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ABSTRACT: Recently it has been shown that quantum fields can be regular on the in-
ner, Cauchy horizon of a rotating BTZ black hole, which appears to indicate a failure of
strong cosmic censorship. We argue that, instead, what these results imply is that the
inner horizon remains non-singular when leading-order backreaction of the quantum fields
is computed, but, after next-order backreaction is accounted for, it will become singu-
lar. Then, strong cosmic censorship will be enforced in the BTZ black hole. We support
our claims using a four-dimensional holographic dual of the system, which connects the
instability of the inner horizon of the BTZ black hole to that of Kerr-type black holes.
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1 Introduction

Solutions for charged or rotating black holes typically contain, in addition to the outer
event horizon, an inner horizon that gives rise to perplexing features. Seemingly, particles
from the exterior of the black hole could be sent across the inner horizon to emerge in
another exterior universe; if an observer could cross this horizon, they would see a timelike
singularity in their past; and, as the crossing moment is approached, they would witness the
entire history of the exterior universe compressed in a finite duration of their proper time [1].

These phenomena are troublesome for physics. In Anti-deSitter space, the transmission
of signals from one asymptotic region to another would be in conflict with holographic
quantum gravity [2]; the singularity in the past is a sign of the lack of predictivity of
the classical theory beyond the inner horizon, which is indeed a Cauchy horizon; and the
infinitely blue-shifted energy of any excitation coming from the exterior should generate
a strong backreaction at the inner horizon [1, 3]. The latter effect suggests the notion of
strong cosmic censorship [4, 5]: the smooth Cauchy horizon is an idealized artifact of the
exact solutions, and any generic perturbation (classical, but also possibly quantum) must
destabilize it and turn it into an impassable barrier that disposes of the troubles that would
otherwise follow.

The question of whether such censorship actually holds has been revisited recently
from different angles (reviewed in detail in [6]). For our purposes here, the studies in [6-11]
are particularly relevant. The latest of these [6] finds that the expectation value of the
quantum stress-energy tensor for a free scalar field generically diverges as the inner horizon
is approached from the outside, behaving as

(Tyv) ~ % (1.1)

with the null coordinate V' — 0~ at the Cauchy horizon, and C' a constant that depends
on black hole parameters. This divergence is equal or stronger than that from classical



field effects. Although the analysis is done explicitly for the class of Reissner-Nordstrom
solutions with a cosmological constant, according to [6] it can be adapted to yield the same
conclusions when rotation is present. Other quantum probes of the inner horizon reach
essentially the same results [10, 11]. This lends great confidence to the idea that strong
cosmic censorship is enforced by quantum physics when classical physics may not do it.

However, these works also concur on an exception to this conclusion, first identified
in [9]: the inner horizon of the rotating BTZ black hole in three dimensions [12, 13]. The
highly symmetric nature of this black hole, which is a discrete quotient of AdSs, imposes
precise cancellations in the coefficient C of the divergence of the stress tensor, rendering
it mild enough that its backreaction should leave the inner horizon smooth. Even though
the BTZ black hole does not have any curvature singularity past the inner horizon, the
difficulties discussed above should still be present. The potential conflict with [2] would
seem worrisome for the consistency of a theory of quantum gravity. More generally, it
would be unclear what the correct physics is beyond the inner horizon [9].

2 Quantum backreaction

Let us reexamine what the results of these works imply. Backreaction from the quantum
fields is accounted for by solving the Einstein equations for a perturbation of the BTZ black
hole sourced by the renormalized stress-energy tensor. If this were divergent at the inner
horizon, then the correction to the geometry would become large. Although perturbation
theory would cease to be valid in that region, it is clear that the new geometry would be
significantly changed, likely creating high curvatures outside the inner horizon. If, instead,
the stress tensor is finite, as [6, 9] find for the BTZ black hole, then the backreaction at the
inner horizon will be moderate, with no signs of a singularity. In order to fully account for
the backreaction one would need to solve simultaneously both the Einstein equations and
the quantum field theory as a coupled system, but this is too hard a problem. Nevertheless,
one may take the perturbative study to the next order by solving for the quantum field
theory in the first-order-corrected black hole geometry, and then backreact again with the
resulting renormalized stress tensor.

