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ABSTRACT: In gauge/gravity duality, the bulk double cone geometry has been argued to
account for a key feature of the spectral form factor known as the ramp. This feature
is deeply associated with quantum chaos in the dual field theory. The connection with
the ramp has been demonstrated in detail for two-dimensional theories of bulk gravity,
but it appears natural in higher dimensions as well. In a general bulk theory the double
cone might thus be expected to dominate the semiclassical bulk path integral for the
boundary spectral form factor in the ramp regime. While other known spacetime wormholes
have been shown to be unstable to brane nucleation when they dominate over known
disconnected (factorizing) solutions, we argue below that the double cone is stable to
semiclassical brane nucleation at the probe-brane level in a variety of string- and M-theory
settings. Possible implications for the AdS/CFT factorization problem are briefly discussed.
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1 Introduction

It has been understood since the late 1980’s that contributions to gravitational path inte-
grals from spacetime wormholes can markedly change properties of S-matrices, boundary
correlators, or boundary partition functions [1-6]. Here the term spacetime wormhole
means a geometry whose boundaries have more than one connected component, and the
discussion includes real geometries of any signature as well as spacetimes that are intrin-
sically complex. As a result, gravitational path integrals that do not include spacetime
wormholes generally factorize into a product of terms associated with each boundary. But
this factorization is expected to fail when spacetime wormholes contribute; see figure 1.
One issue of interest is the potential consequence for the AdS/CFT correspondence.
The standard picture of AdS/CFT in which bulk gravity is dual to a single well-defined
CFT [7-9] would require the above factorization to hold, so failure of factorization requires a
significant change. In parallel with the understanding from the 1980’s, a possible resolution
is that the bulk gravitational path integral is dual to an ensemble of boundary theories; see
e.g. recent discussions in [10-19]. For this reason, we use notation involving angle-brackets
(e.g., (Z), (Z?), etc.) to denote results of bulk gravitational path integrals. A non-zero
“connected correlator” (Z2) — (Z)? is then interpreted as describing §Z2 for fluctuations



Figure 1. An example showing failure of factorization due to spacetime wormholes. The top line
represents a path integral (Z). Although we have drawn the configuration as connected, it may
include contributions from disconnected spacetimes as well. In any case, the natural path integral
(Z?) associated with a pair of boundaries yields all terms generated by squaring (Z), but also
contains additional contributions connecting the two boundaries as indicated by the second term
in the bottom line.

07 associated with differences between the partition function Z in any particular element
of the ensemble and the ensemble-mean (Z).

While the importance of this issue has been understood for some time (see e.g. [20]),
the issue has received renewed emphasis due to the recently-recognized role that replica
wormbholes play in allowing bulk gravitational path integrals to reproduce the Page curve
associated with unitarity in black hole evaporation [21, 22] and the associated connections
to true spacetime wormholes and ensembles of boundary theories [13, 22, 23]. The impor-
tance of understanding a possible ensemble interpretation of AdS/CFT was then further
highlighted by the discovery [24, 25] that it could circumvent the arguments of [26, 27] (see
also [28]). In particular, while bulk theories dual to a single QM theory cannot have global
symmetries, such symmetries can exist in bulk theories dual to an ensemble average.! This
then raises the question of whether bulk theories dual to ensemble averages might also
allow similar violations of other so-called swampland conjectures.

A critical question remains whether an ensemble interpretation will hold for the most
familiar examples of AdS/CFT. The potential obstacle is that the relevant bulk theories
involve large amounts of supersymmetry, and this supersymmetry should be reflected in
each member of the boundary ensemble.? An ensemble interpretation is thus in tension

'Refs. [24, 25] describe the sense in which the bulk theories nevertheless violate conservation of the
global charge; see also [29]. It is important to note that these violations arise when one focuses on charge
in regions accessible to asymptotic observers. The full bulk state, including all so-called baby universes,
appears to conserve global charge. We find this to be particularly clear from the real-time point-of-view
described in [23, 30].

2This property holds in the examples of [12] that have N = 1 supersymmetry, and where the supercharge,
rather than the Hamiltonian, is the fundamental quantity that is disordered. A general argument follows
from the fact that the full bulk system admits an algebra of asymptotic SUSY charges, and that these
charges must act trivially on the ‘baby universe sector’ of the theory (i.e., on the Hgu of [13, 23]). Thus
the SUSY algebra acts within each bulk superselection sector. The boundary dual interpretation is then
that each member of the associated ensemble has a well-defined SUSY algebra.



with the idea that there are strict limits on SUSY CFTs in higher dimensions. In particular,
for boundary dimension d = 4 and N = 4 SUSY, there is a unique maximally-symmetric
marginal deformation of appropriate free field theories which correctly predicts the deriva-
tives of the d = 4 N = 4 SU(N) super Yang-Mills correlators evaluated at zero coupling.?

It is natural to address this issue by investigating the status of bulk spacetime worm-
holes in UV-complete theories. In particular, it is interesting that analyses of Euclidean
wormbholes in 10- or 11-dimensional supergravity have always found such wormholes to fail
to dominate path integral computations [20, 36-39] (or else the analyses were unable to
fully investigate the question). Two potential issues are that the wormhole can have ‘neg-
ative modes’, indicating that it fails to be a local minimum of the Euclidean path integral,
and that adding various branes to the solution can lower the Euclidean action. Whenever
a Euclidean spacetime wormhole solution has been found to have lower action than the
natural disconnected (factorizing) semi-classical saddle, investigations of such issues have
found one or the other of these features to arise. However, it is also interesting that [39]
identified sub-leading wormhole saddles that are free of both issues, and which thus appear
to cause violations of factorization. The fact that such saddles are sub-leading would mean
only that the associated violation is small, so that the relevant dual ensemble is sharply
peaked.

It might be expected that any dual ensemble would be sharply peaked in this way. If
this is the case, then bulk wormholes should dominate only in the presence of very large
sources that could compensate for the sharpness of this peak by spreading out the answers
associated with various members of the ensemble. In general, such large sources could be
associated with large back-reaction that is difficult to control.

However, as pointed out in [10-12], studying the evolution of the system at large
(Lorentzian) times can achieve a similar effect. Such large times may in fact be thought
of as the large boundary sources suggested above, but in a context where back-reaction
need not generate large curvature invariants. In particular, [10-12] identified a new saddle
called the double cone which appears to dominate bulk path integral computations of the
spectral form factor (Z(5—iT)Z(B+:T)) for large T', and which reproduces a crucial aspect
(‘the ramp’) of the expected quantum-chaotic behavior of any dual theory associated with
times tramp < T' < e’ , where t.amp is non-universal and depends on the details of the
system [40]. Furthermore, due to its close relation (reviewed below) to AdS-Schwarzschild
black holes, such double cone saddles will exist in any asymptotically-AdS bulk theory.

3This might indicate that super Yang-Mills theory is the unique local maximally-supersymmetric theory
that admits a weakly-coupled limit. And such reasoning suggests to some that there should be a novel
piece of physics associated with the UV-completion of bulk gravity that counteracts the effect of spacetime
wormholes and allows the boundary ensemble to degenerate to a single unique theory; see related discussions
in [13, 31]. Of course, such a resolution would be surprising from the viewpoint of low-energy semi-classical
gravity. One alternative is that there is in fact an infinite discrete family of maximally supersymmetric CFTs
with weakly coupled limits associated with different instanton corrections, perhaps due to a mechanism like
that described in [32-35]. We thank Juan Maldacena for correspondence on this point, and in particular
for pointing out the existence of such references.



The double cone is thus a prime target for further investigation. In particular, it is
critical to understand the stability of such saddles from the bulk point of view.* The double
cone was not included in the analysis of [39] due to various subtle features and the fact
that it is naturally viewed as having a complex metric. We take up the challenge below
and argue at the probe-brane level in various UV-complete contexts that the double cone
does not suffer from brane-nucleation instabilities for S%~1 x S boundary metrics.”

However, we do not address the question of possible field-theoretic negative modes, as
this is especially complicated to understand in complex spacetimes; see further discussion
in section 2. Another analysis of double cone stability based on a constrained-instanton
description is also being released simultaneously with this work [42].

We begin our discussion with a conceptual overview in section 2. The emphasis here
is on the double cone geometry described as a complex saddle for the bulk path integral
that computes the boundary spectral form factor, and on understanding what it means to
study brane-nucleation stability issues on complex spacetimes. We in particular mention
subtleties associated with brane back-reaction and the microcanonical ensembles used to
define the spectral form factor, though we defer consideration of back-reaction to section 7
and focus on strict probe-branes in the bulk of this work. The rest of the stage for our
calculations is set by establishing conventions and reviewing brane actions in section 3.
We then proceed to study the AdSs double cone (xS%) as a saddle for 10d type IIB
supergravity in section 4. In this context, the branes whose nucleation might seem most
likely to lead to an instability are supersymmetric D3-branes. But at the probe-brane level
we argue against such instabilities by showing that all saddle-points of the D3 brane action
(in the full complexified double cone geometry) have positive real part for the relevant
Euclidean action. We also use this section to review the general construction of the double
cone spacetime and the sense in which it is intrinsically complex. Section 5 then studies
generalizations to other truncations of 10- and 11-dimensional supergravity that allow
AdS;11-Schwarzschild double cones, and section 6 further generalizes to charged (boundary
dimensions d = 3 and d = 4) and rotating (boundary dimension d = 4) double cones.
Similar cases with flat boundaries (and in particular BTZ double cones) are discussed in
appendix A. We close with a discussion of back reaction and other open issues in section 7.

2 Overview

This section provides a conceptual orientation to the physics that will be studied in the
rest of this work. We first review the double cone geometry in its role as an intrinsically-

“nstability of the double cone would make wormholes less relevant, and would thus reduce the need for
ensembles. But stability of the double cone would not forbid novel corrections from UV physics that could
remove the need for an ensemble interpretation. One might imagine such corrections to leave the double
cone as the dominant contribution to the average of the spectral form factor over some small window of
time; see e.g. [41]. Furthermore, even without a possible link to ensembles, establishing stability of the
double cone would make the bulk recovery of the ramp in [10-12] more robust.

5In contrast, branes give a divergent contribution to the double cone amplitude with flat boundaries.
This is consistent with the boundary expectation that there is no ramp in such cases due to a divergence in
the density of states associated with the infinite volume of a non-compact moduli space. This divergence
also leads to a continuous spectrum.



complex saddle for the bulk path integral computing the so-called spectral form factor. We
then describe what it will mean to study the stability of such complex saddles with respect
to brane nucleation.

