences with vanishing optics, i.e. we also have κ^{′(0)}_i = ρ^{′(0)}_{ij} = 0. In this case, the boost weight -1 component of the Maxwell field φ^′ also satisfies a decoupled equation—the prime of the decoupled equation (3.17)

O^′_E (φ^′)_i = 0, (3.34)

where (using equation (3.17) and commutator (C1))

O^′_E(φ^′)_i = ( 2�^′� + �_j�_j − 2(τ_j + τ^′_j )�_j + 2τ_j τ^′_j − Φ −^{2d−3}_{d−1} Λ ) φ^′_i +2 ( −2τ^′_{[i}�_{j]} + Φ^S_{ij} + 4Φ^A_{ij} + 2τ^′_{[i}τ_{j]} ) φ^′_j . (3.35)

In this case, if ψ^′_{H i} is a solution to the prime of equation (3.26), then S^′_E^†(ψ^′_H )_a is also a solution of the perturbation equation.

3.2 Gravitational perturbations of Kundt solutions For gravitational perturbations we assume that the perturbed solution also satisfies the vacuum Einstein equation. The metric perturbation h satisfies

E_G(h)_{ab} = 0, (3.36)

where E_G is given in equation (3.4).

In [29], it was shown that as with electromagnetic perturbations an analogue of the Teukolsky decoupled equation for gravitational perturbations [10] only exists for Kundt solutions. The decoupled equation is solved by the boost weight +2 components of the perturbed Weyl tensor Ω_{ij} , which generalises the complex Weyl scalar Ψ_0 of the 4d NP formalism to higher dimensions.

T_G(h)_{ij} ≡ Ω_{ij} = − 1 2 {( �_{(i}�_{j)} − δ_{ij} d − 2 �_k�_k ) − 2 ( τ^′_{(i}�_{j)} − δ_{ij} d − 2 τ^′_k�_k ) − ( ρ^′_{ij} − δ_{ij} d − 2 ρ^′ ) � −2 ( �ρ^′_{ij} − δ_{ij} d − 2 �ρ^′ )} (ℓ^aℓ^bh_{ab}) − 1 2 �^2 {( m_i^am_j^b − δ_{ij} d − 2 m_k^am_k^b ) h_{ab} }

+ { �_{(i} − τ^′_{(i}� − (�τ^′_{(i}) } (ℓ^am_{j)}^bh_{ab}) − δ_{ij} d − 2 { �_k − τ^′_k� − (�τ^′_k) } (ℓ^am_k^bh_{ab}). (3.37)

The decoupled equation is O_G(Ω)_{ij} = 0, (3.38) where

O_G(Ω)_{ij} = ( 2�^′� + �_k�_k + ρ^′� − 6τ_k�_k + 4Φ −^{2d}_{d−1} Λ ) Ω_{ij} +4 ( τ_k�_{(i|} − τ_{(i|}�_k + Φ^S_{(i|k} + 4Φ^A_{(i|k} ) Ω_{k|j)} + 2Φ_{ikjl} Ω_{kl}. (3.39)

To derive operator S_G, we assume that the gravitational perturbation also generates a first order energy-momentum tensor. Then, S_G is the operator acting on the first order energy-momentum tensor in the inhomogeneous decoupled equation

O_G(Ω)_{ij} = 8π S_G ( T^{(1)}_{ab} ) ij . (3.40)

Therefore, we need to rederive the decoupling result of Ref. [29] assuming a non-zero first order energy-momentum tensor. Thus, we must use the more general (viz. including matter) NP equations,

Bianchi identities and commutator relations found in Ref. [37]. In order, to simplify the calculation, we may assume from the onset that the background is Kundt.

Going through the derivation of the decoupled equation for gravitational perturbations given in Ref. [29], except using the more general equations that include matter terms gives

S_G (T )_{ij} =^1_{d−2} δ_{ij} ( 2�^′� + �_k�_k + ρ^′� − 6τ_k�_k + 4Φ ) (ℓ^aℓ^bT_{ab}) − ( Φ^S_{ij} − �ρ^′_{(ij)} ) (ℓ^aℓ^bT_{ab}) +2 ( �_{(i} − (2τ_{(i} + τ^′_{(i})� − (�τ^′_{(i}) ) (ℓ^am_{j)}^bT_{ab}) − �(m_i^am_j^bT_{ab}) +^1_{d−2} δ_{ij} �(g^{ab}T_{ab}). (3.41)

The adjoints of O_G and S_G can be derived in a fashion analogous to the electromagnetic case

O^†_G(Π)_{ij} = ( 2�^′� + �_k�_k + ρ^′� + 2τ_k�_k + 4Φ +^{2(d−4)}_{d−1} Λ ) Π_{ij} +4 ( τ_k�_{(i|} − τ_{(i|}�_k + Φ^S_{(i|k} − 4Φ^A_{(i|k} ) Π_{k|j)} + 2Φ_{ikjl} Π_{kl}, (3.42)

S^†_G (Π)_{ab} = −ℓ_aℓ_b ( Φ^S_{ij} + ρ^′_{(ij)}� ) Π_{ij} + 2ℓ_{(a}m_{|j|b)} ( �_i + (τ_i + τ^′_i )� ) Π_{ij} − m_{ia}m_{j b} �^2 Π_{ij} . (3.43)

Thus, given a Hertz potential Ω_H that is a solution of

O^†_G(Ω_H )_{ij} = 0, (3.44)

where operator O^†_G is given in eq. (3.42), then

S^†_G (Ω_H )_{ab} (3.45)

where S^†_G is given in eq. (3.43), is a solution of the gravitational perturbation equation (3.36).

Furthermore, T_GS^†_G (Ω_H )_{ij} = 1 2 �^4Ω_{H ij} (3.46)

is a solution of the decoupled equation (3.38).

