arXiv:1108.6234v2 [hep-th] 21 Dec 2011

Kerr Black Holes Are Not Fragile

Brett McInnes

Centro de Estudios Científicos (CECs), Valdivia, Chile and National University of Singapore^1

email: matmcinn@nus.edu.sg

ABSTRACT

Certain AdS black holes are “fragile”, in the sense that, if they are deformed excessively, they become unstable to a fundamental non-perturbative stringy effect analogous to Schwinger pair-production [of branes]. Near-extremal topologically spherical AdS-Kerr black holes, which are natural candidates for string-theoretic models of the very rapidly rotating black holes that have actually been observed to exist, do represent a very drastic deformation of the AdS-Schwarzschild geometry. One therefore has strong reason to fear that these objects might be “fragile”, which in turn could mean that asymptotically flat rapidly rotating black holes might be fragile in string theory. Here we show that this does not happen: despite the severe deformation implied by near-extremal angular momenta, brane pair production around topologically spherical AdS-Kerr-Newman black holes is always suppressed.

1Permanent Address

1. The Consequences of Distorting AdS

The geodesics of the Kerr spacetime [1] are such that there is an innermost stable circular orbit, the existence of which has a strong effect on the accretion disc of a spinning black hole. Using this fact, observers [2] have concluded that several known black holes, such as the one belonging to the binary system GRS 1915+105, may have an angular momentum per squared mass very close to the maximal value permitted by cosmic censorship. We are therefore in a potentially very interesting position: we have an actual observed object which, granted cosmic censorship, defines a spacetime that is almost maximally different from Minkowski spacetime. It is quite possible that observations of this object may eventually demand a description in terms of physics beyond the classical level, perhaps using the Kerr/CFT duality [3][4] in the form it takes near to but away from extremality [5][6].

One naturally wonders whether specifically string-theoretic effects might be relevant under these extreme conditions. In particular, one would like to be reassured that nonperturbative string-theoretic effects do not destabilize rapidly rotating black holes, given that we now know that such objects do exist. The natural arena to investigate such questions [7] is the spacetime of a large, near-extremal AdS-Kerr black hole^2: the hope is that the lessons learned by studying string theory on such a background might have implications for realistic black holes. This is, for example, the reasoning that underlies the standard string-theoretic view of the black hole unitarity paradox [10][11].

The primary tool for using string theory in this manner is of course the AdS/CFT correspondence. As has been emphasised from the beginning [12], the correspondence applies to any asymptotically AdS spacetime, so it can be used to study the consequences of moving away from pure AdS geometry in the bulk. AdS itself, and also AdS-Schwarzschild, are expected to be “well-behaved”, in the sense that they have well-behaved AdS/CFT duals. By the same token, however, the AdS/CFT correspondence suggests — indeed, in some cases demands — that, if we distort these spacetimes in certain ways, then they must become unstable in some manner that is not obvious from the bulk point of view and which must have a purely “stringy” origin. [“Distortion” here will be taken to include variations of the ADM parameters, since such variations affect the spacetime geometry indirectly; it can also cover direct modifications of the geometry or topology.]

For example, suppose that we distort the AdS-Schwarzschild black hole in the following manner. First, we change the topology of the event horizon from that of a sphere to that of a flat space, [say] a flat torus [13]; then, we gradually increase the electric charge on the black hole. These AdS-Reissner-Nordström black holes with flat event horizons are thought to be dual [14] to a field-theoretic configuration which, for some purposes, can be used to model a quark-gluon plasma [15] inhabiting a locally flat spacetime. Now such a plasma cannot exist at arbitrarily low temperatures; as its temperature is lowered, it passes through either a crossover or a phase transition to some other state [confined at low values of the chemical potential, deconfined at higher values]. The AdS/CFT correspondence therefore requires that AdS black holes with flat event horizons must necessarily

2“Large” here refers to the familiar fact that AdS black holes have good thermal behaviour when the event horizon is not too small relative to the asymptotic curvature radius L. Large AdS black holes also have the virtue of being immune to superradiance: see for example [8]. Ultimately, however, one is also interested [9] in “small” AdS black holes, so we shall not neglect those.

suffer from some kind of instability at some point as their charge is increased [since that lowers the temperature], so that they never reach extremality [which corresponds to zero temperature]. But no such instability appears in ordinary gravity; pure AdS-Reissner- Nordström black holes seem to be well-behaved for all values of the charge up to the extremal value. Therefore: there must be some “stringy” effect which causes these black holes to become unstable when they are distorted excessively in this manner.

To take another example: one can distort the ordinary, uncharged AdS-Schwarzschild geometry [with a spherical event horizon] in a more direct way, by distorting the sphere at infinity that corresponds to the event horizon, and then solving the field equations. This was done in the work of Murata et al. [16] [see also [17]]. One of the more remarkable findings of [16] was the following: if one distorts the event horizon of the black hole so that it becomes a prolate spheroid, then beyond a certain point the scalar sector of the boundary theory becomes unphysical [the energy ceases to be real for some parameter choices]. The authors point out that this is puzzling, because, as in the previous example, there seems to be no reason to think that the black hole should cease to be a physical solution under this [as it turns out, rather mild] deformation. Again, the conclusion is that some stringy effect must be sensitive to these geometric distortions of the black hole. [We note in passing that this effect, whatever it may be, is a critical component of the AdS/CFT correspondence; without it, the duality would fail.]