2.1 The spectral form factor and the double cone

The spectral form factor (SFF) for any quantum-mechanical theory is defined by studying
the partition function Z(5) = Tr (e‘ﬁH ) at imaginary 8 = —iT, or more generally at

complex (. In particular, the SFF is the product Z(—iT)Z(iT) = Tr (e_iHT> Tr (eiHT>.
Furthermore, it is often useful to restrict the trace to states with energies in some win-
dow [E4, Es], or equivalently to evaluate the trace in a microcanonical ensemble. This in
particular guarantees the traces to converge in any theory with a finite density of states.

Refs. [10-12] study the bulk gravitational path integral that would compute the SFF
in a dual theory (and with any baby universe sector in its Hartle-Hawking state in the lan-
guage of [13]). Using the angle-bracket notation above, they thus study (Z(—iT)Z(iT")) =
(Tr (e_iH T) Tr (eiH T)} In particular, the above references consider bulk gravitational sys-
tems with two Lorentz-signature asymptotically AdS boundaries, each of the form S! x X.
The S factor is timelike and is periodic with boundary time T, but with time running in
opposite directions around the S! factors on opposite boundaries. The latter requirement
is perhaps best understood as requiring the bulk path integral to have a symmetry that
complex conjugates the bulk amplitude and exchanges the two boundaries. As suggested
above, microcanonical boundary conditions are also imposed, forcing the total energy at
each boundary to lie in a small window near some value E.

The above references then consider any two-sided asymptotically AdS stationary black
hole (with a bifurcate Killing horizon); e.g., perhaps the Kruskal-like extension of AdS-
Schwarzschild. They note that periodically identifying such a solution under translations of
magnitude T" generated by the stationary Killing field 9; yields a spacetime that satisfies the
desired boundary conditions. In particular, because d; is future-directed in one asymptotic
region and past-directed in the other, the quotient naturally has S* factors whose periods
correspond to boundary times 7" and —71 as desired; see figure 2.

A complication, however, is that 0; has fixed points on the bifurcation surface. This
makes the quotient singular, raising potential questions about its validity as a saddle point
in the path integral. In particular, it is not immediately clear how to check whether
the action is in fact stationary under variations of the metric at this singularity. But
reference [10] regularizes the singularity by making an excursion into the complex plane.
Since the fixed points of 0; in the full complexified black hole geometry all lie on the
bifurcation surface of the real Lorentzian slice, any contour that avoids this surface (and
which also avoids the black hole singularity) and which also remains invariant under ¢ —
t+T yields a smooth quotient. Indeed, so long as they also end on the asymptotically AdS
boundary of the original real slice, quotients of such contours define (complex) solutions
which satisfy all boundary conditions imposed by the path integral. Thus any such contour
defines a valid complex saddle for the SFF path integral.



identify

Figure 2. Schematic illustration showing the identifications in the Kruskal spacetime that lead to
the double cone geometry.

Figure 3. A keyhole-type contour in the complex r plane that defines the double cone.

As described in [10], finding such contours is not difficult. In particular, for any two-
sided black hole one may consider the Schwarzschild area-radius r, noting that two distinct
surfaces in the real black hole spacetime map to each value of r so that the map from
r-values to the spacetime has a branch point at some r = ry describing the bifurcation
surface. One may then consider a contour in the complex r plane that starts at real
positive infinity and approaches close to the (real) value rg, but which then circles halfway
around 7o through the complex plane and returns to positive real infinity (now in the
opposite asymptotic region due to the branch point at rg, see figure 3). The geometry on
this contour fulfills all of the conditions required above.

We will thus use the term “double cone” to refer to any such smooth complex contour
in the periodically identified complexification of a two-sided stationary black hole. In
this way, it is natural to think of the double cone as a spacetime with an intrinsically
complex metric. Note that, while there is great ambiguity in the choice of this contour,
Cauchy’s theorem guarantees the action to be invariant under deformations of the contour.
As a result, this ambiguity does not affect the result of our path integral. The action
for simple cases is computed in [10-12], and is argued to have the right properties to
dominate the semiclassical bulk computation of the spectral form factor in the ramp regime
tramp < T < e [40].



2.2 Brane nucleation on complex saddles

Although the double cone is indeed a saddle, and while it reproduces the expected prop-
erties of the SFF ramp, it is important to investigate whether the double cone is in fact
the dominant semiclassical bulk saddle in the ramp regime, or whether some other saddle
or off-shell effect might provide a larger contribution that would make the double cone
irrelevant. For a real saddle in a Euclidean path integral, one can probe this by inves-
tigating whether small real perturbations of the saddle increase or decrease the action.®
In this context, small real perturbations of the bulk supergravity fields that decrease the
Euclidean action are known as (field-theoretic) negative modes.

On the other hand, as is familiar from the general properties of analytic functions,
near any complex saddle there are necessarily certain complex perturbations that decrease
the real part of the Euclidean action as well as those that increase the real part. One
could thus say that all saddles have negative modes in the complex plane, but this is
clearly neither useful nor physical relevant. Indeed, the same is true of the above real
Euclidean saddles if one considers both the original real perturbations and the imaginary
perturbations obtained by multiplying them by i.

Instead, for a complex saddle the first relevant question is whether it lies on what
we will call a ‘global descent contour’, by which we simply mean a contour along which
(1) the integrand has constant phase (so that the imaginary part of the Euclidean action
is constant), (2) the saddle in question maximizes the integrand (and thus minimizes the
real part of the Euclidean action), and (3) the real part of the Euclidean action becomes
infinitely positive at a sufficient rate as one follows the contour to an appropriate notion of
infinity. If so, then the saddle will dominate the integral along the global descent contour
in the semiclassical limit & — 0 (here ¢pjapck — 0).

Finally then, one should ask if the global descent contour can be obtained by deforming
the defining contour of the integral without passing through singularities or picking up
contributions from ‘arcs at infinity’ or other boundaries of the contour. If this can be
done, then Cauchy’s theorem tells us that our complex saddle can be used to compute a
good semiclassical approximation to the desired integral. Unfortunately, for an infinite-
dimensional path integral such issues are clearly extremely complicated to analyze in full,
and are beyond the scope of this work. We thus set such concerns aside.

However, another issue turns out to be more important for most known examples of
real Euclidean spacetime wormholes in UV-complete theories. In the context of string
theory or M-theory, one can imagine starting with the original saddle and building a new
spacetime by adding various D-, NS-; or M-theory branes. It is useful to stress that, at least
as the limit of smooth regulated solutions, one can replace the branes by appropriate bulk
fluxes (in the sense of [56], see also related discussions in [57, 58]). In particular, we can
think of this construction as producing a new bulk supergravity spacetime with a different
topology (and with the above fluxes threading a new ‘handle’). At the conceptual level,

6One should also take proper care of issues [43-53] related to the so-called conformal factor problem
which makes the action for Euclidean gravity unbounded below. See also [54, 55] for discussions of such
issues in the presence of couplings to matter.



the main difference from the above discussion of negative modes is then just that negative
modes involve infinitesimal versions of deformations of the original spacetime, while the
addition of branes requires a discrete change in topology and/or quantized charges.

This difference has several important consequences. The first is that, in contrast to the
field-theoretic perturbations discussed above, one cannot simply multiply a brane-induced
deformation by i = /—1. In particular, even in a complex spacetime we need consider
only branes that have real tension and charge. The reality (and in fact integer-valuedness)
of the charge is especially manifest in a magnetic description where it is both real and
quantized due to topological features, and in string- or M-theory the ratio of the tension
to (the absolute value of) the charge is just a given (real) function of the (real) coupling
constants of the theory. So the addition of any particular configuration of branes will have
an unambiguous effect on the Euclidean action.

The second consequence of the discreteness of branes is that, even if we start with a bulk
saddle, at weak coupling the change in the action under the addition of branes is generally
of first order in the brane charge (). Furthermore, because continuous deformations of a
saddle can affect the action only at second order, this first-order-in-() change is independent
of any first-order-in-@) modifications one chooses to make in the original saddle in the region
far from the new brane sources (or far from the associated changes in topology). As a result,
the first-order-in-() change in the bulk action under the addition of branes is a local function
of the brane configuration to be added. Indeed, in a weakly-coupled limit this change must
agree with the corresponding probe-brane action evaluated on the desired configuration;
see again [56-58]. The relevant probe-brane actions will be reviewed in section 3 below.

Note, however, that this probe-brane action will generally be an analytic function of
parameters describing the configuration of branes, and in particular of the location at which
the branes are inserted. And as in our discussion of field-theoretic perturbations, the real
part of an analytic function cannot be bounded either above or below, making it clear
that the real part of the Euclidean probe brane action will become arbitrarily negative for
branes inserted at appropriate complex positions in a complexified spacetime. But once
again, this issue cannot be of physical relevance.

Indeed, the key point here is that we have so far used the insertion of branes to
create only new off-shell complex configurations for our path-integral. What we wish to
understand is the integral of the associated amplitude over an appropriate contour. At the
semiclassical level, this as always becomes the questions of what saddle points might exist,
whether they lie on global descent contours, and whether such global descent contours can
be obtained by allowed deformations of the original contour of integration.

We thus focus below on identifying saddles of the probe brane action on the complex-
ified spacetime.” We assume such saddles to be invariant under the Killing symmetries of
the double cone (or, at least those associated with the AdS;y; factor of the spacetime).
This then reduces the space of configurations so that it can be parametrized by a single
complex coordinate (e.g., the Schwarzschild area-radius r). We can then identify global

"In studying brane nucleation in Euclidean signature one often does not bother to identify saddles, but
instead declares an instability when any configuration has negative (real) Euclidean action. This is justified
since any configuration with Euclidean action requires there to be a local minimum (defining a saddle) or
divergent contributions from asymptotic regions of the path integral with negative action.



descent contours within this one-dimensional complex space, and we can analyze whether
such contours can be deformed to the contour we use to define the double cone (or, equiv-
alently, whether it can be deformed to the positive real r-axis; see figure 3 above or the
pink dashed lines in figures 5 and 7 below).

An important point is that, whenever we find a global descent contour that can be
deformed to the defining contour, Cauchy’s theorem guarantees that the integral along this
contour gives the desired answer. As a result, in the semiclassical limit our path integral
will be dominated by the relevant saddle. In particular, if this saddle has positive Euclidean
action then the result of the integral will be small in the semiclassical limit. It therefore
follows that no saddle with negative Euclidean action can dominate. Instead, any global
descent contours associated with saddles having negative Euclidean action must fail to be
deformable to the defining contour. It is thus not necessary to find all saddles when one
can study such contours in detail. After setting conventions and reviewing certain technical
details in section 3, we execute this procedure for the AdSs x S° double cone in section 4
and for other string- and M-theoretic cases in section 5.