In the case of a background that is doubly Kundt, the prime of all the above equations hold also. For the case of doubly Kundt solutions, the operators O, O^′, O^† and O^{′†} encode the same physical information. Therefore, there should be some connection between them. Indeed, in 4d, for type D solutions, it is known that the solution of the equations corresponding to the above operators are related by various factors of the background value of the Weyl scalar Ψ_2 (see Refs. [44, 45, 18] and references therein). It is very simple to prove such relations using the Bianchi identities. However, in higher dimensions the situation is more complicated. We have not been able to derive similar expressions relating the solutions to the various equations defined by the four operators above.

3.3 Asymptotic behaviour of metric perturbations of near horizon geometry of 5d cohomogeneity-1 extreme Myers-Perry solutions

In this section, we consider as an application of the Hertz potential map developed above, the asymptotic behaviour of the metric perturbation of the near horizon geometry of 5d cohomogeneity-1 extreme Myers-Perry black hole. This consideration is motivated by a recent proposal that quantum gravity on the near horizon of a class of 5d solutions of which the above solution is an example, with appropriate asymptotic fall-off conditions on the metric perturbation is equivalent to a CFT, which can be used to calculate the Bekenstein-Hawking entropy of the original solution [36]. Thus, giving a statistical counting of the black hole’s degrees of freedom.

Turning off the graviphoton charge in the solution discussed in [36] gives the 5d cohomogeneity-1 extreme Myers-Perry black hole solution with near-horizon geometry

ds^2 = r^2_+ 4 { −R^2dT^2 + dR^2 R^2

+ 2(dψ + cos θdϕ + RdT )^2 + dΩ^2_{(2)} } , (3.47)

where r_+ is the event horizon radius and dΩ^2_{(2)} is the round metric on S^2. This (doubly Kundt) solution is studied in Ref. [30], where the decoupling result of [29] is used to predict an instability of the corresponding extreme Myers-Perry solution. Choose the following null frame ℓ = r_+ 2 √ 2 ( −R dT + dR R ) , n = r_+ 2 √ 2 ( R dT + dR R ) , m_2 = r_+ √ 2 (dψ + cos θdϕ + RdT ), m_α = r_+ 2 ê_α, (3.48)

where α = 3, 4 and ê_α form an orthonormal basis on S^2.

In Ref. [30], it was shown that for the geometry with metric (3.47) with basis chosen as above

κ_i = κ^′_i = 0, ρ_{ij} = ρ^′_{ij} = 0, τ_i + τ^′_i = 0,

Ω_{ij} = Ω^′_{ij} = 0, Ψ_{ijk} = Ψ^′_{ijk} = 0, Φ_{ijkl} = R̂_{ijkl}, Φ^A_{ij} = − 4 r^2_+

(m_3 ∧ m_4)_{ij} , (3.49)

where R̂_{ijkl} is the Riemann tensor of the three dimensional space H with metric

ds^2_H = r^2_+ 4 { 2(dψ + cos θdϕ)^2 + dΩ^2_{(2)} } . (3.50)

In order to determine the asymptotic behaviour of the metric perturbation of the near horizon geometry with metric (3.47), we must first solve the Hertz potential equation

O^†_G(Π)_{ij} = 0, (3.51)

where operator O^†_G is given in (3.42). Then, h_{ab} = 1 2 ℓ_aℓ_b(R̂_{ij} Π_{ij} ) + 2ℓ_{(a}m_{|j|b)}�_iΠ_{ij} − m_{ia}m_{j b} �^2 Π_{ij} (3.52)

is a solution of the gravitational perturbation equation in the ingoing radiation gauge, where we have used eq. (3.43) and eqs. (3.49) above. Space H is not an Einstein solution. Thus, the ℓ_aℓ_b component of h_{ab} is non-zero.

Assume the following separability ansatz for Π_{ij} Π_{ij} = χ(T, R)Y_{ij}(θ, ϕ, ψ). (3.53) Substituting this ansatz into the equation for Π_{ij} , i.e. eq. (3.44) gives^7

(D^2 − q^2 − λ)χ = 0, O^{(2)}Y_{ij} = λY_{ij}, (3.54)

where D is some charge covariant derivative for some AdS_2 scalar with charge q defined in Ref. [30] and O^{(2)} is some operator given in Ref. [30], which we do not need to know about in detail here. Hence, χ solves the equation for a massive, charged scalar in an AdS_2 background with homogeneous

7The steps involved in this computation are almost identical to that given in appendix A of Ref. [30].

electric field. Such an equation has been studied by a number of authors [46, 47, 48, 30]. At large R, χ ∼ R^{−Δ±} , Δ_± = 1 2 ± √ λ + 1 4 . (3.55)

Hence, from the form of h_{ab} given in (3.52) we can conclude that for large R

h_{ab} ∼ R^12 ±^12 η

O(1) O(^1_{R2} ) O(^1_R ) O(^1_R )

O(^1_{R3} ) O(^1_{R3} ) O(^1_{R3} )

O(^1_{R2} ) O(^1_R )

O(^1_R ) , η = √ 1 + 4λ. (3.56)

where the columns and rows indicate the T , R, ψ and θ and ϕ (collectively labelled α) components, respectively. The same result would be found if we considered n as the WAND of choice, that is if h_{ab} were in outgoing gauge.

Comparing this with the fall-off conditions in Ref. [36], we find that the T R, T ψ, RR, ψα and αβ components are the most restrictive. These components have been underlined in the matrix above. Thus, in order to satisfy the fall-off conditions, η must be real. We must also choose the lower sign (corresponding to normalisable modes) and require that η ≥ 1 or λ ≥ 0. Recall that λ is the eigenvalue of operator O^{(2)}. The spectrum of operator O^{(2)} was studied in appendix B of Ref. [30]. It is clear from the study of gravitational scalar modes that there exists modes for which

λ = 2 + κ(κ + 1) + |m|(κ +^1_2 ) − m^2/8, (3.57)

where m is an integer and κ is a positive integer. For κ = 1, m ≥ 15, λ < 0. Hence, there exist modes that violate the fall-off conditions. It was shown in Ref. [30] that for all axisymmetric modes (m = 0) λ ≥ 0. Hence, all axisymmetric modes satisfy the boundary conditions.