The moral to be drawn from these examples is straightforward: string-theoretic corrections imply that at least some AdS black holes are “fragile”. But this raises an immediate, very basic question with regard to the idea that AdS black holes might be used to study objects like the black hole in GRS 1915+105: do near-extremal AdS-Kerr-Newman black holes even exist as stable objects in string theory? To see that there are serious grounds for concern here, note that Kerr-Newman black holes can differ very drastically from Schwarzschild black holes; they differ both in the radial direction [as in the first example above] and in the angular directions [as in the second example].

For example, the intrinsic metric on the event horizon of an AdS-Kerr[-Newman] black hole has the form

g(AdSKN)_{eh} = r^2_{eh} + a^2cos^2θ 1 −^{a2}_{L2} cos^2θ dθ^2 + sin^2θ (1 −^{a2}_{L2} cos^2θ) r^2_{eh} + a^2cos^2θ [ r^2_{eh} + a^2 1 −^{a2}_{L2}

]_2

dϕ^2, (1)

where r_{eh} is the value of a radial coordinate at the event horizon, a is related to the angular momentum, and L is the asymptotic AdS curvature radius. Even for moderate values of a, this is clearly a severe distortion of the metric of the event horizon of an AdS- Schwarzschild black hole. For example, the Gaussian curvature of g(AdSK)_{eh} is actually negative for sufficiently near-extremal holes over certain regions of the event horizon, a clear indication of a strong deformation of the round two-sphere. [This is discussed in detail in the asymptotically flat case — where “near-extremal” for this purpose means that the angular momentum per squared mass exceeds ≈ 0.866 — in [1]; a similar statement is valid in the asymptotically AdS case also, though the details differ^3.] Compare this

3We are not claiming that the Gaussian curvature of the event horizon has any particular significance: we merely wish to emphasise that adding large amounts of angular momentum has a more dramatic effect on the geometry than intuition might suggest. Note that the Gaussian curvature of a topologically spherical two-dimensional event horizon cannot be negative everywhere, by the Gauss-Bonnet theorem.

with the deformations considered by Murata et al.: in that case, a mere “squashing”, resulting in an event horizon which is simply a [not very] prolate sphere, gives rise to a serious instability. Since we know [from AdS/CFT duality] that the black hole becomes unstable in that case, there is every reason to fear that near-extremal AdS-Kerr-Newman black holes are likewise unstable, for similar reasons.

In order to settle this matter, we must of course identify the stringy effect responsible for enforcing the AdS/CFT duality in the above two examples. We now turn to this.

In string theory, there is a [non-perturbative] brane pair-production instability, first analysed by Seiberg and Witten [18] [see also [19]], which can arise in asymptotically AdS spacetimes with local geometries sufficiently different from that of AdS itself. Like the familiar Hawking-Page phase transition, this effect is of fundamental importance because, unlike other forms of instability, it does not depend on the presence of specific forms of matter [such as scalar fields [20] with potentials specially tailored to trigger it]. Instead, the instability arises as the inevitable consequence of the fact that certain AdSlike geometries induce an instability of objects — branes — which are automatically present in the spectrum of string theory.

In [21][22][23] we have argued that this fundamental stringy form of instability is the bulk effect required to understand the instability of near-extremal pure AdS-Reissner- Nordström black holes with flat event horizons, as discussed in the first example above; and in [24] it was shown that it is the source of the bulk instability corresponding to the boundary instability discussed by Murata et al. [16]. In these two cases, then, this Seiberg-Witten instability is the effect that enforces the black hole instability demanded by the AdS/CFT correspondence.

We can now formulate the above discussion in a more concrete way. Evidently branes, because they are extended objects, are sensitive to the distortions of the AdS- Schwarzschild geometry arising in the examples we have discussed, to the degree that they can render the whole system unstable. The question is whether they are equally sensitive to the apparently severe [but of course quite different] distortion produced by adding angular momentum to the black hole.

Concretely, then, the concern is that the effect of rotation might be to render the action for branes negative over some region around the black hole. If that were to occur, then brane pair-production would ensue, and one would ultimately expect the branes to begin to affect the black hole; presumably the end result would be differential emission of pairs of branes, so that the angular momentum of a near-extremal hole would be reduced until the negative brane action is removed^4. This could be interpreted as meaning that string theory does not admit solutions corresponding to stable, very rapidly rotating black holes. In view of the fact that the observed black hole in GRS 1915+105 has an angular momentum per squared mass [2] equal to at least 98% of the extremal value, this would be a disturbing conclusion.

In this work we will show that nothing of this sort happens: topologically spherical AdS-Kerr-Newman black holes are completely stable against the Seiberg-Witten effect, for all angular momenta up to and including extremal values. The unusual geometry near to the event horizon does of course have an effect on the brane action in that region, but, [very] surprisingly, this effect is never sufficient to give rise to the feared instability.

4In this case, one would still need to study the time scale on which the instability develops; see [25][24].

We begin with a brief discussion of the AdS-Kerr-Newman spacetime. This is necessary because the definition of extremality in this case takes an unusual form, which we need to understand for our numerical investigations.

2. Near-Extremal AdS-Kerr-Newman Black Holes

The four-dimensional topologically spherical AdS-Kerr-Newman metric [26] [see [27][28][29] for higher dimensions] is given, in Boyer-Lindquist-like coordinates, by

g(AdSKN) = −

Δ_r ρ^2 [ dt − a Ξ sin^2θ dϕ

]_2 + ρ^2 Δ_r dr^2 + ρ^2 Δ_θ dθ^2 + sin^2θ Δ_θ ρ^2 [ a dt − r^2 + a^2 Ξ dϕ ]_2 , (2) where

ρ^2 = r^2 + a^2cos^2θ

Δ_r = (r^2 + a^2) ( 1 + r^2 L^2 ) − 2Mr + Q^2

Δ_θ = 1 − a^2 L^2 cos^2θ

Ξ = 1 − a^2 L^2

. (3)

Here −1/L^2 is the asymptotic curvature, a is the angular momentum/mass ratio [see below], and M and Q are related to the mass and charge respectively. [We are mainly interested in the case Q = 0; however, non-zero charge does not change our discussion in this section in any important way.]