2.3 Branes and anti-branes

We now pause to explain an important further subtlety in our analysis. With boundary
conditions that fix only potentials at infinity, solutions typically exist in which one adds
only a single brane and thus in which one changes the asymptotic charges on one side or
the other. Recall, however, that we wish to impose microcanonical boundary conditions
which fix the total energy on both sides of the black hole. We also wish to fix the D-brane
charge on each boundary, corresponding to fixing at least simple parameters describing
the theory in which the SFF is computed (e.g. N for an SU(N) gauge theory). At least
on-shell, this is inconsistent with the addition of a single brane when one goes beyond the
strict probe-brane approximation to allow the new branes to contribute to the total bulk
charges.

Now, we can easily arrange to satisfy the D-brane charge constraint by adding instead
a brane/anti-brane pair for which the total D-brane charge vanishes. However, the energy
constraint turns out to be harder to satisfy in a useful way. It is true that on the real section
the background has a CPT symmetry that swaps branes for anti-branes and interchanges
the two boundaries. So for a real brane saddle at area-radius r, with energy FE,, there is
a corresponding anti-brane saddle on the ‘second sheet’ at r, with energy —FE (as defined
with respect to the Killing field 9y). And by analytic extension this remains true of complex
saddles. However, the same symmetry implies the probe-brane/anti-brane actions to be I
and —I. Thus the pair contributes a net zero action which one might think suggests an
instability. But since this symmetry is also valid off-shell, the change in sign of the action
means that it maps descent contours for the brane to ascent contours for the anti-brane
and vice versa. This in turn suggests that if e.g. the brane descent contour can be deformed
to the defining contour then this will not be possible for the anti-brane descent contour.

Indeed, a sharp argument can be made by noting that the Lorentz-signature probe-
brane/anti-brane actions are real on the real section. They thus extend to functions on
the complex r-plane that satisfy I (r*) = (IL(r))", with * denoting complex conjugation.



For the Euclidean action Iy = —ily, this implies Ig(r*) = — (I5(r))". So if the brane
saddle at r, has actions Iy, Ip4, then the anti-brane saddle on the 2nd sheet at r} has
actions —IF,,I5,. Thus for this pair of brane/anti-brane saddles our symmetry preserves
the magnitude of the path integral amplitude and so maps descent contours to descent
contours. Furthermore, since the defining contour for the double cone is invariant under
the CPT-like map defined by including this extra complex conjugation, the brane descent
contour through r, can be deformed to the defining contour if and only if the same is true
for the anti-brane descent contour through r} on the second sheet. In other words, using
the argument from the subsection above, it is guaranteed that any pair of brane/anti-
brane saddles that dominate our path integral will be of this form. In particular, if the
contribution from this latter pair is suppressed, then the zero-action pair described above
that both lie at r, cannot contribute.

We will thus study brane/anti-brane pairs of this latter form (brane at r,, anti-brane
on the second sheet at r}) in all cases below. And as foreshadowed above, we will always
find the saddles with useful descent contours to have ImI; > 0 (and so also Relp > 0)
so that these contributions are indeed suppressed. At the level of a strict probe-brane
calculation this then indicates stability of the double cone.

However, when one considers back-reaction one must return to the issue of the mi-
crocanonical boundary conditions. Under the various symmetries above, the energy and
action transform in precisely the same way. This is to be expected, as for the static solu-
tions we consider the brane action takes the form I, = [ (p¢ — Hprane) = —Hpranel, with
Hiprane = E + q¢® in terms of the energy FE, the brane-charge ¢, and the corresponding
potential ®. The upshot is then that if our brane at r, has energy FE,, then the anti-brane
at 7} has energy —F} with respect to the KVF 0;,. The total energy contributed by the
pair is thus E, — EY = 2iImF,, which will not generally vanish.

In many perturbative problems one could compensate for any non-zero boost energy
contributed by the branes by adjusting parameters in the double cone background. How-
ever, on-shell double cones exist only when the boost energy vanishes exactly. So shifting to
some non-zero (imaginary) value is not allowed. The physics of this result is essentially the
same as that for the brane charge, where Gauss’ law requires a strict source-free on-shell
double cone to have equal and opposite charges at the right and left boundaries.

As a result, unless E, happens to be real, it will not be possible to incorporate per-
turbative back-reaction from our branes using on-shell techniques. The correct approach
should be to include off-shell physics, but that is beyond the scope of this work.

In sections 4-6 we thus confine ourselves to a strict probe-brane analysis without
considering brane contributions to the total charges or their effect on the microcanonical
boundary conditions. The fact that we find all relevant saddles to be suppressed even
in this less stringent context is a strong argument for stability of the double cone. We
will, however, briefly return to the issue of back-reaction in section 7, where we highlight
the off-shell information required for a full analysis (though we leave its investigation for
future work).
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2.4 Remarks about boundary curvature

We conclude this already-lengthy overview section with a short remark about the role of
boundary curvature in brane nucleation instabilities in AdS. As pointed out in [20] (see
their equation (3.7)), if the asymptotically AdS space has a negative curvature boundary,
then the brane action is such that moving the branes closer to the boundary lowers the
Euclidean action. The branes thus want to fly off to infinity. This instability is reflected
in the boundary theory via conformal couplings of scalar fields, which act as negative
mass-squared terms if the boundary curvature is negative; see e.g. [59-61].

The story is different when the boundary curvature is positive. From the point of view
of the brane action, equation (3.7) of [20] is then modified by the replacement of cosh p by
sinh p:

P 2d
(sinh p)¢ — d/ dp/ (sinh p)4 ~ +2d eld=2r (2.1)

(d—2) ’
where crucially the sign is now different than in [20]. This means that the branes do not
want to run away to the boundary, and this agrees with the conformal couplings of the
scalars in the boundary CFT now endowing them with a positive mass-squared. Of course,
the above provides only an asymptotic analysis near the AdS boundary. The goal of this
paper is to perform a systematic analysis of the saddle points of the brane action everywhere
on the double cone geometry with positive curvature boundaries. In this context we find
no brane nucleation instabilities. Double cones with flat boundaries are treated in the
appendix.

3 Conventions and actions

This work studies configurations of Dp-branes and M-branes in various models. The two
cases are very similar, and we discuss each in turn.
The Dp-brane configurations descend from the supersymmetric Dp-brane action

Ip, = —/dp+1 (Te_pfz?)q> v —det G+ / e(p+1), (31)

where G is the pull-back of the target space metric in the Einstein frame to the brane
world-volume, ¢ is the dilaton and

aq a2 ap api1
1 gulmmupr@x ox oz Ox

@D (p+ 1)) Bov okz " Pae Dot V) 102 apapirs

(3.2)

where C(;,1) is the Ramond-Ramond (RR) target space potential. In particular, we can
consistently ignore contributions of the gauge field on the brane to the Born-Infeld term as
it will not be sourced by the background in the configurations studied below. The action
for anti-branes differs only by a sign in the second term. Below, we focus on backgrounds
with a Zo symmetry exchanges the two boundaries and which also exchanges branes and
anti-branes. As a result, as described in section 2.3, it suffices to ignore anti-branes and to
compute the action for branes with the above signs so long as we allow such branes to lie
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on either side of our double cones. For simplicity we have set the brane tension to unity
in (3.1). We have written the action in Lorentzian signature, and we note that the path
integral weighting is

expilpy. (3.3)

The corresponding Euclidean action is thus Ig;didean =

—iIDp.

In sections 4 and 5, we will be interested in adding such branes to spacetimes with
geometry SAdS; 41 x X, where SAdS,41 is a (d+1)-dimensional AdS-Schwarschild spacetime
and X is a compact manifold. In particular, with spherical boundaries the metric on
SAdSgy takes the form

dr?

2 — _ £(r)de2
d F(r)dt + 70

+r2dQ3_,, (3.4)
with dQ2_, is the unit round metric on a (d — 1)-dimensional sphere and

r2 2M _ r2
f=l+75— "3 2M = 12 1+L—+2 , (3.5)

in terms of the horizon area-radius r; and the AdS scale L. The full solution will also
involve various matter fields so as to solve the relevant supergravity equations of motion.
In particular, AdS compactifications of 10-dimensional supergravity are associated with
fluxes for a U(1) gauge field that — in an electric representation — may be thought of as
a d-form potential with (d + 1)-form field strength F supported on the SAdS,; factor.®
For any given model, there are a variety of branes that we could consider adding in various
configurations. However, one expects that the branes most likely to activate an instability
are those where the above flux acts to lessen the branes’ attraction to the black hole. We
thus focus below on branes with p = d — 1 with the d = (p + 1) spacetime dimensions
along the brane oriented to lie “in the same directions” as the conformal boundary of
the SAdS4;1 factor. We also take the brane configuration to preserve the symmetries
of the SAdS;,1 factor, so in practice this places each brane at a constant value of the
Schwarzschild area-radius coordinate r.

The above features are common to each model below. Furthermore, we restrict atten-
tion to models with vanishing dilaton (¢ = 0) and which live in supersymmetric theories.
The latter condition fixes the relative normalization of the two integrands in (3.1) at the
conformal boundary of SAdS,;. Taken together, these features allow a uniform treatment
of all string-theoretic models.

As an illustrative example, we now supply further details for the familiar case p = 3
in which we consider type IIB supergravity solutions that are asymptotically AdSs x S°.
In the relevant solutions the only non-trivial bosonic fields are the self dual five-form Fiz)

8In some cases there may be additional fluxes as well, though they are typically related to the aforemen-
tioned flux by some sort of symmetry (at least after Kaluza-Klein reduction on X).
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and the ten-dimensional metric GG. For this particular sector, the equations of motion read

F(5) = dC(4) (3.6&)
F(5) = *10F(5) (36b)

1 cD
“Rap = 9615) acDEFL(5) 1 v (3.6¢)

where *1q is the ten-dimensional Hodge operation with respect to G, “ R are the compo-
nents of the Ricci tensor associated with G, C(4) the RR 4-form potential and upper case
Latin indices are ten-dimensional.