There is a similar proposal for the entropy counting of the 4d extremal Kerr solution [49]. In Ref. [49], as in the 5d case, the metric perturbation of the NHG is assumed to satisfy a certain asymptotic form. The asymptotic behaviour of the NHG of the extremal Kerr solution has been studied in [47] and [48]. The results we find for the 5d case are the same as they found in the 4d case.

Acknowledgements I would like to thank Harvey Reall for suggesting this project and reading through a draft manuscript. His many comments and suggestions have been invaluable throughout. I thank Oscar Dias for helpful discussions. I am supported by an EPSRC grant. Also, I thank St. John’s College Cambridge for their support.

A Higher dimensional GHP formalism

In this appendix, we review the higher dimensional GHP formalism of [37]. Given a background solution, we choose a null frame (ℓ, n, m_{(i)}) such that in this frame, the metric takes the form g_{ab} = 2ℓ_{(a}n_{b)} + m_{(i)a}m_{(i)b}. (A.1) In the GHP formalism, one breaks complete covariance by singling out two null directions (ℓ and n) at each point, but preserves covariance in the remaining directions. This is in contrast to the NP formalism where none of the covariance is preserved.

At any point, the Lorentz group divides into • boosts (λ a real function): ℓ → λ ℓ, n → λ^{−1}n, m_{(i)} → m_{(i)}, (A.2) • spins (X_{ij} ∈ SO(d − 2)): ℓ → ℓ, n → n, m_{(i)} → X_{ij}m_{(j)}, (A.3) • null rotations about ℓ (z_i d − 2 real functions):

ℓ → ℓ, n → n + z_im_{(i)} −^1_2 z^2ℓ, m_{(i)} → m_{(i)} − z_iℓ, (A.4)

• null rotations about n (z_i d − 2 real functions):

ℓ → ℓ + z_im_{(i)} −^1_2 z^2n, n → n, m_{(i)} → m_{(i)} − z_in, (A.5)

where λ ≠ 0 and X_{ij} is some position-dependent orthogonal matrix.

We would like to keep the subgroup that preserves the null directions, i.e. the subgroup given by boosts and spatial rotations, or spins. Thus, we would like to work with objects that transform covariantly under this subgroup.

Define any scalar η_{i1...is} that transforms covariantly as η_{i1...is} → λ^bη_{i1...is} (A.6) under boosts and η_{i1...is} → X_{i1j1} · · · X_{isjs} η_{j1...js} (A.7) under spins, a GHP scalar of boost weight b and spin s. Evidently, the product of two GHP scalars of boost weights b_1 and b_2 and spins s_1 and s_2, respectively, gives a GHP scalar of boost weight b_1 + b_2 and spin s_1 + s_2.

Defining the covariant derivatives of the basis vectors as

L_{ab} = ∇_bℓ_a, N_{ab} = ∇_bn_a,^iM_{ab} = ∇_bm_{(i)a}, (A.8) one finds that not all the scalars formed from the projection of these objects into the basis are GHP scalars. Those that are GHP scalars are listed in table 1 [37].

Notice that we have used a prime operation, which interchanges the null basis vectors ′ : ℓ ↔ n. (A.9)

Table 1: GHP scalars constructed from covariant derivatives of the basis vectors. Spin coefficient GHP notation Boost weight b Spin s Interpretation

L_{ij} ρ_{ij} 1 2 expansion, shear and twist of ℓ L_{ii} ρ = ρ_{ii} 1 0 expansion of ℓ L_{i0} κ_i 2 1 non-geodesity of ℓ L_{i1} τ_i 0 1 transport of ℓ along n N_{ij} ρ^′_{ij} -1 2 expansion, shear and twist of n N_{ii} ρ^′ = ρ^′_{ii} -1 0 expansion of n N_{i1} κ^′_i -2 1 non-geodesity of n N_{i0} τ^′_i 0 1 transport of n along l

The prime operation is especially useful when considering type D backgrounds, since in this case ℓ and n are essentially equivalent.

The non-GHP covariant scalars formed from the covariant derivative of the basis vectors can be used to construct GHP covariant derivatives . For a GHP scalar η_{i1...is} of boost weight b and spin s, we define its GHP covariant derivatives to be^8 �T_{i1i2...is} ≡ ℓ · ∂T_{i1i2...is} − bL_{10}T_{i1i2...is} + s∑ r=1 k M i_r 0Ti_1...i_{r−1}ki_{r+1}...i_s , (A.10)

�^′T_{i1i2...is} ≡ n · ∂T_{i1i2...is} − bL_{11}T_{i1i2...is} + s∑ r=1 k M i_r 1Ti_1...i_{r−1}ki_{r+1}...i_s , (A.11)

�_iT_{j1j2...js} ≡ m_{(i)} · ∂T_{j1j2...js} − bL_{1i}T_{j1j2...js} + s∑ r=1 k M j_riTj_1...j_{r−1}kj_{r+1}...j_s . (A.12) In GHP notation, the Newman-Penrose, Bianchi and the commutator equations are much more compact that in the NP formalism [50]. For convenience, we write these equations, here, for an Einstein spacetime [29].