The physical mass, charge, and angular momentum of the black hole are given, in the notation of [30] [see also [31]], by

E = M/Ξ^2, C = Q/Ξ, J = aM/Ξ^2. (4)

There are two constraints which must be imposed on these quantities. First, it is clear from the structure of the metric tensor that Δ_θ must not be allowed to vanish, which means that Ξ must be positive. Hence

a^2/L^2 < 1; (5)

this will be important in our subsequent discussion of the brane action.

Notice that E differs very greatly from M when a/L is close to unity, and so M must be interpreted with care; however, the key parameter a may still be interpreted as the angular momentum per unit mass, as in the asymptotically flat case. Thus the inequality (5) means that the asymptotic curvature constrains the angular momentum per unit mass of the black hole.

A more familiar constraint originates in cosmic censorship^5. In the asymptotically flat case, the dimensionless quantity J/E^2 [which might be called the specific angular

5It has been suggested [32] that string theory might allow violations of classical censorship, but subsequent investigations [33] show that such solutions, if indeed they exist, are not likely to be physically relevant.

momentum], conventionally denoted in the astrophysics literature by a^∗, cannot exceed unity if an event horizon is to exist. This quantity is given here by

a^∗ = J/E^2 = a M ( 1 − a^2 L^2

)_2

, (6)

a relation which will be useful below.

In the asymptotically flat case, while cosmic censorship requires J/E^2 to be no larger than unity, it can take that value [in the extremal case]. Here the situation is more complicated: the value of r at the event horizon, r_{eh} [the largest root of the polynomial Δ_r], is well-defined only if the various parameters satisfy [34]

M/L ≥ Γ ( a L , Q L ) = 1 3 √ 6 [√ 1 + 14a^2/L^2 + 12Q^2/L^2 + a^4/L^4 + (2a^2/L^2) + 2 ]

× √√ 1 + 14a^2/L^2 + 12Q^2/L^2 + a^4/L^4 − (a^2/L^2) − 1. (7)

Figure 1: Graph of Γ(^a_L , 0)

A graph of Γ(a/L, 0) is shown in Figure 1. We see that [taking Q = 0] the physical pairs (a/L, M/L) are those which lie above the curve and to the left of the vertical line a/L = 1. As the graph lies entirely above the line with slope unity, it follows that a/M must be strictly less than unity, and then we see from (6) that J/E^2 must also be strictly smaller than unity; in fact, it is often substantially smaller even for black holes which are near extremality [in the sense that (7) is close to being saturated]. That is, cosmic censorship imposes a stricter constraint on the angular momentum [measured relative to the squared mass] in the asymptotically AdS case than in the asymptotically flat case. We will return to this important point below.

It follows from this discussion that we cannot usually expect to understand realistic black holes by studying AdS black holes with the same value of J/E^2. However, this problem can be solved as follows. What we really want to study are near-extremal black holes like the one in GRS 1915+105; it therefore seems reasonable to posit that the relevant AdS objects are AdS-Kerr black holes of the same mass which are “as close to extremality” as the one in GRS 1915+105 or other similar black holes. Here, “closeness to extremality” should be interpreted with due regard to Figure 1.

In the specific case [2] of the black hole in GRS 1915+105, J/E^2 is at least 0.98; we can say that the corresponding object in AdS [for a fixed value of L, which is also constrained if one requires that the black hole should be “large” and that superradiance should be avoided] is an [electrically neutral] black hole with with a^∗ = J/E^2 equal to at least 98% of its value that one obtains by fixing the physical mass^6 and increasing the angular momentum until (7) is saturated.

To be more specific: if E is fixed, then increasing J is, since J/E = a, tantamount to increasing a; the effect of that is to decrease M = Ξ^2E and to increase Γ(a/L, 0), and the two eventually meet. Suppose therefore that we have an AdS-Kerr metric with given parameters a_0 and M_0: then the extremal value of a for this black hole, a_{ext}, is found by solving the equation ( 1 − a^2_{ext}/L^2 1 − a^2_0/L^2

)_2

M_0 L = Γ ( a_{ext} L , 0 ) . (8)

If a^∗_0 is the value of a^∗ for this black hole, then

a^∗_0/a^∗_{ext} = a_0/a_{ext}, (9)

and this is the quantity which allows us to judge whether the given black hole is near to extremality.

It is important to realise that a near-extremal AdS black hole may be rotating at a rate which, by asymptotically flat standards, is actually not very large. We will illustrate this with two examples: the first is a “small” black hole [denoted S], the second is “large” [denoted L].

Example S. Take M/L = 1, Q = 0, a/L = 1/ √ 2. Then (5) is obviously satisfied, while Γ(^{1√}_2 , 0) ≈ 0.93612, so (7) is also satisfied. The dimensionless parameter J/E^2 for this black hole is, from equation (6), approximately 0.17678, which is not particularly large by the standards of observed black holes. But in AdS, this amount of angular momentum means that the hole is nearly extremal: solving (8) with these parameter choices we find a_{ext} ≈ 0.715687 L, and then equation (9) informs us that a^∗ is approximately 98.8% of the extremal value. Thus, even though its specific angular momentum is not very large, the AdS black hole with these parameters is rotating almost as rapidly as cosmic censorship

6Unfortunately, while J/E^2 is known rather precisely for this object, the mass itself is not, being constrained only to within about 30%. Other black holes, almost as close to extremality, but with more precisely determined masses, have however been discovered: see [35].

permits. One might say that the addition of angular momentum has a stronger effect on AdS black hole geometries than on their asymptotically flat counterparts.