For most of this work we are interested in studying configurations arising in five-
dimensional minimal gauged supergravity, whose action comprises a five-dimensional metric
g and a five-dimensional gauge field F = dA

1 12 1 1
Iip=——— | V=g|R+ -5 —ZF®F, + ——
D= 167G /M g ( tIE g vt 153

where R is the Ricci scalar associated with g, lower case Latin indices are five-dimensional

EadeeFachdAe> s (37)

indices and L is the five-dimensional cosmological constant.
Solutions to the equations of motion derived from eq. (3.7) are known to uplift to
solutions of type IIB supergravity via [62—64]

A 2
d82 = Gap dz® diL'b + 1.2 (d\I/ + A — \/gL) + dS%P2] (3.8&)
4 L3
G(5) = —ZVOLr) - 42\/§n]]' VAN *5F, (38b)
Fi5) = G5y +*10Gs) (3.8¢)

where Vols is the volume form of g, x5 is the five-dimensional Hodge dual operation ob-
tained using g, dS(%IF>2 is the standard Fubini-Study metric on CP? and J = dA is its
associated Kéhler form. Note that if A = 0 one recovers the standard Freund-Rubin com-
pactification [65]. One can then use the above to compute the action (3.1) for D3 branes
at constant r and constant location on the S° to find that the brane contributes a path
integral weight

rd _ pd
expilp, = exp {—iTle lrdl f(r)— T +1 } , (3.9)
where 41 is the area of a unit round (d — 1)-dimensional sphere and we have written the
answer in a form where it in fact applies to all models considered below for any p =d — 1.
Again we remind the reader that we have set the brane tension to unity.

In fact, the expression (3.9) also applies to M-theoretic models. Since M-theory con-
tains M2-branes and M5-branes, such models are relevant to d = 3 and d = 6. In particular
they pertain to configurations that result from embedding Schwarzschild-AdS black holes
with d = 3 and d = 5 in eleven-dimensional supergravity. From the higher-dimensional
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perspective, these backgrounds asymptote to AdS; x S7 and AdS7 x S*, respectively. In
that case the supersymmetric probe-brane action is

Ty = _/dp+1a\/—det9 + /e(p+1), (3.10)

with p = 2, p = 5 for the AdSy x S” and AdS; x S* cases, respectively. Eq. (3.10) differs
from (3.1) mostly by deleting the dilaton factor. However, since we restrict analysis below
to those string-theoretic cases in which the dilaton vanishes, our treatment of M-branes
will be essentially identical to our treatment of D-branes.

In particular, it turns out that eq. (3.9) again describes the weight that each M-brane
contributes to the path integral. This can be verified in detail using the standard Freund-
Rubin compactification [65] to relate the AdS; and AdS7 theories to eleven-dimensional
supergravity. For reference purposes, our conventions are that the equations of motion of
eleven-dimensional supergravity read

GR 1 C Ga C
GRAB - 7GAB = E F(4) ACDEF(4) B bE — TBF(‘Q C’DEFF(4) DEF (3.11&)
1
d *11 F(4) = §F(4) VAN F(4) , (311b)

where F(y) = dC(3). Upper case Latin indices are now eleven-dimensional. In this case
the lower dimensional theories are just Einstein-Hilbert gravity endowed with a negative
cosmological constant.

4 AdSs

As a warm up for the more general cases studied below, we begin by taking A = 0 in
egs. (3.8) and focus on Schwarzschild-AdSs black holes with a spherical horizon. The five-
dimensional metric is simply given by (3.4) with d = 4. The horizon is the null hypersurface
r = r4 where f vanishes linearly. The Hawking temperature, entropy and energy of this
black hole spacetime are

1 22 w23 32 r2
Ty = 14 ==+ S =—* d Eg="=(14+-—2 4.1
H 27rr+< T ) H=5g, W Bu=ga-(1tE). (4

respectively. It can be readily checked that these quantities satisfy the first law of black
hole thermodynamics and that the specific heat of these black holes becomes negative for
ry/L < 1/v/2, divergent at v, /L = 1/+/2 and positive for r, /L > 1/4/2. Furthermore,
the Hawking-Page transition occurs at r; = L, which the black hole solution becoming
dominant in the canonical ensemble for r > L [66].

To bring our analysis as close as possible to [10], we introduce a new coordinate p
defined by

r= \/7“3_ + (L2 +2r2)sinh? p, (4.2)
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with p > 0 corresponding to the right side of the eternal Schwarzschild-AdSs black hole.
In these new coordinates the line element (3.4) becomes

(14 2y2)%cosh?p
y2 + (14 2y2)sinh?p

ds?, = — sinh? pdt? + L? dp? + L* {yi + (1 + 2y% ) sinh? p} doz,

(4.3)
where we defined yy = r; /L. The above metric is singular at p = 0, since the metric
degenerates there. This singularity could be avoided if we worked in Euclidean signature
and identified the period of Euclidean time appropriately. However, here we want to keep
the period of the Lorentzian time ¢ as being T', so there is a genuine singularity at p = 0.
There are also curvature singularities, which in Schwarzschild coordinates occur at r = 0,
and are now mapped to the complex plane

pEl = +iarcsin (y*) g (4.4)

,/1+2yi

with j € Z. In the p coordinates, the action from (3.9) for the D3-branes becomes
iIns(p) =iT 7 L*(1 +2y3) e ” sinhp {yi sinh(2p) — (1 +y3) cosh(2p) — 3 + 1} . (4.5)

The analysis of anti-branes follows by symmetry as described in section 2.3.7
Searching for saddle points in the complex p plane is a tedious exercise, but can
nevertheless be done analytically. We find three different classes of saddles, which can be

written as
; 1 1
piJ:—logXI—l—i(j—)w (4.6a)
2 2
with j € Z, I € {1,2,3} and
Xt = {cosh _larccosh (1+8y% +8y1 )] - 1} (4.6b)
14292 13 * o2y '
1 (1 2 1
X? = m {cosh _garccosh (1+8y%+ Byi) + % i] — 2} , (4.6¢)
1 4 1
3 2 4 .
X° = 722 {cosh _garccosh (1+8y7 +8yy)+ 31] - 2} . (4.6d)

We note that X! is real, and X2, X3 are complex, with X? having positive imaginary part
and being the complex conjugate of X3. It is also straightforward to show that X', X2
and X3 satisfy

3

Xlyx?exde__ %
2(1+2y%)

(4.7)

9Explicitly, the weighting in the brane path integral is exp(i Ips(p)) and the weight in the anti-brane
path integral is exp(—iIps(—p)).
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It is now a simple matter to evaluate the real part of the action (4.5) on the corresponding
saddles, for which we find

Re TL3ID3 (,0* ) =0, (4.8a)
I 1 3372 il [(2X (142y3)* 2y
iy _ X _ cosh [ X 4.
Re TL3 D3 ('0* ) 8 ( 3 ) cosh(2y) €08 ( 3 ) ’ (4.8b)
[ N 3f7r . X\ | (1 +2¢3)° 2x
Re|7psis (v ) S <3> cosh(2y) M \3 )| (48¢)

with
= log (,/1 +y3 + y+) . (4.8d)

The saddles with the most potential danger are pfj , for which (4.8b) is positive definite;
the corresponding quantities are negative definite or identically zero for the other saddles.
Note that the action is independent of the j index, as only exp(2p) enters actions and
equations. However, finding a saddle is not enough to show that it actually contributes to
the path integral, as discussed in detail in section 2.2.

Our initial contour C' is given by

C={peC:p=x—icwithz R}, (4.9)

where € > 0 is taken to be small. This contour is chosen in such a way that e/P3 decays
as |x| — +oo. Furthermore, since € > 0 we avoid the singularity at p = 0. The initial
contour is the dashed magenta line in figure 4, it runs parallel to the real p axis, and slightly
below it.

We now proceed to numerically find the paths of steepest descent associated with each
of our saddles. We show these saddles and a density plot of Re (iIp3(p)) in figure 4, taking
r+ = L. The red disks indicate the location of the singularities, the singularity at p = 0 is
the orbifold singularity at the bifurcation point. The purple diamonds are saddles of type

1 ', the black triangles are saddles of type pz ', and the blue squares are saddles of type
p*]. Also shown are the paths of steepest descent through p* (dotted purple line) and
through p37 (solid blue line).

We find that we can smoothly deform the original contour to the steepest descent
contour through the blue square (the solid blue line), while keeping the contribution from
the asymptotic ends suppressed. This is the saddle we called pij (with 7 = 0), and on this
saddle, we have Re(ilp3) < 0.1°

To double check our calculation, we verified numerically that the integral along the
steepest descent path and along our original contour agree to very high accuracy. As
described in section 2.2, this means that no other saddle can be more dominant. But for

10The Z» symmetry discussed in section 2.3 implies that the relevant saddle for the anti-brane will be at
—(pi 7)*. Also, as noted in section 2.3 and as can be easily checked explicitly in this case, the on-shell value
of Re (iIp3) is the same for the brane and anti-brane.
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Figure 4. A density plot of Re (iI D3/ L3T) in AdS;5 showing saddles and relevant contours for
ry = L. The red disks are singuarlities, with p = 0 being the orbifold singularity of the double cone
at the black hole bifurcation surface. The magenta dashed line is slightly below the real axis, and
we take it to be the defining contour for our path integral. The blue square corresponds to pij ,
and the blue line through it is the steepest descent contour. The defining contour can be deformed
to this, so we find a contribution to the integral from this saddle. But (4.8c) has negative real
part, so this contribution is suppressed; it does not induce a brane nucleation instability. The black
triangle corresponds to pf J , and the purple diamonds correspond to pi . The steepest descent path
through the purple saddle is also shown, but any deformation to the defining contour is obstructed
both by regions of large brane amplitude (shaded in red) and the black hole singularity (associated
with the red disk below the real axis). The constant phase contour (not shown) that descends from
the black triangle in fact also passes through the blue dot, near which it is the contour of steepest
ascent; the amplitude then grows without bound as one continues further along this contour.

completeness we include discussion of descent contours through the other saddles in the
caption of figure 4, making manifest that they cannot be deformed to the defining contour.

Note, however, that the contour of steepest descent through a saddle described by
a purple square is also asymptotically suppressed at both ends. But the initial contour
cannot be deformed to this contour without crossing over one of the red dots in figure 4 at
Im p # 0, corresponding to the black hole singularity at » = 0. So the purple saddles are
not relevant to the desired calculation.

5 General dimensions

We now establish the absence of brane nucleation instability on the double cone in arbitrary
dimensions (as usual, at the strict probe-brane level). We work in AdSgy; with d > 3.
Section 4 studied the case of d = 4, but as described in section 3 the general case is similar
and involves branes with p =d — 1.
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We work directly in the r-coordinate without attempting to introduce an analogue of
the p-coordinate (4.2). The brane contributes to the path integral a weight given by (3.9).
Note that f ~ r2/L? at large r so that the area and volume terms almost cancel; this is a
consequence of working in a supersymmetric model. The extremization of the brane action
yields the equation

dri-1
L

1
5f/,rd—l + f?“d_Q(d _ 1) _

V. (5.1)

Only the right hand side involves a square root. The extremization equation can be squared
and simplified to a polynomial equation involving four terms. The saddle point value 7,
satisfies

2(d—1)
L2< ) 20D (g )2 902 gy 1y At M2 = 0. (5.2)

We also find a very simple expression for the on-shell action

iTQy
L

d—1 9 42 2 d
{d Lory™" = L°M +rf

expil, = exp {— } : (5.3)
A saddle that dominates over the configuration with no branes should thus have
Im (r¢=2) > 0.