A.1 Newman-Penrose equations

�ρ_{ij} − �_jκ_i = −ρ_{ik}ρ_{kj} − κ_iτ^′_j − τ_iκ_j − Ω_{ij}, (NP1)

�τ_i − �^′κ_i = ρ_{ij}(−τ_j + τ^′_j) − Ψ_i, (NP2)

2�_{[j|}ρ_{i|k]} = 2τ_iρ_{[jk]} + 2κ_iρ^′_{[jk]} − Ψ_{ijk}, (NP3)

�^′ρ_{ij} − �_j τ_i = −τ_iτ_j − κ_iκ^′_j − ρ_{ik}ρ^′_{kj} − Φ_{ij} −^Λ_{d−1} δ_{ij} . (NP4)

Another four equations can be obtained by taking the prime^′ of these four (i.e. by exchanging the vectors ℓ and n).

8Symbols � and �, pronounced “thorn” and “eth”, respectively are old Germanic letters that have been retained in the Icelandic alphabet.

A.2 Bianchi equations Boost weight +2:

�Ψ_{ijk} − 2�_{[j}Ω_{k]i} = (2Φ_{i[j|}δ_{k]l} − 2δ_{il}Φ^A_{jk} − Φ_{iljk})κ_l −2(Ψ_{[j|}δ_{il} + Ψ_iδ_{[j|l} + Ψ_{i[j|l} + Ψ_{[j|il})ρ_{l|k]} + 2Ω_{i[j}τ^′_{k]}, (B1) Boost weight +1:

− �Φ_{ij} − �_jΨ_i + �^′Ω_{ij} = −(Ψ^′_jδ_{ik} − Ψ^′_{jik})κ_k + (Φ_{ik} + 2Φ^A_{ik} + Φδ_{ik})ρ_{kj} +(Ψ_{ijk} − Ψ_iδ_{jk})τ^′_k − 2(Ψ_{(i}δ_{j)k} + Ψ_{(ij)k})τ_k − Ω_{ik}ρ^′_{kj}, (B2) −�Φ_{ijkl} + 2�_{[k}Ψ_{l]ij} = −2Ψ^′_{[i|kl}κ_{|j]} − 2Ψ^′_{[k|ij}κ_{|l]} +4Φ^A_{ij}ρ_{[kl]} − 2Φ_{[k|i}ρ_{j|l]} + 2Φ_{[k|j}ρ_{i|l]} + 2Φ_{ij[k|m}ρ_{m|l]} −2Ψ_{[i|kl}τ^′_{|j]} − 2Ψ_{[k|ij}τ^′_{|l]} − 2Ω_{i[k|}ρ^′_{j|l]} + 2Ω_{j[k}ρ^′_{i|l]}, (B3) −�_{[j|}Ψ_{i|kl]} = 2Φ^A_{[jk|}ρ_{i|l]} − 2Φ_{i[j} ρ_{kl]} + Φ_{im[jk|}ρ_{m|l]} − 2Ω_{i[j}ρ^′_{kl]}, (B4) Boost weight 0:

�^′Ψ_{ijk} − 2�_{[j|}Φ_{i|k]} = 2(Ψ^′_{[j|}δ_{il} − Ψ^′_{[j|il})ρ_{l|k]} + (2Φ_{i[j} δ_{k]l} − 2δ_{il}Φ^A_{jk} − Φ_{iljk})τ_l +2(Ψ_iδ_{[j|l} − Ψ_{i[j|l})ρ^′_{l|k]} + 2Ω_{i[j}κ^′_{k]}, (B5)

−2�_{[i}Φ^A_{jk]} = 2Ψ^′_{[i}ρ_{jk]} + Ψ^′_{l[ij|}ρ_{l|k]} − 2Ψ_{[i}ρ^′_{jk]} − Ψ_{l[ij|}ρ^′_{l|k]}, (B6) −�_{[k|}Φ_{ij|lm]} = −Ψ^′_{i[kl|}ρ_{j|m]} + Ψ^′_{j[kl|}ρ_{i|m]} − 2Ψ^′_{[k|ij}ρ_{|lm]} −Ψ_{i[kl|}ρ^′_{j|m]} + Ψ_{j[kl|}ρ^′_{i|m]} − 2Ψ_{[k|ij}ρ^′_{|lm]}. (B7) Another five equations are obtained by applying the prime operator to equations (B1)-(B5) above.

A.3 Commutators of derivatives Acting on a GHP scalar of boost weight b and spin s, commutators of GHP derivatives can be simplified by: [�, �^′]T_{i1...is} = (−τ_j + τ^′_j)�_jT_{i1...is} + b ( −τ_jτ^′_j + κ_j κ^′_j + Φ −^Λ_{d−1} ) T_{i1...is} + s∑ r=1 ( κ_{ir} κ^′_j − κ^′_{ir} κ_j + τ^′_{ir} τ_j − τ_{ir} τ^′_j + 2Φ^A_{irj} ) T_{i1...j...is}, (C1)

[�, �_i]T_{k1...ks} = −(κ_i�^′ + τ^′_i � + ρ_{ji}�_j)T_{k1...ks} + b ( −τ^′_jρ_{ji} + κ_j ρ^′_{ji} + Ψ_i ) T_{k1...ks} + s∑ r=1 ( κ_{kr} ρ^′_{li} − ρ_{kri}τ^′_l + τ^′_{kr} ρ_{li} − ρ^′_{kri}κ_l − Ψ_{ilkr} ) T_{k1...l...ks}, (C2)

[�_i, �_j ]T_{k1...ks} = ( 2ρ_{[ij]}�^′ + 2ρ^′_{[ij]}� ) T_{k1...ks} + b ( 2ρ_{l[i|}ρ^′_{l|j]} + 2Φ^A_{ij} ) T_{k1...ks} + s∑ r=1 ( 2ρ_{kr [i|}ρ^′_{l|j]} + 2ρ^′_{kr [i|}ρ_{l|j]} + Φ_{ijkrl} +^{2Λ}_{d−1} δ_{[i|kr} δ_{|j]l} ) T_{k1...l...ks} . (C3) The result for [�^′, �_i] can be obtained from (C2)^′.