This particular black hole is actually “small”, in the sense that the radius of its event horizon [≈ 0.6377 L] is somewhat smaller than L. While such black holes are not our main concern here, they are not without interest [9], and one would like to know whether they suffer any additional form of instability beyond the well-understood ones associated with evaporation and superradiance.

Example L. Take M/L = 2, Q = 0, a/L = 0.98. Again, (5) and (7) are satisfied, but now the radius of the event horizon is ≈ 1.0194 L, so this black hole is “large”. Here a_{ext} ≈ 0.49135 L, and a^∗ is approximately 99.72% of the extremal value, so this example is even closer to extremality than the preceding one; yet it is rotating “slowly” enough to escape being superradiant [see the discussion of “slow” rotation in [7]].

We see that both “small” and “large” AdS black holes can be near-extremal. Equally importantly, in both cases the metric parameter a is by no means small, meaning that nearextremal AdS-Kerr black holes, whether large or small, are indeed significantly deformed away from the AdS-Schwarzschild geometry.

Now that we understand how to define the parameter ranges in which we are most interested, we can begin to explore the stability of these objects, in the sense discussed by Seiberg and Witten [18].

3. Stability of the Boundary Theory

Before turning to the [much more complicated] case of the AdS-Kerr-Newman geometry, let us consider why AdS itself is stable against the Seiberg-Witten effect.

The Euclidean version of the metric can be deduced directly from the global version of the Lorentzian AdS metric:

g(EAdS) = cosh^2(r/L)dt^2 + dr^2 + L^2 sinh^2(r/L) [ dθ^2 + sin^2(θ) dϕ^2 ] , (10)

where L as usual is the radius of curvature; this is of course just an unusual representation of [part of] hyperbolic space^7. This part of hyperbolic space is however the physically relevant region for our purposes: it has a similar structure to that of a [Euclidean] topologically spherical AdS black hole. For that reason, we require t to be a periodic coordinate with period P [though of course that is not compulsory in this case].

Now the Euclidean action^8 of a BPS 2-brane wrapping a surface of the form r = constant takes a form which, up to an overall factor involving the tension, is purely geometric: it is proportional to the difference between the area of the brane and its [suitably normalized] volume; see [19][36][37]. The point made by Seiberg and Witten is that, in an asymptotically hyperbolic geometry, the competition between area and volume becomes very close as the radial coordinate increases: the leading terms cancel, and it is not clear a priori which subleading term will “win”. If, after analytic continuation, the Lorentzian action becomes negative in some region, then [the action being zero for a brane of minimal size] sufficiently large branes can minimize their action by moving into

7Throughout this section, all metrics discussed are Euclidean.

8In this work, “Euclidean action” means the real function which has to be multiplied by √ −1 prior to being substituted into the path integral. It should be positive if the path integral is to converge.

that region, and so branes produced by pair-production will not collapse under their own tension; the result will be a pair-production instability [of varying degrees of seriousness, depending on the extent of the region in question].

In the case of pure AdS, the area always exceeds the volume term: the Euclidean action of a BPS brane, with tension Θ, located at a given value of r is

E$[AdS] = Θ [ Area − 3 L Volume ] = 4πPΘL^2e^{−r/L}sinh^2(r/L). (11)

The continuation to Lorentzian signature is trivial. One sees that the action is positive everywhere for r > 0, vanishing only at the origin. Thus AdS itself is completely stable against brane pair-production: any branes produced by pair-production will tend to collapse to the minimal size [zero in this case]. A similar result holds for the AdS- Schwarzschild geometry. In other cases, however, the action is negative for some values of r. As has been discussed in detail in [21][22][23], this is precisely what happens when AdS-Reissner-Nordström black holes with flat event horizons have a sufficiently large [but sub-extremal] charge: the action is actually negative and decreasing over an infinite domain, so a sufficiently large brane will grow indefinitely in an attempt to minimize the action. The system is completely unstable.

Seiberg and Witten observed that the AdS/CFT correspondence can be used to determine whether this happens at large distances from the black hole. The idea is simply that any instability in that region of the bulk should be reflected in some kind of instability in the dual theory on the conformal boundary. Now for any conformally coupled scalar φ in the boundary theory, the coupling term will be proportional to Rφ^2, where R is the boundary scalar curvature, so negative scalar curvature at infinity tends to induce a tachyonic instability, at least for the zero mode. Conversely, positive R tends to stabilize the boundary physics. [No general statement is possible in the R = 0 case.] Seiberg and Witten argue that this is the dual version of the bulk instability discussed above. Thus the question of the sign of the action at large distances can be settled by duality.

It is easy to see how this works for AdS itself. The metric in (10) induces on the surfaces r = constant the metric

g(EAdS)(r = constant) = L^2cosh^2(r/L) [ dt^2 + tanh^2(r/L) [ dθ^2 + sin^2(θ) dϕ^2 ]] , (12)

which is obviously conformal to a metric with scalar curvature 2coth^2(r/L). This simply tends to a constant value, 2, as r tends to infinity; that is, the conformal structure at infinity [which, with the compactification of t, is now itself compact with topology S^1× S^2] is represented by a metric of positive scalar curvature. It follows by duality that there is no brane-induced instability in the large-r region of the AdS bulk, confirming our earlier conclusion for this region.