It is at this stage that the situation will change at the inner horizon of the BTZ
black hole. The quantum-corrected geometry where we must recalculate the renormalized
quantum stress tensor will not possess the same high degree of symmetry of the initial
classical solution. In particular, it will no longer be a spacetime of constant negative
curvature with discrete identifications. In the absence of any symmetry protection, the
stress tensor at the inner horizon is expected to diverge in the generic form (1.1) with a
non-zero coefficient C, since the quantum corrections will affect it. This will then create a
large backreaction on the inner horizon, thus implementing strong cosmic censorship.

The first-order perturbative backreaction effects of the quantum stress tensor of a free
conformal scalar in BTZ [14] have not been properly derived yet.! As we have explained,
they are expected to leave the inner horizon geometry non-singular, but also altered from

!The calculations in [15, 16], which found a singular inner horizon, have been criticized in [9] as making
improper use of the stress tensor beyond the Cauchy horizon.



its highly symmetric initial form. Here, we will follow a different approach to solving this
problem, one which supports our arguments above, while also casting them into a different,
helpful light.

3 Holographic dual analysis

We employ a holographic approach to solving the quantum field theory in the BTZ black
hole background and computing its gravitational backreaction, following the work of [17, 18].

3.1 The model

It was argued in [18] that the three-dimensional system of the BTZ black hole and a
conformal quantum field theory in its presence is dual to a four-dimensional solution of the
Einstein theory with a negative cosmological constant, specifically the AdS C-metric with
rotation. This spacetime contains a black hole that follows an accelerating trajectory in
AdSy. In the construction of [17], part of the spacetime is cut off by a brane that slices across
the black hole horizon, so the (2+1)-dimensional geometry induced on the brane has a black
hole. Via holography [19-21], such geometries provide solutions to the Einstein equations
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where g, is the three-dimensional metric induced on the brane, £3 and G3 are the effective
three-dimensional AdS radius and Newton’s constant, and (7},,) is the renormalized stress
energy tensor of the quantum conformal fields (with a ultraviolet cutoff) that are dual to
the four-dimensional bulk gravity.

When the bulk theory is classical, the results for the quantum CFT correspond to
the leading order in a 1/N expansion, where N is a measure of the number of strongly-
coupled conformal degrees of freedom in the field theory.? We emphasize that the classical
bulk solution yields the complete gravitational backreaction of the CFT to leading order
in the 1/N expansion. That is, to this order, these effects are included not as linearized
gravitational perturbations but fully non-linear effects. This is an improvement over the
conventional perturbative approach to backreaction that we discussed above. Note also
that the leading order in the 1/N expansion consists of planar diagrams with arbitrary
number of loops, so it is not the same as the perturbative loop expansion.

There is one subtlety in this dual construction when the theory on the brane has a
negative cosmological constant, £3 # 0. Namely, there is no massless graviton localized
on the brane, but a massive graviton bound state [21]. As a result, gravity on the brane
behaves in a three-dimensional way up to distance scales of the order of the inverse of the
bound state mass, but becomes four-dimensional at longer scales. However, we do not find

any indication that this is relevant for our analysis.?

2Actually, this would be ~ N3/2 for the CFT on the worldvolume of N M2-branes dual to AdS4.

30ne might suppose that this is why there is an upper bound on the mass and area of the black holes
localized on these branes [17]. However, the holographic calculations of [22], discussed below, also find an
upper bound on the mass, even though the geometry of the BTZ black hole in that model is fixed and not dy-
namical. Note also that [17] dealt with these infrared effects in another manner, introducing a second brane.