AdS,: figure 5 shows a density plot of density plot of Re (ily12) in AdSy indicating saddles
and relevant contours in the complex r plane for r; = L. Other values of r| are similar.
As in AdSs, we can identify a saddle on a global descent contour that can be deformed to
the defining contour for our integral. And again the relevant saddle has Re (ily12) < 0. As

t,ll

described in section 2.2, no other saddle can be more dominan so the system is stable

to brane nucleation.

Higher dimensions: increasing d increases the degree of the polynomial equation to be
solved for saddles. We thus find an increasing number of branch points in the r plane
located at roots of f. Typical cases for AdS; are shown in figure 6. The most relevant
structures are similar to that seen in AdSy, especially near the line (blue curve) of steepest
descent that can be deformed to the defining contour. However, the detailed structure
of branch points and branch cuts depends on ry as shown in the figures. As above, the
relevant saddle has Re (ilyr7) < 0 indicating stability with respect to brane nucleation.
We have checked that these statements remain true for all 3 < d < 20. This includes
many cases that cannot correspond to microscopic supersymmetric theories, but where our
universal form can be studied nonetheless.

Large d limit: the above numerical results suggest that the double cone is stable to
brane nucleation for all d > 3. An analytic treatment also becomes possible in the large d

1YWe have also checked explicitly that no other saddle lies on a global descent contour that can be
deformed to the defining contour.
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Figure 5. A density plot of Re (ily12) in AdS, showing saddles and relevant contours in the complex
r plane. We take ry = L. The red dots are branch points for the action, which now include all
singularities of the double cone spacetime (though some branch points also occur at smooth points
of the double cone spacetime). The dashed magenta curve is the defining contour for our integral.
The blue dots are saddles, and one of these has a global descent contour (solid blue line) that can
be deformed to the dashed magenta curve. The relevant saddle has Re (ilyz) < 0. As described in
section 2.2, no other saddle can be more dominant (and we have again checked explicitly that the
other saddles fail to lie on useful descent contours), so the system is stable to brane nucleation.

10 % ’ Re(i Ius/L°T) F ‘ Re(i Is/L°T)
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Figure 6. A density plot of Re (i/y5) in AdS7 showing saddles and relevant contours in the complex
r plane. We use the same conventions as in figure 5, with the steepest descent contour that can
be deformed to the defining contour shown in solid blue. Again, its saddle has Re (ily;5) < 0
and indicates stability with respect to brane nucleation. The details of the branch point structure

change at r, /L = /3. The left panel was generated with r, = L/2, whereas on the right panel we
have r, = L.
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limit, where we take the limit d — oo while keeping r, fixed. We make the ansatz'?

re=ry > d(i) : (5.4)
=0

and determine the coefficients a ;) in an expansion of eq. (5.2) at large d. We find that
a9y = 1, which means that as d — 400, r, approaches 7. The next to leading order
coefficient reads

4€%*) — 4e®M) 42 +1 =0, (5.5)

where recall that we defined r =y, L. This equation can be readily solved to give

j .. 1 .
O‘%1) L =27mji+log [2(1 +iyy)|, (5.6)
with j € Z and we defined the log so that logz = log|z| + i arg z with —7 < argz < 7.
Keeping the root closest to the real axis and with a negative imaginary part (which we
expect to be the relevant one, though this is nontrivial to check in detail), we find

1 1
r*::r+~{1+—dlog[2(1——iy+) +—O(d_2)}. (5.7)
As d — oo this value approaches the horizon r = r from the lower half plane (i.e., with
a small imaginary part). Note also that (5.7) gives us the value of the on-shell action (5.3)

in the large d limit, for which we find

TritQ,
expil, :exp{—r+2“(1+iy+) [1+0(d1)]}, (5.8)

and we see that the brane action is suppressed. This provides a further check on the claim
that any d > 3 is qualitatively similar to the d = 3 case shown in figure 5.

We thus find the Schwarzschild double cone to be stable to brane nucleation at the
strict probe-brane level in any AdSgy1 with d > 3.

6 The Cvetic-Lii-Pope black holes

Here we study a family of charged Kerr-AdS black holes in five dimensions with two equal
angular momenta whose line element and gauge field read

2 2 2
ds? = — L a2 L " (02402 + Toh(os — Wdt)?, (6.1a)
h f 4 4
V3Q J
A= 7"2 dt — 50’3 s (61b)

12WWe determine all coefficients to ¢ = 4, when the error in eq. (5.4) compared with the exact results in
d = 6 where well under the one percent level.

—90 —



where o1, 09,03 are the usual left-invariant 1-forms of S with

o1 =cossinh d¢ —siny dé, (6.2a)

o9 = sinysin @ d¢ + cosyp df, (6.2b)

o3 =di) +cosf do, (6.2c)

and
2 oM Q? J?2  2MIL%*y
2] [2M+Q  Q?
W= <r2 ) (6.:35)
72092 2007 4 O
he1o 19 2T TQ) (6.3¢)

76 r

where L2y = j2(1 + Q/J\Zf) The constants M, Q and J parameterize the energy Fp,
electric charge () and angular momentum J as

3Mn X
_ V3L7Q
Q 1Gs (6.4b)
Jr oo -

The line element (6.1a) enjoys U(2) symmetry, which is the reason why it can be written
as a cohomogeneity-1 spacetime, whose homogeneous surfaces are surfaces of constant r.

The black hole event horizon is the null hypersurface r = r,, with 4. being the largest
real positive root of f(r). In the static limit, where J = 0, this solution reduces to the
familiar Reissner-Nordstrom black hole with AdS asymptotics, whereas in the uncharged
limit, where Q = 0, it yields the equal angular momenta Kerr-AdS black hole first found
in [67] and subsequently in [68]. Perhaps more importantly, if we set

- ~ 9 37“_2F ’I“i
M:MBpSzT+ 1-1-@"‘@ (6.5&)
o
Q = Qpps = ry [ 1+ 272 ] (6.5b)
~ ~ Lr?
J = JBPS = &—’_7—"2_-[/27 (65C)

the solution becomes the one-parameter family of supersymmetric black holes found in [69,
70]. Although the parameters M, Q, J allow us to easily write all metric functions, it turns
out to be more beneficial to write f in terms of r; and the radius of the Cauchy horizon
r_ < ry. Using the fact that f vanishes at the Cauchy horizon and at the black hole event
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horizon, we can invert the relation between M and Q as a funtion of r4 and r—. In terms
of 4 and r_ the function f(r) simplifies considerably, namely

(r2=r2)(r? = r2)(r? + L2+ r2 +1r3)
12,4

f(r) = : (6.6)

As usual, we expect the D3-brane action to be minimized by branes that respect the
symmetry. Due to the above-mentioned U(2) symmetry, this requires r to be constant over
the brane worldvolume. Using our embedding formula (3.8) together with the D3-brane
action (3.1) then gives an action for D3-brane probes that is remarkably similar to (3.9)
with d = 4, namely

] 2im2T
ilps(r) = [ ol

| —7rt — L3 f(?“)], (6.7)

but now with f(r) given as in (6.6). We are thus left with

2im?T
il (r) = == [r4 e SR )2 =) (2 4 L2 02 2] (6.8)
There are six branch points in the complex r plane located at
Tbranch = {ir+7 dro, Hi(L2 42 + ri)} , (6.9)

and we choose the branch cuts as in figure 7.

It is no longer possible to find the saddle points of (6.8) in closed form because the
resulting equations for determining r, turn out to be a quintic polynomial in 2. However
they can be found numerically.

Results for ry = L and r— = L/5 are described in figure 7. For this case we can again
find a steepest descent contour that can be deformed to our defining contour, and as above
the relevant saddle has Re (iIps) < 0. So the system is stable to brane nucleation. We
will refer to this saddle as r below, with the notation indicating that it is the only saddle
relevant to the stationary phase approximation.

Other values give similar results when either r4 or r_ are small. However, even our
subleading saddle-point contribution disappears when both r and r_ are sufficiently large.
This can be shown analytically by investigating the discriminant of the above-mentioned
quintic.

We will not present here a detailed analysis of the discriminant as it requires a rather
tedious calculation. However, one can prove that for a given value of v, > L, a value of
r_(r4) exists such that r; becomes real, signaling a phase transition. At the transition,
the steepest descent contour through 7 passes through the branch point. And after the
transition, the descent contour crosses through the cut and can no longer be deformed to the
defining contour. So then even the contribution of this subdominant saddle disappears.!?

Furthermore, one can determine r_(r4) explicitly as a particular root of a quartic
polynomial. For ry > L this r_(r4) becomes less than 74, so the phenomenon becomes

13When this happens, we can no longer argue that other saddles fail to contribute just by studying the
contour for . But a direct check of the descent contours for other saddles again shows that they fail to
contribute.
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Figure 7. A density plot of Re (ilps) for a Cvetié-Lii-Pope black hole with r, = L and r_ = L/5.
We use the same conventions as in figure 5, with the (unique!) steepest descent contour that can
be deformed to the defining contour shown in solid blue. Again, its saddle (which we call ) has
Re (iIps) < 0. So as described in section 2.2, no other saddle can be more dominant and our results
indicate stability with respect to brane nucleation.

relevant to physically allowed black holes. The case ry = L is special, as r_(ry) = rq,
so the saddle merely merges with the branch point » = r at extremality (r_ = L) but is
otherwise complex. For r4 < L and r_— < ry4, we find that r is always complex.

We have also studied the uplift of the standard Reissner-Nordstréom black hole to
eleven-dimensional supergravity using the results in [62]. The conclusions are identical to
those for Cveti¢-Lii-Pope black holes described above.

7 Discussion

Our work above studied the possibility of brane nucleation in the double cone spacetime.
As described in section 2, at the strict probe-brane level this reduces to finding complex
saddle points for the probe-brane action and studying their action. We studied general
microscopic models in M-theory or in string-theory where the double cone has vanishing
dilaton and where the vacuum is AdS; x X for some compact X. Schwarzschild double
cones were studied in sections 4 and 5, but more general charged and rotating models were
also studied in section 6.