B Schwarzschild-Tangherlini solution

The Schwarzschild-Tangherlini black hole is an example of a higher dimensional type D solution. The Schwarzschild-Tangherlini metric in Schwarzschild coordinates is

ds^2 = −f(r)dt^2 + dr^2/f(r) + r^2dΩ^2_{(d−2)}, f(r) = 1 − μ r^{d−3} , (B.1)

where dΩ^2_{(d−2)} is the round metric on a unit radius (d − 2)−sphere. The WANDs of the solution are [51] ℓ = ∂ ∂r , n = ∂ ∂v +^1_2 f ∂ ∂r . (B.2)

Defining (d − 2) orthonormal spacelike vectors

m_i = rê_i (i = 2, · · · , d), (B.3)

completes a null frame (ℓ, n, m_i) for the solution.

Cartan’s first equation of structure de^μ + ω^μ_ν e^ν = 0 can be used to find the optical scalars associated with WANDs ℓ and n

L_{11} = −N_{01} = −^1_2 ∂_rf,

κ_i = τ_i = 0, ρ_{ij} = ρ d − 2 δ_{ij} , ρ = (d − 2)/r, κ^′_i = τ^′_i = 0, ρ^′_{ij} = ρ^′ d − 2 δ_{ij} , ρ^′ = (d − 2)f/(2r). (B.4)

Thus, the solution is an example of a Robinson-Trautman solution, that is there exists a null geodesic congruence with vanishing shear and rotation, but non-vanishing expansion.

The curvature tensors can be derived from Cartan’s second equation of structure R_{μν} = dω_{μν} + ω_μ^ρ ∧ ω_{ρν} . Or, alternatively, one can read off the curvature tensors from appendix A of [52]

Ω_{ij} = Ψ_{ijk} = 0, Ω^′_{ij} = Ψ^′_{ijk} = 0, Φ_{ijkl} = −4Φδ_{i[k}δ_{l]j} (d − 2)(d − 3)

, Φ^S_{ij} = −^1_2 Φ_{ikjk}, Φ^A_{ij} = 0, Φ = − (d − 2)(d − 3)μ 2r^{d−1} . (B.5)

In particular, Φ^S_{ij} − Φ d − 2 δ_{ij} = 0. (B.6)

C Derivation of equation (2.2)

This appendix is dedicated to the derivation of equation (2.2).

We proceed by deriving an equation in which second order derivatives act only on Φ^S_{ij} −^Φ_{d−2} δ_{ij} . To simplify the derivation we shall neglect from the beginning any terms that are clearly of quadratic order or above when quantities are decomposed into background plus perturbation parts.

Contracting (B3), taking its symmetric part and removing its trace gives 2� ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) + �_k ( δ_{k(i}Ψ_{j)} − Ψ_{(ij)k} −^{2Ψk}_{d−2} δ_{ij} ) =ρ_{(kl)} ( Φ_{ikjl} +^{2ΦSkl}_{d−2} δ_{ij} ) − ρ ( Φ_{ij} −^Φ_{d−2} δ_{ij} )

− Φ ( ρ_{ij} −^ρ_{d−2} δ_{ij} ) −^{d−4}_{d−2} ρ^′Ω_{ij}. (C.1)

Symmetrising over the ij indices in (B5) and removing its trace gives

�_k ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) − �_l ( δ_{l(i}Φ_{j)k} −^{Φlk}_{d−2} δ_{ij} ) + �^′ ( Ψ_{(ij)k} +^{Ψk}_{d−2} δ_{ij} ) =^ρ_{d−2} ( Ψ^′_{(i}δ_{j)k} − Ψ^′_{(ij)k} −^{2Ψ′k}_{d−2} δ_{ij} )

−^{2ρ′}_{d−2} ( Ψ_{(ij)k} +^{Ψ′k}_{d−2} δ_{ij} ) −^{(d−1)Φ} (d−2)(d−3) ( τ_{(i}δ_{j)k} −^{τk}_{d−2} δ_{ij} ) . (C.2)

Now consider �^′(C.1) + �_k(C.2), the left hand side of which is equal to

(2�^′� + �_k�_k) ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) − [�^′, �_k] ( Ψ_{(ij)k} +^{Ψ′k}_{d−2} δ_{ij} )

− �_k ( �_{(i}Φ_{j)k} −^{�lΦlk}_{d−2} δ_{ij} ) + �^′ ( �_{(i}Ψ_{j)} −^{�kΨk}_{d−2} δ_{ij} ) . (C.3)

The top line is precisely what we want since commutator equation (C2)^′ can be used to convert the second term to an expression with only first order derivatives. The second line can be simplified using the trace of (B5) and full contraction of (B7), which when added together give

�_kΦ_{ik} − �^′Ψ_i = ρ^′Ψ_i +^{d−1}_{d−2} Φτ_i. (C.4)

Applying �_j to this, symmetrising over ij and removing the trace gives

�_k ( �_{(i}Φ_{j)k} −^{�lΦlk}_{d−2} δ_{ij} ) − �^′ ( �_{(i}Ψ_{j)} −^{�kΨk}_{d−2} δ_{ij} )

+ [�_k, �_l] ( δ_{k(i}Φ_{j)l} −^{Φkl}_{d−2} δ_{ij} ) + [�^′, �_k] ( δ_{k(i}Ψ_{j)} −^{Ψk}_{d−2} δ_{ij} )

= �_k [ ρ^′ ( δ_{k(i}Ψ_{j)} −^{Ψk}_{d−2} δ_{ij} )] +^{d−1}_{d−2} �_k [ Φ ( δ_{k(i}τ_{j)} −^{τk}_{d−2} δ_{ij} )] . (C.5)

Commutator equations (C3) and (C2)^′ can be used to rewrite the second line in terms of first order derivative terms. Thus, the equation above can be used to rewrite the second line of (C.3) in terms of first order derivative terms. To summarise, we have

(2�^′� + �_k�_k) ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) = ... , (C.6)

where the right hand side of the equation above involves only first order derivatives.