3.2 Quantum-corrected BTZ

The construction of [17] allows a very explicit description of the solution and its properties,
of which we will only give the details that are needed here. The geometry on the brane,
which we refer to as the quantum-corrected BTZ black hole (qc-BTZ), takes the form

2 2 2 2

2 _ (" _ ST M) dr 2 L
ds® = <€§ M+4T2 . dt +Z*§—M+4]*22—Q(M’J)+T do 2r2dt ,
(3.2)

where we have set Gz = 1/8. The quantum corrections from the CFT are encoded in
a(M, J). The explicit form will be given in [23], but it is not particularly illuminating and
in any case we will not require it. Suffice to say that a > 0.
This spacetime does not satisfy the Einstein-AdS equations, R, = —(2/3)g,w, but it
is straightforward to identify the stress-energy tensor that sources it,*
_ a(M,J)

THY = ———Z~diag(1,1, —2
(1) = S ding(1,1,-2) +

3Ja(M, J)

= 5169 . (3.3)

This result can be compared with two other computations of the quantum stress-
energy tensor in the BTZ black hole: [14] for a free conformal scalar field, and [22] for
a holographic CFT dual to a four-dimensional bulk. It is important to note that the
use of the AdS/CFT duality in the latter is very different than ours, specifically in two
respects: (i) the BTZ geometry in [22] lies at the asymptotic boundary of AdSy, so there
is no gravitational backreaction on it; (ii) although the bulk solution employed in [22]
is obtained from a rotating black hole, namely the Kerr-AdS, solution, the construction
involves double Wick rotations and bulk coordinate transformations, with effect that the
horizons of the boundary BTZ black hole are not part of — i.e. slices of — the horizons of
the original Kerr-AdSy black hole. We will return to these points in our later discussion.

Let us first compare these three calculations when J = 0. Then, the results of [14]
and [22] have the same structure as (3.3), only with different functions «(M). The latter
is expected: [14] refers to different conformal matter, and although in the two holographic
setups the CFT is the same, (3.3) includes self-consistently its backreaction on the geome-
try (3.2), which [22] does not. Since only a(M) changes between these results, it is natural
to conjecture that the stress tensor of any conformal field in the static BTZ black hole will
have the same structure, and that the backreacted geometry will generically take the form
of (3.2) with J = 0.

When J # 0 the holographic result of [22] has the same form as (3.3), but the one
in [14] reproduces only some aspects to linear order for small J. The differences for finite
J are naturally attributed to weak vs. strong coupling effects (see [23] for a more detailed
comparison).

4Since gravity on the brane is dynamical, we can obtain the holographic stress tensor by simply extracting
the ‘right-hand side’ of the Einstein equations on the brane.



The quantum-corrected properties of the horizons in (3.2) are easily computed. For
instance, their temperatures and angular velocities are
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(3.5)

Here 74 are the quantum-corrected horizon radii in (3.2), which are the positive roots of

the quartic equation
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If « is small, then
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where the classical BTZ values are
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It is easy to see that the quantum corrections raise the temperature of the horizons for all
a > 0, which is in line with the observed reduction of their entropy [17].

The qc-BTZ solution (3.2) has a curvature singularity at » = 0, which is a ring sin-
gularity when J # 0.° But the most important feature for us is that the geometry (3.2)
and the stress tensor (3.3) are smooth at the inner horizon » = r_. So we may be led to
conclude that strong cosmic censorship is violated in this black hole.

However, as we discussed, this construction only yields the quantum-corrected geom-
etry to leading-order in the 1/N expansion of the conformal theory (planar diagrams), for
which the dual gravitational bulk theory is purely classical. At finite order in IV, the effects
of quantum fields in the bulk — at the very least, graviton loops — must be included. Such
effects are not easy to compute, but we will not need them explicitly in order to reach our
main conclusion.

3.3 Strong cosmic censorship

Let us consider the properties of the four-dimensional bulk solution which on a brane slice
yields the qc-BTZ geometry (3.2). It was shown in [17] that this four-dimensional black
hole has a structure qualitatively like that of the four-dimensional Kerr black hole (or
Kerr-AdS,): a ring singularity, and regular inner and outer horizons, which in the brane
section (3.2) are at r = 0 and r = r4. Indeed, the Kerr black hole is recovered in the limit
that the bulk black hole is small, while for larger size it has a pancaked shape; and the
Kerr-AdS, solution is recovered when the brane tension is sent to zero.