In all cases with positively-curved boundaries we find that saddles either yield sup-
pression relative to the original double cone without branes, or else the saddle fails to lie
on a global descent contour that can be deformed to the original contour of integration.
This argues that double cones in such theories are stable to brane nucleation, and thus that
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they dominate the semiclassical bulk path integral for the boundary spectral form factor
in the ramp regime tramp < T' < e,

Cases with flat (toroidal) boundaries are studied in the appendix. While there are no
strict instabilities, the brane action remains bounded at infinity. As a result, the integral
over brane configurations makes the path integral diverge and the double cone does not
dominate the SFF. As is also briefly discussed in the appendix, this nevertheless consis-
tent with expectations from the dual field theory (which in this case suffers from an IR
divergence in its density of states).

As described in section 3, our study was limited in three ways. First, we considered only
brane configurations that preserved the Killing symmetries of the asymptotically AdSz11
factor. While this restriction is natural, and while it may in fact be that all saddles are
of this form, it would be useful for future work to fill in this gap. Second, we did not
investigate the possibility of field-theoretic negative modes. We mention that [42] will
discuss such issues for related constrained instantons, but it would be interesting to probe
the issue directly for our complex saddles.

However, the third limitation may be the most interesting. This was the fact that
we have thus far neglected brane back-reaction, and that — as discussed in section 2.3
— such back-reaction raises complications for the microcanonical boundary conditions
associated with the SFF. Recall that considering a brane/anti-brane pair means that we
add no net charge and thus preserves the fixed-charge boundary conditions of the double
cone background, but that the relevant pairs contribute a net imaginary energy 2iImFE,
associated with the Killing field 0;. In perturbation theory this Killing energy becomes
related to the difference in ADM energies on the two boundaries, so including back-reaction
would appear to violate the boundary conditions that fixed the energy of the original double
cone to be the same on both ends.

In many contexts, one could compensate for the addition of Killing energy 2i ImFE, by
adjusting parameters in the background. But the on-shell double cone exists only when
the ADM energies at the two ends agree (so that the total Killing energy defined by 0
vanishes). So this option is not available.

At the saddle point level one may nevertheless declare victory. Since no backgrounds
exist that can compensate for the addition of Killing energy 2iImFE,, the perturbative
addition of such branes cannot lead to new saddles that might dominate over the original
double cone. Perturbation theory for saddles thus gives no reason to doubt the dominance
of the original double cone. But this approach is unsatisfying, as it leaves us with no way
to analyze the actual physics associated with the addition of such branes. Let us thus take
another look at this issue.

Recall [10, 71] that a microcanonical ensemble can be represented as an integral over
canonical ensembles. In particular, the microcanonical SFF with energy F and energy-
width AF can be written

[ 4BLa8r (2(8L ~T)Z(Br +1T)) exp ((Bu+ Bw)E + (5} + BRAED). (1)

While there is no bulk saddle for (Z (8, —iT)Z(Br+1T)), in analogy with either the lower-
dimensional results of [10] or the constrained-instanton results of [72] one may expect to
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be able to write
(2(81 D)2 +1T)) = [ db el GeiTombiti (7.2)

where b is the constraint parameter to be integrated over last, and for some Euclidean
gravitational effective action gy (8r —iT, fr +iT), b) associated with off-shell double cone
contributions. The dots indicate additional contributions, such as from double cones with
additional branes. In particular, including a term with a single brane/anti-brane pair would
yield

(Z(5 ~T)Z(B +iT)) = [ db e~ lorPu=iTAm 4T

X (1 + /dpbd% e~ [Ibranc(p%ﬁL_iTyﬂR"’iTvb)J’_Ianti-branc(pg;BL_iTaﬁRJ"iTvb)] _|_ . ) X

(7.3)

Here p, and py denote the positions of the brane and anti-brane respectively.

A full analysis would then consist of performing the integrals in (7.3) and comparing
the results for the terms with and without branes. It would be interesting to return to
this task in future work. However, given that the ramp is relevant for large values of T'
(so long as T < e°), a full analysis may require a great deal of control over the effective
action Igray(Br —iT, Br +iT, b) summarizing off-shell contributions. In particular, suppose
that Igay is evaluated by performing some of the integrations in our path integral in the
stationary phase approximation. In simple contexts like those studied in [72], the result
becomes independent of T' due to cancellations between the left and right sides of the
double cone. But general off-shell contributions may nevertheless depend on T. Though
they will come with a small coefficient which vanishes in the semiclassical limit, such terms
may nevertheless become relevant at exponentially large times. We are thus unable to rule
out novel behavior at large T, including the potential for new instabilities.

Of course, even if stability of the double cone were to be fully confirmed, the precise
implications for AdS/CFT would remain a subject of debate. The double cone contribution
to the SFF gives a precisely-linear ramp and violates boundary factorization. So unless
further UV ingredients in the bulk can provide large corrections, this would then require
the bulk theory to be dual to an ensemble of CFTs; see associated comments in section 1.
On the other hand, if e.g. bulk string field theory could provide such corrections, then one
would expect them to introduce detailed structure in the ramp regime but to nevertheless
maintain the simple qualitative features associated with the double cone at some coarse-
grained level. In particular, to be consistent with expectations from quantum chaos, the
double cone would still need to dominate calculations of the spectral form factor when one
averages the time parameter T' over windows that are small on macroscopic scales but large
on microscopic scales; see e.g. [41]. In either case, our results indicate that the double cone
will remain a robust part of the description of the spectral form factor in UV-complete
higher-dimensional models.
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A  BTZ and higher-dimensional black holes with torus boundaries

In this appendix we consider the case when the boundary has topology T? = (S')¢ and is
thus flat. We are particularly interested in the cases with d = 2, 3,4, 6.

The d = 2 case corresponds to a BTZ black hole [73], whose uplift to ten-dimensional
type IIB supergravity we have not yet discussed. To this end we consider type IIB su-
pergravity with only the ten-dimensional metric 19 g, Ramond-Ramond three-form Fig) =
dA(9) and dilaton ¢. The corresponding equations of motion are

e "Vgap

1 e?
(10)RAB=§(10)VA¢(1O)VB¢+Z FayacnF ) p 15 Eayopels, “pEl
(A.1a)
d(€¢*10F(3)):O, (A].b)
¢
e
06— 5 FsancF, ABC _, (A.lc)

where *¢ is the Hodge operation associated with the ten-dimensional metric (10 g, 10V its
associated metric-compatible connection and upper case Latin indices are ten-dimensional.
Consider the following ten-dimensional field configuration

ds? = gupdz®dab + L2d02 + d2? + d22 + d22 + d2? (A.2a)
F) = —%Volg +2L%d3Q3 (A.2D)

and
¢=0, (A.2c)

where d3Q3 is the volume form on a round 3-sphere, Vols is the volume form of the three-
dimensional metric (19 g. Inserting the Ansdtze (A.2) into the 10-dimensional equations of
motion (A.1) yields a set of three-dimensional equations for g which can be derived from
the following three-dimensional action

Syq = /M Bry—g (R + L12> . (A.3)
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In particular, the BTZ black hole can be uplifted to a solution of ten-dimensional type IIB
supergravity following the formulae above.
Returning to general d, all the metrics we wish the investigate take the following form

ds? = — f(r)de? + #) +r2 Y da?, (A.4a)
1=1
with ) 4
r T'Jr
flr) = 12 [2pd-2 (A.4b)

where x; are coordinates on T¢ and the black hole event horizon is the null hypersurface
r = r4. Before proceeding we introduce a new coordinate p defined via

r=ry coshd (d2p> . (A.5)

with p = 0 being the birurcating Killing surface. In terms of the p coordinates the line
element (A.4a) becomes
2 d—1

ds? = —%; coshd (d2p> tanh? <d2p> dt* + L*dp* + r2 coshd <d2p> ; da? . (A.6)
It is now a simple exercise to compute the on-shell brane action for D1-branes (d = 2),
M2-branes (d = 3), D3-branes (d = 4) and M5-branes (d = 6) for which we find

:d
iy =t Tt szw‘l (et —1) (A7)
where Va1 is the volume of T4,

At large positive p, the action approaches a constant, and thus the brane contribution
to the path integral is divergent. This is a well-known effect; see e.g. [59-61]. In particular,
for d = 2 the theories dual to AdSs that have BPS branes are 2d sigma models with a
non-compact target space. The density of states, being proportional to the volume of the
non-compact target space times a continuous function, is thus, strictly speaking, infinite.
Hence, we do not expect a ramp in the spectral form factor.

If we consider higher dimensional AdS black holes with toroidal boundaries, the con-
tribution to the path integral from brane configurations again diverges. The interpretation
in the dual field theory is similar.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] G.V. Lavrelashvili, V.A. Rubakov and P.G. Tinyakov, Disruption of Quantum Coherence
upon a Change in Spatial Topology in Quantum Gravity, JETP Lett. 46 (1987) 167 [Pisma
Zh. Eksp. Teor. Fiz. 46 (1987) 134] [INSPIRE].

[2] S.W. Hawking, Quantum Coherence Down the Wormhole, Phys. Lett. B 195 (1987) 337
[INSPIRE].

_97 —


https://creativecommons.org/licenses/by/4.0/
https://inspirehep.net/search?p=find+J%20%22JETP%20Lett.%2C46%2C167%22
https://doi.org/10.1016/0370-2693(87)90028-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB195%2C337%22

3]
[4]

[16]

[17]

[18]

S.W. Hawking, Wormholes in Space-Time, Phys. Rev. D 37 (1988) 904 [INSPIRE].

S.R. Coleman, Black Holes as Red Herrings: Topological Fluctuations and the Loss of
Quantum Coherence, Nucl. Phys. B 307 (1988) 867 [INSPIRE].

S.B. Giddings and A. Strominger, Loss of Incoherence and Determination of Coupling
Constants in Quantum Gravity, Nucl. Phys. B 307 (1988) 854 [INSPIRE].

S.B. Giddings and A. Strominger, Baby Universes, Third Quantization and the Cosmological
Constant, Nucl. Phys. B 321 (1989) 481 nSPIRE].

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

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical
string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109] [INSPIRE].

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

P. Saad, S.H. Shenker and D. Stanford, A semiclassical ramp in SYK and in gravity,
arXiv:1806.06840 [INSPIRE].

P. Saad, S.H. Shenker and D. Stanford, JT gravity as a matriz integral, ar¥iv:1903.11115
[INSPIRE].

D. Stanford and E. Witten, JT' gravity and the ensembles of random matrix theory, Adv.
Theor. Math. Phys. 24 (2020) 1475 [arXiv:1907.03363] [INSPIRE].