Terms of the form �_kΨ_{(ij)k} and �_kΨ^′_{(ij)k} can be removed by using equation (C.1), while a term of the form �^′Ω_{ij} can be removed by using the symmetrisation of (B2).

The remaining terms can be simplified by rewriting them such that one has a factor that vanishes on the background. Since, we are neglecting terms of order quadratic or above, this means the other factor takes its background value. For example, a term of the form

ρ_{(kl)}�^′ ( Φ_{ikjl} +^{2ΦSkl}_{d−2} δ_{ij} ) = ( ρ_{(kl)} −^ρ_{d−2} δ_{kl} ) �^′ ( Φ_{ikjl} +^{2ΦSkl}_{d−2} δ_{ij} ) +^ρ_{d−2} δ_{kl}�^′ ( Φ_{ikjl} +^{2ΦSkl}_{d−2} δ_{ij} )

=^2 (d−2)(d−3) ( ρ_{(ij)} −^ρ_{d−2} δ_{ij} ) �^′Φ −^{2ρ}_{d−2} �^′ ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} )

= −^{2(d−1)}

(d−2)^2 (d−3) ρ ′Φ ( ρ_{(ij)} −^ρ_{d−2} δ_{ij} ) −^{2ρ}_{d−2} �^′ ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) , (C.7)

where in the second equality, we have used the fact that ρ_{(kl)} −^ρ_{d−2} δ_{kl} vanishes on the background and since we are only considering terms that are of linear order in the perturbation expansion, we can take the background value of the factor multiplying this term. In the final line we use Bianchi equation (B2)^′ evaluated on the background to simplify �^′Φ. Using this trick to simplify all such terms and, also, using (NP4) to eliminate terms of the form �_iτ_j, we find that the equation simplifies significantly ( 2�^′� + �_k�_k +^{d+2}_{d−2} (ρ^′� + ρ�^′) +^{2(d−1)}_{(d−2)2} ρρ^′ −^{2(d−1)(d−4)}_{(d−2)(d−3)} Φ ) ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) +^{(d−4)}

(d−2)^2 ( ρ^{′2}Ω_{ij} + ρ^2Ω^′_{ij} ) = 0. (C.8)

Of course, we would like to derive an equation satisfied by ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) . Letting Φ^{St}_{ij} = ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} ) , ρ^2�^′�Φ^{St}_{ij} = �^′ ( ρ^2�Φ^{St}_{ij} ) − (�^′ρ^2)�Φ^{St}_{ij} = �^′� ( ρ^2Φ^{St}_{ij} ) − (�^′ρ^2)�Φ^{St}_{ij} − (�ρ^2)�^′Φ^{St}_{ij} − (�^′�ρ^2)Φ^{St}_{ij} ,

ρ^2�Φ^{St}_{ij} = � ( ρ^2Φ^{St}_{ij} ) − (�ρ^2)Φ^{St}_{ij},

ρ^2�^′Φ^{St}_{ij} = �^′ ( ρ^2Φ^{St}_{ij} ) − (�^′ρ^2)Φ^{St}_{ij}.

Equations (NP1) and (NP2) evaluated on the background give

�ρ = −^{ρ2}_{d−2} , �^′ρ = −^{ρρ′}_{d−2} − Φ. (C.9)

Thus, equation (C.8) is equivalent to equation (2.2) ( 2�^′� + �_k�_k +^{d+6}_{d−2} (ρ^′� + ρ�^′) +^{4Φ}_ρ � +^{2(3d+5)}_{(d−2)2} ρρ^′ −^{4(3d−8)}_{(d−2)(d−3)} Φ ) [ ρ^2 ( Φ^S_{ij} −^Φ_{d−2} δ_{ij} )] +^{(d−4)}

(d−2)^2 ρ 2 ( ρ^{′2}Ω_{ij} + ρ^2Ω^′_{ij} ) = 0.

D Adjoints of GHP covariant derivatives

In this appendix, we derive the adjoints of the GHP covariant derivatives. First, consider the adjoint of operator �. Let η_{i1...is} and ζ_{i1...is} be GHP scalars of spin s and boost weights b and −(b + 1), respectively and consider the inner product (ζ_{i1...is} , � η_{i1...is} ) = ( ζ_{i1...is} , ℓ · ∂ η_{i1i2...is} − bL_{10}η_{i1i2...is} + ∑_s r=1 k M i_r0 ηi_1...i_{r−1}ki_{r+1}...i_s )

= ( −bL_{10}ζ_{i1i2...is} − ∑_s r=1 k M i_r 0 ζi_1...i_{r−1}ki_{r+1}...i_s , ℓ · ∂ ηi_1i_2...i_s )

= ( −[(ℓ · ∂ + ∇ · ℓ) ζ_{i1i2...is} + bL_{10}ζ_{i1i2...is} + ∑_s r=1 k M i_r0 ζi_1...i_{r−1}ki_{r+1}...i_s ], ηi_1i_2...i_s )

= ( −[(ℓ · ∂ + ρ) ζ_{i1i2...is} + (b + 1)L_{10}ζ_{i1i2...is} + ∑_s r=1 k M i_r0 ζi_1...i_{r−1}ki_{r+1}...i_s ], ηi_1i_2...i_s )

= (−[� + ρ]ζ_{i1i2...is} , η_{i1i2...is} ) , where the first equality uses the definition of operator � given in eq. (A.10), the second equality uses the property that_i