What will the effect be of quantum fields that propagate in this four-dimensional
geometry? Given the similarity of the bulk black hole with the Kerr solution, we expect the

This is clearer after changing t — t — J$/2, see [17].



generic divergent behavior (1.1) at the inner horizon. As a consequence, the backreaction
of this bulk quantum effect will be enough to make the Cauchy horizon singular, in the
bulk and also on the brane section, therefore implementing strong cosmic censorship in the
BTZ black hole.

An apparent difficulty for extending the methods and conclusions of [6] to our setup
refers to the boundary conditions for the field, which differ from those that one would
impose in Kerr of Kerr-AdS,. In the presence of the brane, the natural boundary condi-
tion for the bulk fields is Zo-orbifold symmetry. Admittedly, a specific analysis would be
needed to establish conclusively that this modification does not entail a cancellation of the
divergence (1.1), but we find this very unlikely. The study of [6] strongly suggests that
this behavior is generic except in very special, highly symmetric situations that fine-tune it
away. The brane construction in the rotating AdS C-metric is, if anything, less symmetric
than the Kerr solutions: unlike the latter, it does not have a Killing tensor; the Zo sym-
metry on the brane is also present in Kerr-AdS, as reflection symmetry on the equatorial
plane — this plane is actually the ‘tensionless brane’ limit of the brane construction; and,
in addition, the asymptotic boundary in the AdS C-metric is a distorted version (not con-
formally flat) of the one in Kerr-AdSy. So, since all the boundary conditions in our bulk
geometry are similar but less symmetric than in the Kerr solutions, there do not appear to
be the conditions for special protection against any divergences.

Observe that we may also invoke the (extended) conclusion of [6] directly for the
three-dimensional geometry (3.2), and possibly similarly quantum-corrected BTZ black
holes even when they do not have a holographic bulk counterpart. Our dual construction
strengthens the argument by placing it in the class of instabilities of inner horizons of Kerr-
type black holes. In this regard, we have invoked bulk quantum effects since they yield
large and robust divergences. But classical gravitational perturbations in the Kerr solutions
are also expected to become singular on the Cauchy horizon, even though their strength
and the extent to which they enforce strong cosmic censorship is a subtle matter [24]. It
is very plausible that classical perturbations in our bulk geometry will develop a similar
singularity which would extend to the brane black hole. From the three-dimensional point
of view, these would be perturbations of the quantum CFT state at leading (planar) order
in 1/N. That is, the inner horizon of the qc-BTZ black hole could be unstable to quantum
fluctuations already at leading order in 1/N.

Finally, it is interesting to discuss an apparently similar holographic reasoning put
forward in [9]. There it was observed that the holographic CFT stress tensor in the BTZ
black hole obtained in [22] (which, as we discussed above, has the same form as (3.3)) is
finite at the black hole inner horizon. It was then speculated that 1/N corrections — i.e.
quantum bulk effects — in that model could spoil the smoothness of the Cauchy horizon.
If this were the case, the implementation of strong cosmic censorship would not require
including backreaction on the geometry. This is certainly an interesting possibility, already
suggested in [6, 9], but it is not clear how to argue for it in the model of [22]. While it
may be interesting to investigate this further, we believe that it is not necessary to do so
in order to conclude in favor of strong cosmic censorship in BTZ, once the consequences of
backreaction are factored in.



4 Conclusion

Our argument is easily summarized: the cancellations that protect the finiteness of the
renormalized stress tensor at the BTZ inner horizon are very fragile, and cannot be expected
to survive when backreaction effects are included beyond the leading order. The generic
divergence found in [6] is then expected to prevail. A holographic dual construction gives
us a concrete result for how the first-order backreaction changes the geometry, and also
specific expectations for higher orders: although the inner horizon of the qc-BTZ solution
is indeed smooth, through its bulk dual it will be as sensitive to quantum instability as it
is in the Kerr black hole.

So we conclude that the BTZ black hole is not an outlier: strong cosmic censorship
must apply to it as much as it does to other higher-dimensional black holes.
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