D. Marolf and H. Maxfield, Transcending the ensemble: baby universes, spacetime
wormholes, and the order and disorder of black hole information, JHEP 08 (2020) 044
[arXiv:2002.08950] InSPIRE].

P. Betzios and O. Papadoulaki, Liouville theory and Matrix models: A Wheeler DeWitt
perspective, JHEP 09 (2020) 125 [arXiv:2004.00002] [INSPIRE].

J. Cotler and K. Jensen, AdSs gravity and random CFT, JHEP 04 (2021) 033
[arXiv:2006.08648] [INSPIRE].

H. Maxfield and G.J. Turiaci, The path integral of 3D gravity near extremality; or, JT gravity
with defects as a matriz integral, JHEP 01 (2021) 118 [arXiv:2006.11317] [InSPIRE].

N. Afkhami-Jeddi, H. Cohn, T. Hartman and A. Tajdini, Free partition functions and an
averaged holographic duality, JHEP 01 (2021) 130 [arXiv:2006.04839] [INSPIRE].

A. Maloney and E. Witten, Averaging over Narain moduli space, JHEP 10 (2020) 187
[arXiv:2006.04855] INSPIRE].

A.M. Garcia-Garcia and V. Godet, Fuclidean wormhole in the Sachdev-Ye-Kitaev model,
Phys. Rev. D 103 (2021) 046014 [arXiv:2010.11633] [INSPIRE].

J.M. Maldacena and L. Maoz, Wormholes in AdS, JHEP 02 (2004) 053 [hep-th/0401024]
[INSPIRE].

A. Almbheiri, T. Hartman, J.M. Maldacena, E. Shaghoulian and A. Tajdini, Replica
Wormholes and the Entropy of Hawking Radiation, JHEP 05 (2020) 013
[arXiv:1911.12333] [INSPIRE].

G. Penington, S.H. Shenker, D. Stanford and Z. Yang, Replica wormholes and the black hole
interior, arXiv:1911.11977 [INSPIRE].

~ 98 —


https://doi.org/10.1103/PhysRevD.37.904
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD37%2C904%22
https://doi.org/10.1016/0550-3213(88)90110-1
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB307%2C867%22
https://doi.org/10.1016/0550-3213(88)90109-5
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB307%2C854%22
https://doi.org/10.1016/0550-3213(89)90353-2
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB321%2C481%22
https://doi.org/10.1023/A:1026654312961
https://doi.org/10.1023/A:1026654312961
https://arxiv.org/abs/hep-th/9711200
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9711200
https://doi.org/10.1016/S0370-2693(98)00377-3
https://arxiv.org/abs/hep-th/9802109
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9802109
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://arxiv.org/abs/hep-th/9802150
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9802150
https://arxiv.org/abs/1806.06840
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.06840
https://arxiv.org/abs/1903.11115
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.11115
https://doi.org/10.4310/ATMP.2020.v24.n6.a4
https://doi.org/10.4310/ATMP.2020.v24.n6.a4
https://arxiv.org/abs/1907.03363
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1907.03363
https://doi.org/10.1007/JHEP08(2020)044
https://arxiv.org/abs/2002.08950
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.08950
https://doi.org/10.1007/JHEP09(2020)125
https://arxiv.org/abs/2004.00002
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.00002
https://doi.org/10.1007/JHEP04(2021)033
https://arxiv.org/abs/2006.08648
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.08648
https://doi.org/10.1007/JHEP01(2021)118
https://arxiv.org/abs/2006.11317
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.11317
https://doi.org/10.1007/JHEP01(2021)130
https://arxiv.org/abs/2006.04839
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04839
https://doi.org/10.1007/JHEP10(2020)187
https://arxiv.org/abs/2006.04855
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.04855
https://doi.org/10.1103/PhysRevD.103.046014
https://arxiv.org/abs/2010.11633
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.11633
https://doi.org/10.1088/1126-6708/2004/02/053
https://arxiv.org/abs/hep-th/0401024
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401024
https://doi.org/10.1007/JHEP05(2020)013
https://arxiv.org/abs/1911.12333
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12333
https://arxiv.org/abs/1911.11977
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.11977

23]
[24]
[25]
26]
27]
28]
[20]

[30]

[31]
[32]
[33]
[34]
[35]
[36]

[37]

D. Marolf and H. Maxfield, Observations of Hawking radiation: the Page curve and baby
universes, JHEP 04 (2021) 272 [arXiv:2010.06602] [INSPIRE].

P.-S. Hsin, L.V. Iliesiu and Z. Yang, A wviolation of global symmetries from replica wormholes
and the fate of black hole remnants, arXiv:2011.09444 [INSPIRE].

Y. Chen and H.-W. Lin, Signatures of global symmetry violation in relative entropies and
replica wormholes, JHEP 03 (2021) 040 [arXiv:2011.06005] INSPIRE].

D. Harlow and H. Ooguri, Constraints on Symmetries from Holography, Phys. Rev. Lett. 122
(2019) 191601 [arXiv:1810.05337] [INSPIRE].

D. Harlow and H. Ooguri, Symmetries in quantum field theory and quantum gravity,
Commun. Math. Phys. 383 (2021) 1669 [arXiv:1810.05338] [INSPIRE].

D. Harlow and E. Shaghoulian, Global symmetry, Fuclidean gravity, and the black hole
information problem, JHEP 04 (2021) 175 [arXiv:2010.10539] [INSPIRE].

A. Belin, J. De Boer, P. Nayak and J. Sonner, Charged Figenstate Thermalization, Fuclidean
Wormholes and Global Symmetries in Quantum Gravity, arXiv:2012.07875 [INSPIRE].

S. Colin-Ellerin, X. Dong, D. Marolf, M. Rangamani and Z. Wang, Real-time gravitational
replicas: Formalism and a variational principle, JHEP 05 (2021) 117 [arXiv:2012.00828|
[INSPIRE].

J. McNamara and C. Vafa, Baby Universes, Holography, and the Swampland,
arXiv:2004.06738 [INSPIRE].

T. Pantev and E. Sharpe, Notes on gauging noneffective group actions, hep-th/0502027
[INSPIRE].

T. Pantev and E. Sharpe, GLSM’s for Gerbes (and other toric stacks), Adv. Theor. Math.
Phys. 10 (2006) 77 [hep-th/0502053] [INSPIRE].

T. Pantev and E. Sharpe, String compactifications on Calabi- Yau stacks, Nucl. Phys. B 733
(2006) 233 [hep-th/0502044] INSPIRE].

N. Seiberg, Modifying the Sum Over Topological Sectors and Constraints on Supergravity,
JHEP 07 (2010) 070 [arXiv:1005.0002] [INSPIRE].

A. Buchel, Gauge theories on hyperbolic spaces and dual wormhole instabilities, Phys. Rev. D
70 (2004) 066004 [hep-th/0402174] [INSPIRE].

T. Hertog, B. Truijen and T. Van Riet, Fuclidean azion wormholes have multiple negative
modes, Phys. Rev. Lett. 123 (2019) 081302 [arXiv:1811.12690] InSPIRE].

P. Betzios, E. Kiritsis and O. Papadoulaki, Fuclidean Wormholes and Holography, JHEP 06
(2019) 042 [arXiv:1903.05658] [INSPIRE].

D. Marolf and J.E. Santos, AdS Fuclidean wormholes, arXiv:2101.08875 [INSPIRE].

H. Gharibyan, M. Hanada, S.H. Shenker and M. Tezuka, Onset of Random Matrix Behavior
in Scrambling Systems, JHEP 07 (2018) 124 [Erratum JHEP 02 (2019) 197]
[arXiv:1803.08050] [iNSPIRE].

P. Saad, Gravitational path integral and averages, in Replica wormholes and black hole
information: Perspectives and Questions (Part 2), talk given at the Gravitational
Holography, KITP, Santa Barbara, CA, U.S.A., 6 January—26 March 2020 and online at
https://online kitp.ucsb.edu/online/qgravity20/replica2/.

J. Cotler and K. Jensen, Wormholes and black hole microstates in AdS/CFT, JHEP 09
(2021) 001 [arXiv:2104.00601] [INSPIRE].

~ 99 —


https://doi.org/10.1007/JHEP04(2021)272
https://arxiv.org/abs/2010.06602
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.06602
https://arxiv.org/abs/2011.09444
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.09444
https://doi.org/10.1007/JHEP03(2021)040
https://arxiv.org/abs/2011.06005
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.06005
https://doi.org/10.1103/PhysRevLett.122.191601
https://doi.org/10.1103/PhysRevLett.122.191601
https://arxiv.org/abs/1810.05337
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05337
https://doi.org/10.1007/s00220-021-04040-y
https://arxiv.org/abs/1810.05338
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.05338
https://doi.org/10.1007/JHEP04(2021)175
https://arxiv.org/abs/2010.10539
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.10539
https://arxiv.org/abs/2012.07875
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.07875
https://doi.org/10.1007/JHEP05(2021)117
https://arxiv.org/abs/2012.00828
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.00828
https://arxiv.org/abs/2004.06738
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.06738
https://arxiv.org/abs/hep-th/0502027
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502027
https://doi.org/10.4310/ATMP.2006.v10.n1.a4
https://doi.org/10.4310/ATMP.2006.v10.n1.a4
https://arxiv.org/abs/hep-th/0502053
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502053
https://doi.org/10.1016/j.nuclphysb.2005.10.035
https://doi.org/10.1016/j.nuclphysb.2005.10.035
https://arxiv.org/abs/hep-th/0502044
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0502044
https://doi.org/10.1007/JHEP07(2010)070
https://arxiv.org/abs/1005.0002
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1005.0002
https://doi.org/10.1103/PhysRevD.70.066004
https://doi.org/10.1103/PhysRevD.70.066004
https://arxiv.org/abs/hep-th/0402174
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0402174
https://doi.org/10.1103/PhysRevLett.123.081302
https://arxiv.org/abs/1811.12690
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.12690
https://doi.org/10.1007/JHEP06(2019)042
https://doi.org/10.1007/JHEP06(2019)042
https://arxiv.org/abs/1903.05658
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.05658
https://arxiv.org/abs/2101.08875
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.08875
https://doi.org/10.1007/JHEP07(2018)124
https://doi.org/10.1007/JHEP02(2019)197
https://arxiv.org/abs/1803.08050
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.08050
https://online.kitp.ucsb.edu/online/qgravity20/replica2/
https://doi.org/10.1007/JHEP09(2021)001
https://doi.org/10.1007/JHEP09(2021)001
https://arxiv.org/abs/2104.00601
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2104.00601

[43]

[44]

[45]

G.W. Gibbons and S.W. Hawking, Action Integrals and Partition Functions in Quantum
Gravity, Phys. Rev. D 15 (1977) 2752 InSPIRE].