We wish to examine all of these questions in the Kerr-Newman case. For each fixed triple of parameters (a, M, Q), the AdS-Kerr-Newman metric defines a Euclidean counterpart [or “gravitational instanton”, see [27]] of the form

g(EAdSKN) =

Δ^E_r ρ^2_E [ dt + a Ξ^E sin^2θ dϕ

]_2 + ρ^2_E Δ^E_r dr^2 + ρ^2_E Δ^E_θ dθ^2 + sin^2θ Δ^E_θ ρ^2_E [ a dt − r^2 − a^2 Ξ^E dϕ ]_2 , (13) where

ρ^2_E = r^2 − a^2cos^2θ

Δ^E_r = (r^2 − a^2) ( 1 + r^2 L^2 ) − 2Mr − Q^2

Δ^E_θ = 1 + a^2 L^2 cos^2θ

Ξ^E = 1 + a^2 L^2

. (14)

When (7) is satisfied, the polynomial Δ^E_r has a positive root r_0, which of course is not equal to r_{eh} in general, in fact it is larger. The range of r is now constrained by r ≥ r_0; one shows easily that r_0 is always larger than a, so the first member of (14) is always well-behaved.

The Euclidean geometry is completely regular provided that the cylinder spanned by t and ϕ is periodically identified under the action of the map

(t, ϕ) → (t + P, ϕ + Φ), (15)

where P and Φ are constants. These are not universal: they depend on a, M, and Q [see [27][38]]. They are not independent: we have Φ = aPΞ^E r^2_0 − a^2

. (16)

As is explained in [27], P has a Lorentzian interpretation as the reciprocal of the Hawking temperature, T; equation (16) allows a similar Lorentzian interpretation^9 of Φ.

A purely r-dependent conformal transformation shows that the conformal structure at infinity for this instanton is represented by the metric

g(EAdSKN)_∞ = dτ^2 +

2 (a/L) sin^2(θ) dτdϕ 1 + (a/L)^2 + dθ^2 1 + (a/L)^2cos^2(θ) + sin^2(θ)dϕ^2 1 + (a/L)^2 , (17) where τ is the dimensionless Euclidean time coordinate τ = t/L. Because of the identification under (15), this is a metric on the compact manifold S^1× S^2, and indeed it is the canonical metric [of positive scalar curvature 2] on that manifold when the angular momentum is zero.

The scalar curvature of g(AdSKN)_∞ is given by

R(g(EAdSKN_∞)) = 2 ( 1 − a^2 L^2 ) + 10 a^2 L^2 cos^2(θ). (18)

Notice that, at the equator [θ = π/2], the scalar curvature is smaller than its value when a = 0; however, it must be positive^{10} even there, because of the condition (5). Thus,

9Under the analytic continuation [from Euclidean to Lorentzian signature], P is replaced by − i/T, and a by ia, so Φ remains real.

10By using a further conformal transformation which depends on the non-radial coordinates, one can in fact reduce the scalar curvature to a positive constant, by an argument given in [39], page 124; note also that the Cotton tensor [40] of this metric vanishes, so it is conformally flat.

according to the Seiberg-Witten criterion, there is no danger of negative brane actions at large distances from a Kerr-Newman black hole.

While this is reassuring, it does not suffice to consider only the asymptotic region: even if the action is positive far from the black hole, it might be negative over a finite domain. Maldacena and Maoz [36] gave examples where this actually does happen. As they point out, this is much less serious than having an infinite quantity of negative action; what it means is that the system can be expected to evolve to some “nearby” state with brane actions which are positive everywhere. In our application, however, even this limited form of instability is unwelcome, because long-lived black holes which are very close to extremality have actually been observed. In other words, we need to show that the system can be static, and this means that we need to show evidence that the action is positive throughout the bulk spacetime. Let us therefore turn to the computation of the action function.

4. The Brane Action

As in the case of BPS branes propagating in AdS itself, discussed above, the brane action is to be computed from the volume and area of a region in the Euclidean version of the geometry. The volume of a brane wrapping a surface at a fixed value of r ≥ r_0 in the Euclidean AdS-Kerr-Newman geometry is obtained by evaluating the integral of the square root of the determinant of the metric given in equation (13), beginning from r = r_0. [This is the non-singular “origin” of the Euclidean version of the spacetime; the brane action has to vanish there. It corresponds to the location of the event horizon in the Lorentzian version. Thus we are confining our discussion to the exterior of the black hole.] The determinant is given by^{11} det [ g(EAdSKN) ] = ρ^4_Esin^2θ (Ξ^E)^2

. (19)

The area element is obtained by multiplying this determinant by Δ^E_r /ρ^2_E and taking the square root. The integrals in the ϕ and t directions are trivial^{12} [see (15)], and so we obtain a Euclidean brane action

E$(AdSKN) = PΦΘ [ √ Δ^E_r Ξ^E ∫_π 0 ρ_E sinθ dθ − 3 LΞ^E

∫_r

r_0 ∫_π 0 ρ^2_Esinθ dθ dr ] . (20)

The integrals can be performed exactly, and the result, after analytic continuation of the parameters, is

$(AdSKN) = aΘ T^2(r^2_{eh} + a^2) { r √ (r^2 + a^2) ( 1 + r^2 L^2 ) − 2Mr + Q^2 × [√ 1 + a^2 r^2 + r a arcsinh a r ]

− 2r^3 L [ 1 + a^2 r^2 ] + 2r^3_{eh} L [ 1 + a^2 r^2_{eh} ]} , (21)

11The determinant is most easily evaluated using the following elementary identity for 2×2 matrices: det [ ( α^2_1 α_1β_1 α_1β_1 β^2_1 ) + ( α^2 α_2β_2 α_2β_2 β^2 ) ] = [α_1β_2 − α_2β_1]^2. This is to be applied to the two non-

diagonal blocks corresponding to t and ϕ.