M jμ +^jM iμ = 0 (C.1)

and the third inequality is obtained using integration by parts and ignoring divergence terms, since operator adjoints are defined up to such terms. The penultimate equality uses the geodesity of ℓ to deduce that ∇ · ℓ = L_{10} + ρ (C.2) and the final equality uses the definition of operator � given in eq. (A.10). Hence, �^† = −(� + ρ). (C.3) Taking the prime of this equation gives the adjoint of �^′ �^{′†} = −(�^′ + ρ^′). (C.4) Now, consider the inner product of �_{i1} η_{i2...is+1} with ξ_{i1...is+1} , a GHP scalar with boost weight −b and spin s + 1 (ξ_{i1...is+1} , �_{i1} η_{i2...is+1} ) = ( ξ_{i1...is+1} , [m_{(i1 )} · ∂ − bL_{1i1} ]η_{i2...is+1} + ∑_{s+1} r=2 k M i_r i_1 ηi_2...i_{r−1}ki_{r+1}...i_{s+1} )

= ( −[bL_{1i1} −^{i1}M_{kk}]ξ_{i1...is+1} − ∑_{s+1} r=1 k M i_r i_1 ξi_1..i_{r−1}ki_{r+1}...i_{s+1} , m(i_1) · ∂ηi_2...i_{s+1} )

= ( −[m_{(i1)} · ∂ + ∇ · m_{(i1)} + bL_{1i1} −^{i1}M_{kk}] ξ_{i1...is+1} − ∑_{s+1} r=1 k M i_ri_1 ξi_1..i_{r−1}ki_{r+1}...i_{s+1} , ηi_2...i_{s+1} )

= ( −[�_{i1} + ∇ · m_{(i1)} −^{i1}M_{kk}]ξ_{i1...is+1} , η_{i2...is+1} )

= ( −[�_{i1} − τ_{i1} − τ^′_{i1} ]ξ_{i1...is+1} , η_{i2 ...is+1} ) , where the first equality uses the definition of operator � given in eq. (A.12), the second equality uses the property that_i M jμ +^jM iμ = 0 (C.5) and the third inequality is obtained using integration by parts. The penultimate equality uses the definition of operator � and the final equality uses the fact that

∇ · m_{(i)} =^iM_{kk} − τ_i − τ^′_i . (C.6) Thus, �_i^† = −�_i + τ_i + τ^′_i . (C.7)

References

[1] R. P. Kerr, “Gravitational field of a spinning mass as an example of algebraically special metrics,” Phys. Rev. Lett. 11, 237 (1963).

[2] É. Cartan, “Sur les espaces conformes généralisés et l’univers optique,” C. R. Acad. Sci. Paris 174, 857 (1922).

[3] H. S. Ruse, “On the geometry of the electromagnetic field in general relativity,” Proc. Lond.

Math. Soc. 41, 302 (1936).

[4] A. Z. Petrov, “Classification of spaces defined by gravitational fields,” Sci. Not. Kazan. State.

Univ. 144, 55 (1954).

[5] R. Debever, “Tenseur de super-énergie, tenseur de Riemann: cas singuliers,” C. R. Acad. Sci.

Paris 249, 1744 (1959).

[6] R. Penrose, “A Spinor approach to general relativity,” Annals Phys. 10, 171 (1960). [7] F. A. E. Pirani, “Invariant formulation of gravitational radiation theory,” Phys. Rev. 105, 1089 (1957).

[8] H. Stephani, D. Kramer, M. A. H. MacCallum, C. Hoenselaers and E. Herlt, “Exact solutions of Einstein’s field equations,” Cambridge, UK: Univ. Pr. (2003) 701 P [9] S. A. Teukolsky, “Rotating black holes - separable wave equations for gravitational and electromagnetic perturbations,” Phys. Rev. Lett. 29, 1114 (1972).

[10] S. A. Teukolsky, “Perturbations of a rotating black hole. 1. Fundamental equations for gravitational electromagnetic and neutrino field perturbations,” Astrophys. J. 185, 635 (1973).

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

[12] M. Walker and R. Penrose, “On quadratic first integrals of the geodesic equations for type [22] spacetimes,” Commun. Math. Phys. 18, 265 (1970).

[13] W. H. Press and S. A. Teukolsky, “Perturbations of a Rotating Black Hole. II. Dynamical Stability of the Kerr Metric,” Astrophys. J. 185, 649 (1973).

[14] J. M. Stewart and M. Walker, “Perturbations of spacetimes in general relativity,” Proc. Roy.

Soc. Lond. A 341, 49 (1974).

[15] J. M. Cohen and L. S. Kegeles, “Electromagnetic fields in curved spaces - a constructive procedure,” Phys. Rev. D 10, 1070 (1974).

[16] L. S. Kegeles and J. M. Cohen, “Constructive Procedure For Perturbations Of Space-Times,” Phys. Rev. D 19, 1641 (1979).

[17] P. L. Chrzanowski, “Vector Potential And Metric Perturbations Of A Rotating Black Hole,” Phys. Rev. D 11, 2042 (1975).

[18] R. M. Wald, “Construction Of Solutions Of Gravitational, Electromagnetic, Or Other Perturbation Equations From Solutions Of Decoupled Equations,” Phys. Rev. Lett. 41, 203 (1978).

[19] R. C. Myers and M. J. Perry, “Black Holes in Higher Dimensional Space-Times,” Annals Phys.

172, 304 (1986).

[20] R. Emparan and H. S. Reall, “A Rotating black ring solution in five-dimensions,” Phys. Rev.

Lett. 88, 101101 (2002) [arXiv:hep-th/0110260].

[21] A. Ishibashi and H. Kodama, “Stability of higher dimensional Schwarzschild black holes,” Prog.

Theor. Phys. 110, 901 (2003) [arXiv:hep-th/0305185].

[22] R. Gregory and R. Laflamme, “Black strings and p-branes are unstable,” Phys. Rev. Lett. 70, 2837 (1993) [arXiv:hep-th/9301052].

[23] R. Emparan and R. C. Myers, “Instability of ultra-spinning black holes,” JHEP 0309, 025 (2003) [arXiv:hep-th/0308056].