G.W. Gibbons and M.J. Perry, Quantizing Gravitational Instantons, Nucl. Phys. B 146
(1978) 90 [INSPIRE].

J.B. Hartle and K. Schleich, The Conformal Rotation in Linearised Gravity, in Quantum
Field Theory and Quantum Statistics, I.A. Batalin, C.J. Isham and G.A. Vilkovisky eds.,
Adam Hilger, Bristol U.K. (1987) [arXiv:2004.06635] [INSPIRE].

S. Gratton and N. Turok, Cosmological perturbations from the no boundary Fuclidean path
integral, Phys. Rev. D 60 (1999) 123507 [astro-ph/9902265] [INSPIRE].

A. Khvedelidze, G.V. Lavrelashvili and T. Tanaka, On cosmological perturbations in closed
FRW model with scalar field and false vacuum decay, Phys. Rev. D 62 (2000) 083501
[gr-qc/0001041] [INSPIRE].

S. Gratton and N. Turok, Homogeneous modes of cosmological instantons, Phys. Rev. D 63
(2001) 123514 [hep-th/0008235] [INSPIRE].

S. Gratton, A. Lewis and N. Turok, Closed universes from cosmological instantons, Phys.
Rev. D 65 (2002) 043513 [astro-ph/0111012] [NSPIRE].

A. Dasgupta and R. Loll, A Proper time cure for the conformal sickness in quantum gravity,
Nucl. Phys. B 606 (2001) 357 [hep-th/0103186] [INSPIRE].

D. Anninos, F. Denef and D. Harlow, Wave function of Vasiliev’s universe: A few slices
thereof, Phys. Rev. D 88 (2013) 084049 [arXiv:1207.5517] [INSPIRE].

J. Cotler, K. Jensen and A. Maloney, Low-dimensional de Sitter quantum gravity, JHEP 06
(2020) 048 [arXiv:1905.03780] [INSPIRE].

N. Benjamin, S. Collier and A. Maloney, Pure Gravity and Conical Defects, JHEP 09 (2020)
034 [arXiv:2004.14428] [INSPIRE].

B. Kol, The Power of Action: The Derivation of the Black Hole Negative Mode, Phys. Rev.
D 77 (2008) 044039 [hep-th/0608001] [INSPIRE].

R. Monteiro and J.E. Santos, Negative modes and the thermodynamics of Reissner-Nordstrom
black holes, Phys. Rev. D 79 (2009) 064006 [arXiv:0812.1767] [INSPIRE].

J. Polchinski, Dirichlet Branes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995)
4724 [hep-th/9510017] INSPIRE].

D.M. Kaplan and J. Michelson, Zero modes for the D = 11 membrane and five-brane, Phys.
Rev. D 53 (1996) 3474 [hep-th/9510053] [iNSPIRE].

J. Simon, Brane Effective Actions, k-symmetry and Applications, Living Rev. Rel. 15 (2012)
3 [arXiv:1110.2422] [INSPIRE].

J.M. Maldacena, J. Michelson and A. Strominger, Anti-de Sitter fragmentation, JHEP 02
(1999) 011 [hep-th/9812073] [INSPIRE].

N. Seiberg and E. Witten, The D1/D5 system and singular CFT, JHEP 04 (1999) 017
[hep-th/9903224] [INSPIRE].

J.M. Maldacena and H. Ooguri, Strings in AdSs and SL(2,R) WZW model. I: The
Spectrum, J. Math. Phys. 42 (2001) 2929 [hep-th/0001053] [INSPIRE].

A. Chamblin, R. Emparan, C.V. Johnson and R.C. Myers, Charged AdS black holes and
catastrophic holography, Phys. Rev. D 60 (1999) 064018 [hep-th/9902170] [INSPIRE].

— 30 —


https://doi.org/10.1103/PhysRevD.15.2752
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD15%2C2752%22
https://doi.org/10.1016/0550-3213(78)90434-0
https://doi.org/10.1016/0550-3213(78)90434-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB146%2C90%22
https://arxiv.org/abs/2004.06635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.06635
https://doi.org/10.1103/PhysRevD.60.123507
https://arxiv.org/abs/astro-ph/9902265
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F9902265
https://doi.org/10.1103/PhysRevD.62.083501
https://arxiv.org/abs/gr-qc/0001041
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F0001041
https://doi.org/10.1103/PhysRevD.63.123514
https://doi.org/10.1103/PhysRevD.63.123514
https://arxiv.org/abs/hep-th/0008235
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0008235
https://doi.org/10.1103/PhysRevD.65.043513
https://doi.org/10.1103/PhysRevD.65.043513
https://arxiv.org/abs/astro-ph/0111012
https://inspirehep.net/search?p=find+EPRINT%2Bastro-ph%2F0111012
https://doi.org/10.1016/S0550-3213(01)00227-9
https://arxiv.org/abs/hep-th/0103186
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0103186
https://doi.org/10.1103/PhysRevD.88.084049
https://arxiv.org/abs/1207.5517
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.5517
https://doi.org/10.1007/JHEP06(2020)048
https://doi.org/10.1007/JHEP06(2020)048
https://arxiv.org/abs/1905.03780
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.03780
https://doi.org/10.1007/JHEP09(2020)034
https://doi.org/10.1007/JHEP09(2020)034
https://arxiv.org/abs/2004.14428
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.14428
https://doi.org/10.1103/PhysRevD.77.044039
https://doi.org/10.1103/PhysRevD.77.044039
https://arxiv.org/abs/hep-th/0608001
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0608001
https://doi.org/10.1103/PhysRevD.79.064006
https://arxiv.org/abs/0812.1767
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0812.1767
https://doi.org/10.1103/PhysRevLett.75.4724
https://doi.org/10.1103/PhysRevLett.75.4724
https://arxiv.org/abs/hep-th/9510017
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9510017
https://doi.org/10.1103/PhysRevD.53.3474
https://doi.org/10.1103/PhysRevD.53.3474
https://arxiv.org/abs/hep-th/9510053
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9510053
https://doi.org/10.12942/lrr-2012-3
https://doi.org/10.12942/lrr-2012-3
https://arxiv.org/abs/1110.2422
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.2422
https://doi.org/10.1088/1126-6708/1999/02/011
https://doi.org/10.1088/1126-6708/1999/02/011
https://arxiv.org/abs/hep-th/9812073
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9812073
https://doi.org/10.1088/1126-6708/1999/04/017
https://arxiv.org/abs/hep-th/9903224
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9903224
https://doi.org/10.1063/1.1377273
https://arxiv.org/abs/hep-th/0001053
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0001053
https://doi.org/10.1103/PhysRevD.60.064018
https://arxiv.org/abs/hep-th/9902170
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9902170

[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]

M. Cvetic et al., Embedding AdS black holes in ten-dimensions and eleven-dimensions, Nucl.
Phys. B 558 (1999) 96 [hep-th/9903214] [INSPIRE].

M. Cveti¢, H. Lii, C.N. Pope, A. Sadrzadeh and T.A. Tran, Consistent SO(6) reduction of
type IIB supergravity on S°, Nucl. Phys. B 586 (2000) 275 [hep-th/0003103] [INSPIRE].

P.G.O. Freund and M.A. Rubin, Dynamics of Dimensional Reduction, Phys. Lett. B 97
(1980) 233 [INSPIRE].

S.W. Hawking and D.N. Page, Thermodynamics of Black Holes in anti-de Sitter Space,
Commun. Math. Phys. 87 (1983) 577 [INSPIRE].

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

G.W. Gibbons, H. Li, D.N. Page and C.N. Pope, The General Kerr-de Sitter metrics in all
dimensions, J. Geom. Phys. 53 (2005) 49 [hep-th/0404008] [INSPIRE].

J.B. Gutowski and H.S. Reall, General supersymmetric AdSs black holes, JHEP 04 (2004)
048 [hep-th/0401129] [INSPIRE].

J.B. Gutowski and H.S. Reall, Supersymmetric AdSs black holes, JHEP 02 (2004) 006
[hep-th/0401042] [NSPIRE].

D. Marolf, Microcanonical Path Integrals and the Holography of small Black Hole Interiors,
JHEP 09 (2018) 114 [arXiv:1808.00394] [INSPIRE].

J. Cotler and K. Jensen, Gravitational Constrained Instantons, arXiv:2010.02241 [INSPIRE].

M. Banados, C. Teitelboim and J. Zanelli, The Black hole in three-dimensional space-time,
Phys. Rev. Lett. 69 (1992) 1849 [hep-th/9204099] [iINSPIRE].

~ 31—


https://doi.org/10.1016/S0550-3213(99)00419-8
https://doi.org/10.1016/S0550-3213(99)00419-8
https://arxiv.org/abs/hep-th/9903214
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9903214
https://doi.org/10.1016/S0550-3213(00)00372-2
https://arxiv.org/abs/hep-th/0003103
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0003103
https://doi.org/10.1016/0370-2693(80)90590-0
https://doi.org/10.1016/0370-2693(80)90590-0
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB97%2C233%22
https://doi.org/10.1007/BF01208266
https://inspirehep.net/search?p=find+J%20%22Commun.Math.Phys.%2C87%2C577%22
https://doi.org/10.1103/PhysRevD.59.064005
https://arxiv.org/abs/hep-th/9811056
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9811056
https://doi.org/10.1016/j.geomphys.2004.05.001
https://arxiv.org/abs/hep-th/0404008
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0404008
https://doi.org/10.1088/1126-6708/2004/04/048
https://doi.org/10.1088/1126-6708/2004/04/048
https://arxiv.org/abs/hep-th/0401129
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401129
https://doi.org/10.1088/1126-6708/2004/02/006
https://arxiv.org/abs/hep-th/0401042
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0401042
https://doi.org/10.1007/JHEP09(2018)114
https://arxiv.org/abs/1808.00394
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.00394
https://arxiv.org/abs/2010.02241
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2010.02241
https://doi.org/10.1103/PhysRevLett.69.1849
https://arxiv.org/abs/hep-th/9204099
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9204099

	Introduction
	Overview
	The spectral form factor and the double cone
	Brane nucleation on complex saddles
	Branes and anti-branes
	Remarks about boundary curvature

	Conventions and actions
	AdS(5)
	General dimensions
	The Cvetic-Lü-Pope black holes
	Discussion
	BTZ and higher-dimensional black holes with torus boundaries