12Note however that because Φ is proportional to a [equation (16)], the result does not reduce to the action in the Schwarzschild case when a is reduced to zero; that case has to be treated separately [41].

where T is the Hawking temperature of the black hole, Θ is the brane tension, and r_{eh} is the radius of the event horizon.

Figure 2: [Scaled] brane action, Example S [M/L = 1, Q = 0, a/L = 1/ √ 2.] We claim that this expression is positive — and in fact monotonically increasing as a function of r, so it has no minima except at r = r_{eh} — everywhere outside the event horizon, for all physical values of the parameters [meaning in particular that a/L < 1]. We have not succeeded in finding an analytic proof of this statement [except for certain ranges of r, see below], but extensive numerical testing [see the Appendix] provides convincing evidence in support of it. For the specific cases of Examples S and L discussed above, the graphs [of a convenient positive multiple of the action] are shown in Figures 2 and 3. These graphs agree with our claim, and are typical.

For large values of r, an analytic treatment is possible and illuminating. Inspecting the action function, one sees that the volume grows, to leading order, with a multiple of r^3; in fact, it grows slightly more rapidly, with a linear correction. However, the area also grows slightly more rapidly than this same multiple of r^3 at large r, again with a linear correction. With the given coefficients, the two leading terms cancel exactly. But the coefficient of the linear term coming from the volume is exactly 2a^2/L, whereas the coefficient of the corresponding term coming from the area turns out to be different in general: we have

$(AdSKN) = aΘ T^2(r^2_{eh} + a^2) [ rL ( 1 − 2a^2 3L^2 ) + 2r^3_{eh} L ( 1 + a^2 r^2_{eh} ) − 2ML + O(1/r) ] . (22)

Figure 3: [Scaled] brane action, Example L [M/L = 2, Q = 0, a/L = 0.98.]

For all values of the angular momentum such that a^2/L^2 < 1 [in fact, 3/2], the total coefficient of the term linear in r is strictly positive. Thus the action will in fact grow linearly at large distances from the black hole; the slope decreases with increasing angular momentum, but it is always positive, due to the crucial constraint (5). Notice that this is consistent with Figures 2 and 3, where the graphs do rapidly become linear with positive slope. It is also consistent with our qualitative discussion, based on the Seiberg-Witten criterion, in the preceding section.

On the other hand, since the action function involves the square root of Δ_r, which vanishes at the event horizon, its slope is infinite there, and, for values of r slightly larger than r_{eh}, the slope is large and positive, for all values of the parameters; again, this is reflected in the graphs in Figures 2 and 3. Thus, the action is certainly positive and increasing at both small and large r. The claim, supported by strong numerical evidence, is that this is also true for intermediate values, so that there is no bulk instability.

In short: in no case is the brane action ever negative for any value of r, whether the black hole be small or large, no matter how close to extremality it may be: BPS branes in the AdS-Kerr-Newman spacetimes can never reduce their action by expanding. We conclude that the geometry of even the near-extremal AdS-Kerr-Newman black holes [with topologically spherical event horizons] is not sufficiently different from that of AdS itself to provoke the pair-production instability that does arise in other cases.

5. Conclusion

To summarize, then: the spacetime of an AdS-Kerr-Newman black hole, with topologically spherical event horizons, does indeed represent a significant distortion of the AdS- Schwarzschild geometry; at first sight, one would think that it is at least as deformed as the geometries considered by Murata et al. [16], which are unstable to the Seiberg-Witten effect. Surprisingly, however, the deformation in this case turns out to be harmless: angular momentum deforms the geometry, but not as much as it might have.

The way is therefore open for the programme proposed by Krishnan [7], to use string theory on large, near-extremal AdS-Kerr-Newman black holes in order to gain insight into the behaviour of observed black holes. While there are risks involved in using the gauge-gravity duality in this way to produce quantitative results, qualitative statements of this kind can still be valuable, as recently discussed in a different context in [42][43]. In that spirit, the principal qualitative result of this work may be stated as follows: contrary to expectations based on earlier studies of other kinds of black hole distortions, non-perturbative string effects do not destabilize very rapidly rotating black holes.

We close with some remarks on “small” AdS black holes. We have seen that, somewhat surprisingly, these objects are no more susceptible to Seiberg-Witten instability than their “large” counterparts, though they tend to be unstable both to evaporation and to superradiance. Their description in terms of the AdS/CFT correspondence is obscure. Some exploratory work in this direction has however been done by Asplund and Berenstein [9], who argue, in the context of the “emergent quantum gravity” programme [44], that these holes are dual to a specific thermal but approximately isolated sub-sector of the field theory. In that work it is important that, even though the black hole is unstable, it should survive for a long time relative to its energy — it should be “approximately metastable”. Thus one needs to be able to show that there are no other forms of instability which might shorten the lifetime to an unacceptable degree. Our work, in which we find no evidence for any further instability, is therefore compatible with these ideas.

Acknowledgement

The author is very grateful to Professor Bunster and the staff of the CECs, where this work was completed, for providing an environment conducive to research, for the opportunity to visit Chile, and for making him feel welcome.

Appendix: Numerical Analysis of the Brane Action

We claim that the action given in equation (21) is positive everywhere outside the event horizon of the black hole. Since it is clearly zero at the event horizon, this will be proved if it can be shown that the action function is a strictly increasing function of r [as in Figures 2 and 3]. We proved that this is so for small and large values of r, but for intermediate values a numerical analysis is necessary.