[24] O. J. C. Dias, P. Figueras, R. Monteiro, J. E. Santos and R. Emparan, “Instability and new phases of higher-dimensional rotating black holes,” Phys. Rev. D 80, 111701 (2009) [arXiv:0907.2248 [hep-th]].

[25] M. Shibata and H. Yoshino, “Nonaxisymmetric instability of rapidly rotating black hole in five dimensions,” Phys. Rev. D 81, 021501 (2010) [arXiv:0912.3606 [gr-qc]].

[26] O. J. C. Dias, P. Figueras, R. Monteiro, H. S. Reall and J. E. Santos, “An instability of higherdimensional rotating black holes,” JHEP 1005, 076 (2010) [arXiv:1001.4527 [hep-th]].

[27] M. Shibata and H. Yoshino, “Bar-mode instability of rapidly spinning black hole in higher dimensions: Numerical simulation in general relativity,” Phys. Rev. D 81, 104035 (2010) [arXiv:1004.4970 [gr-qc]].

[28] O. J. C. Dias, P. Figueras, R. Monteiro and J. E. Santos, “Ultraspinning instability of rotating black holes,” Phys. Rev. D 82, 104025 (2010) [arXiv:1006.1904 [hep-th]].

[29] M. Durkee and H. S. Reall, “Perturbations of higher-dimensional spacetimes,” arXiv:1009.0015 [gr-qc].

[30] M. Durkee and H. S. Reall, “Perturbations of near-horizon geometries and instabilities of Myers- Perry black holes,” Phys. Rev. D 83, 104044 (2011) [arXiv:1012.4805 [hep-th]].

[31] O. J. C. Dias, R. Monteiro, J. E. Santos, “Ultraspinning instability: the missing link,” JHEP 1108, 139 (2011). [arXiv:1106.4554 [hep-th]].

[32] V. Moncrief, “Gravitational perturbations of spherically symmetric systems. I. The exterior problem.,” Annals Phys. 88, 323-342 (1974).

[33] R. H. Price, “Nonspherical Perturbations of Relativistic Gravitational Collapse. II. Integer-Spin, Zero-Rest-Mass Fields,” Phys. Rev. D5, 2439-2454 (1972).

[34] T. Regge and J. A. Wheeler, “Stability of a Schwarzschild singularity,” Phys. Rev. 108, 1063 (1957).

[35] F. J. Zerilli, “Effective potential for even parity Regge-Wheeler gravitational perturbation equations,” Phys. Rev. Lett. 24, 737-738 (1970).

[36] M. Guica and A. Strominger, “Microscopic Realization of the Kerr/CFT Correspondence,” JHEP 1102, 010 (2011) [arXiv:1009.5039 [hep-th]].

[37] M. Durkee, V. Pravda, A. Pravdova and H. S. Reall, “Generalization of the Geroch-Held-Penrose formalism to higher dimensions,” Class. Quant. Grav. 27, 215010 (2010) [arXiv:1002.4826 [grqc]].

[38] R. Penrose, “A Spinor approach to general relativity,” Annals Phys. 10, 171-201 (1960).

[39] M. P. Ryan, “Teukolsky equation and Penrose wave equation,” Phys. Rev. D10, 1736-1740 (1974).

[40] S. Aksteiner, L. Andersson, “Linearized gravity and gauge conditions,” Class. Quant. Grav. 28, 065001 (2011). [arXiv:1009.5647 [gr-qc]].

[41] R. K. Goldberg and J. N. Sachs, “A theorem on Petrov types,” Acta Phys. Pol. Suppl. 22, 13 (1962) [arXiv:0906.2380 [hep-th]].

[42] A. Coley, R. Milson, V. Pravda and A. Pravdova, “Classification of the Weyl tensor in higherdimensions,” Class. Quant. Grav. 21, L35 (2004) [arXiv:gr-qc/0401008].

[43] M. Ortaggio, V. Pravda and A. Pravdova, “Ricci identities in higher dimensions,” Class. Quant.

Grav. 24, 1657 (2007) [arXiv:gr-qc/0701150].

[44] S. A. Teukolsky, W. H. Press, “Perturbations of a rotating black hole. III - Interaction of the hole with gravitational and electromagnet ic radiation,” Astrophys. J. 193, 443-461 (1974).

[45] S. Chandrasekhar, “The Kerr Metric and Stationary Axisymmetric Gravitational Fields,” Proc.

Roy. Soc. London A 358, 441-465 (1978).

[46] A. Strominger, “AdS(2) quantum gravity and string theory,” JHEP 9901, 007 (1999) [arXiv:hep-th/9809027].

[47] A. J. Amsel, G. T. Horowitz, D. Marolf and M. M. Roberts, “No Dynamics in the Extremal Kerr Throat,” JHEP 0909, 044 (2009) [arXiv:0906.2376 [hep-th]].

[48] O. J. C. Dias, H. S. Reall and J. E. Santos, “Kerr-CFT and gravitational perturbations,” JHEP 0908, 101 (2009) [arXiv:0906.2380 [hep-th]].

[49] M. Guica, T. Hartman, W. Song and A. Strominger, “The Kerr/CFT Correspondence,” Phys.

Rev. D 80, 124008 (2009) [arXiv:0809.4266 [hep-th]].

[50] V. Pravda, A. Pravdova, A. Coley and R. Milson, “Bianchi identities in higher dimensions,” Class. Quant. Grav. 21, 2873 (2004) [Erratum-ibid. 24, 1691 (2007)] [arXiv:gr-qc/0401013].

[51] A. Coley and N. Pelavas, “Classification of higher dimensional spacetimes,” Gen. Rel. Grav.

38, 445 (2006) [arXiv:gr-qc/0510064].

[52] M. Godazgar and H. S. Reall, “Algebraically special axisymmetric solutions of the higher-dimensional vacuum Einstein equation,” Class. Quant. Grav. 26, 165009 (2009) [arXiv:0904.4368 [gr-qc]].