We can simplify this task very considerably by defining a “stripped down” action, SD$(AdSKN), which is defined simply by removing all multiplicative and additive constants: that is,

SD$(AdSKN) = r √ (r^2 + a^2) ( 1 + r^2 L^2 ) − 2Mr + Q^2 × [√ 1 + a^2 r^2 + r a arcsinh a r ]

− 2r^3 L [ 1 + a^2 r^2 ] . (23)

Obviously we only need to show that this function is increasing [though of course it need not be positive]. We propose to do this by drawing three-dimensional graphs for a suitable range of parameters. We fix L = 1, and then draw graphs of the stripped down action, as a function of r and a, for fixed values of M. [The inequalities (7) [relevant for small values of M] and (5) [relevant for larger M] discussed above allow us to determine the range of physical values for the angular momentum parameter a.] That is, for each M we can simultaneously plot SD$(AdSKN) for the full range of possible values of a, and then inspect the graph to see whether it is increasing.

We have done this for all values of M between 0 and 10, increasing in steps of 0.25. It is immediately apparent that for each value of M and a, SD$(AdSKN) [corresponding to the unlabelled axis in the graphs below] is indeed increasing as a function of r, and in fact it increases more and more steeply for larger values of M. A sample of these graphs, for M ranging from 1/4 to 4, is given in Figures 4 through 8. The graphs strongly support our claim.

References

[1] Matt Visser, The Kerr spacetime: A brief introduction, arXiv:0706.0622 [gr-qc]

[2] Jeffrey E. McClintock, Ramesh Narayan, Shane W. Davis, Lijun Gou, Akshay Kulkarni, Jerome A. Orosz, Robert F. Penna, Ronald A. Remillard, James F. Steiner, Measuring the Spins of Accreting Black Holes, Class.Quant.Grav.28:114009,2011, arXiv:1101.0811 [astro-ph.HE]

[3] Monica Guica, Thomas Hartman, Wei Song, Andrew Strominger, The Kerr/CFT Correspondence, Phys.Rev.D80:124008,2009, arXiv:0809.4266 [hep-th]

[4] Irene Bredberg, Cynthia Keeler, Vyacheslav Lysov, Andrew Strominger, Cargese Lectures on the Kerr/CFT Correspondence, arXiv:1103.2355 [hep-th]

[5] Irene Bredberg, Thomas Hartman, Wei Song, Andrew Strominger, Black Hole Superradiance From Kerr/CFT, JHEP 1004:019,2010, arXiv:0907.3477 [hep-th]

[6] S. Carlip, Extremal and nonextremal Kerr/CFT correspondences, JHEP 1104:076,2011, arXiv:1101.5136 [gr-qc]

[7] Chethan Krishnan, Black Hole Vacua and Rotation, Nucl.Phys.B848:268,2011, arXiv:1005.1629 [hep-th]

[8] Vitor Cardoso, Oscar J.C. Dias, Shijun Yoshida, Classical instability of Kerr- AdS black holes and the issue of final state, Phys.Rev.D74:044008,2006, arXiv:hep-th/0607162

[9] Curtis T. Asplund, David Berenstein, Small AdS black holes from SYM, Phys.Lett.B673:264-267,2009, arXiv:0809.0712 [hep-th]

[10] Juan M. Maldacena, Eternal Black Holes in AdS, JHEP 0304 (2003) 021, arXiv:hep-th/0106112

[11] Vijay Balasubramanian, Bartlomiej Czech, Quantitative approaches to information recovery from black holes, Class.Quant.Grav.28:163001,2011, arXiv:1102.3566 [hep- th] [12] Edward Witten, Anti-de Sitter space, thermal phase transition, and confinement in gauge theories, Adv.Theor.Math.Phys.2:505,1998, arXiv:hep-th/9803131

[13] J.P.S. Lemos, Phys.Lett.B353:46-51,1995, arXiv:gr-qc/9404041; R.B. Mann, Class.Quant.Grav. 14 (1997) L109, arXiv:gr-qc/9607071; Rong-Gen Cai, Yuan-Zhong Zhang, Phys.Rev.D54:4891-4898,1996, arXiv:gr-qc/9609065; Danny Birmingham, Class.Quant.Grav. 16 (1999) 1197, arXiv:hep-th/9808032

[14] Andrew Chamblin, Roberto Emparan, Clifford V. Johnson, Robert C. Myers, Charged AdS black holes and catastrophic holography, Phys.Rev.D60:064018,1999, arXiv:hep-th/9902170

[15] Edward Shuryak, Prog.Part.Nucl.Phys.62:48,2009, arXiv:0807.3033; Steven S. Gubser, Andreas Karch, Ann.Rev.Nucl.Part.Sci.59:145,2009, arXiv:0901.0935; Jose D. Edelstein, Jonathan P. Shock, Dimitrios Zoakos, AIP Conf.Proc.1116:265,2009, arXiv:0901.2534; Elias Kiritsis, Fortsch.Phys.57:396,2009, arXiv:0901.1772; Christopher P. Herzog, J.Phys.A42:343001,2009, arXiv:0904.1975; Thomas Schaefer, Derek Teaney, Rept.Prog.Phys.72:126001,2009, arXiv:0904.3107; Romuald A. Janik, arXiv:1003.3291

[16] Keiju Murata, Tatsuma Nishioka, Norihiro Tanahashi, Warped AdS_5 Black Holes and Dual CFTs, Prog.Theor.Phys.121:941-957,2009, arXiv:0901.2574 [hep-th]

[17] Yves Brihaye, Jutta Kunz, Eugen Radu, From black strings to black holes: Nuttier and squashed AdS(5) solutions, JHEP 0908:025,2009, arXiv:0904.1566 [gr-qc]

[18] Nathan Seiberg, Edward Witten, The D1/D5 System And Singular CFT, JHEP 9904 (1999) 017, arXiv:hep-th/9903224

[19] Edward Witten, Shing-Tung Yau, Connectedness of the boundary in the AdS / CFT correspondence,Adv.Theor.Math.Phys.3:1635-1655,1999, arXiv:hep-th/9910245

[20] Yen Chin Ong, Stringy Stability of Dilaton Black Holes in 5-Dimensional Anti-de Sitter Space, Proceedings of the Conference in Honor of Murray Gell-Mann’s 80th Birthday, p.583, World Scientific, 2010, Singapore, arXiv:1101.5776 [hep-th]

[21] Brett McInnes, Bounding the Temperatures of Black Holes Dual to Strongly Coupled Field Theories on Flat Spacetime, JHEP09(2009)048, arXiv:0905.1180 [hep-th]

[22] Brett McInnes, Holography of the Quark Matter Triple Point, Nucl.Phys. B832 (2010) 323, arXiv:0910.4456 [hep-th]

[23] Brett McInnes, A Universal Lower Bound on the Specific Temperatures of AdS- Reissner-Nordstrom Black Holes with Flat Event Horizons, Nucl.Phys.B848 (2011) 474, arXiv:1012.4056 [hep-th]

[24] Brett McInnes, Fragile Black Holes, Nucl.Phys. B842 (2011) 86, arXiv:1008.0231 [hep-th]

[25] Jose L.F. Barbon, Javier Martinez-Magan, Spontaneous fragmentation of topological black holes, JHEP 1008:031,2010, arXiv:1005.4439 [hep-th]

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

[27] S.W. Hawking, C.J. Hunter, Marika Taylor, Rotation and the AdS/CFT correspondence, Phys.Rev.D59:064005,1999, arXiv:hep-th/9811056

[28] G.W. Gibbons, H. Lu, D.N. Page, C.N. Pope, Rotating Black Holes in Higher Dimensions with a Cosmological Constant, Phys.Rev.Lett.93:171102,2004, arXiv:hep-th/0409155

[29] Marco M. Caldarelli, Roberto Emparan, Bert Van Pol, Higher-dimensional Rotating Charged Black Holes, JHEP 04 (2011) 013, arXiv:1012.4517 [hep-th]

[30] G.W. Gibbons, M.J. Perry, C.N. Pope, The First Law of Thermodynamics for Kerr-Anti-de Sitter Black Holes, Class.Quant.Grav.22:1503-1526,2005, arXiv:hep-th/0408217

[31] Brian P. Dolan, Pressure and volume in the first law of black hole thermodynamics, arXiv:1106.6260 [gr-qc]

[32] Eric G. Gimon, Petr Horava, Astrophysical violations of the Kerr bound as a possible signature of string theory, Phys.Lett.B672:299-302,2009, arXiv:0706.2873 [hep-th]

[33] Paolo Pani, Enrico Barausse, Emanuele Berti, Vitor Cardoso, Gravitational instabilities of superspinars, Phys.Rev.D82:044009,2010, arXiv:1006.1863 [gr-qc]

[34] Marco M. Caldarelli, Dietmar Klemm, Supersymmetry of Anti-de Sitter Black Holes, Nucl.Phys.B545 (1999)434, arXiv:hep-th/9808097

[35] Lijun Gou, Jeffrey E. McClintock, Mark J. Reid, Jerome A. Orosz, James F. Steiner, Ramesh Narayan, Jingen Xiang, Ronald A. Remillard, Keith A. Arnaud, Shane W. Davis, The Extreme Spin of the Black Hole in Cygnus X-1, arXiv:1106.3690 [astroph.HE]

[36] Juan Maldacena, Liat Maoz, Wormholes in AdS, JHEP 0402 (2004) 053, arXiv:hep-th/0401024

[37] M. Kleban, M. Porrati, R. Rabadan, Stability in Asymptotically AdS Spaces, JHEP 0508 (2005) 016, arXiv:hep-th/0409242 [38] Robert B. Mann, Sergei N. Solodukhin, Conical geometry and quantum entropy of a charged Kerr black hole, Phys.Rev.D54:3932-3940,1996, arXiv:hep-th/9604118 [39] A.L. Besse, Einstein Manifolds, Springer Verlag, 1987.

[40] A. Garcia, F.W. Hehl, C. Heinicke, A. Macias, The Cotton tensor in Riemannian spacetimes, Class.Quant.Grav. 21 (2004) 1099, arXiv:gr-qc/0309008 [41] Brett McInnes, Black Hole Final State Conspiracies, Nucl. Phys. B807 (2009) 33, arXiv:0806.3818 [hep-th] [42] David Mateos, Gauge/string duality applied to heavy ion collisions: Limitations, insights and prospects, arXiv:1106.3295 [hep-th] [43] Andreas Karch, Recent Progress in Applying Gauge/Gravity Duality to Quark-Gluon Plasma Physics, arXiv:1108.4014 [hep-ph] [44] David Berenstein, Large N BPS states and emergent quantum gravity, JHEP 0601:125,2006, arXiv:hep-th/0507203

Figure 4: SD$(AdSKN), M/L = 1/4, all Physical Angular Momenta.

Figure 5: SD$(AdSKN), M/L = 1/2, all Physical Angular Momenta.

Figure 6: SD$(AdSKN), M/L = 1, all Physical Angular Momenta.

Figure 7: SD$(AdSKN), M/L = 2, all Physical Angular Momenta.

Figure 8: SD$(AdSKN), M/L = 4, all Physical Angular Momenta.