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Abstract

Rapidly rotating Myers-Perry-AdS black holes are unstable against rotational superra-
diance. From the onset of the instability, cohomogeneity-1 black resonators are con-
structed in five-dimensional asymptotically AdS space. By using the cohomogeneity-1
metric, perturbations of the cohomogeneity-1 black resonators are also studied.
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1 Introduction

In asymptotically AdS space, rotational gravitational superradiance leads to superradiant insta-
bility to rotating AdS black holes [1,2]. From the onset of the instability, solutions called black
resonators branches off [3]. They are connected to geons in the limit of the zero horizon size.
These solutions are characterized by having a helical Killing vector, where the time and rota-
tion translations of the rotating black hole are broken to a helical one. Black resonators hence
have less isometries than the stationary rotating black holes. Indeed, they are non-stationary
solutions. Black resonators and geons were first constructed in four dimensions [3], where the
helical Killing vector is the only continuous symmetry. Recently, by going to five dimensions
and exploiting the extra symmetries in the case of equal angular momenta, black resonators
and geons with cohomogeneity-1 metric have been constructed [4]. Solutions coupled to elec-
tromagnetic waves have also been obtained [5]. By making use of the cohomogeneity-1 met-
ric, perturbations of the black resonators have been studied in [6]. A similar five-dimensional
cohomogeneity-1 resonating AdS soliton geometry was also found [7].
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2 Cohomogeneity-1 black resonators and geons

Cohomogeneity-1 black resonators and geons are obtained in Einstein gravity in asymptotically
global AdS space in five dimensions [4]. The metric ansatz is

dr?

(1+r2)g(r)
4 L a(r) 2 3 ’

ds? = —(1+r?)f(r)dr? +

where o, (a =1,2,3) are one-forms given by

01 =—sin yd6 + cos y sin 0d¢,
05 =cos ydO +sin y sin 0d¢, (2)
o3 =dy +cos6de.

The angular coordinates (0, ¢, y) are defined in0 < 6 < 7,0 < ¢ < 2w, and 0 < y < 4m.
The range of the radial coordinate r is from either the origin r = 0 (for geons) or some horizon
radius r = r;, (for black holes) to asymptotic infinity r — 00. The metric is assumed to be
asymptotically AdSs in r — oo where h approaches a constant and f, g,a, 8 — 1.

The Myers-Perry AdS black hole with equal angular momenta is a solution to the Einstein
equations within the metric ansatz (1). It is given by

2u(1—a?) 2a’u 2a’u
=1- + =1+
8(r) r2(1+r2)  r4(1+r2) Ay r4’ 3)
2ua g(r)

h(r)=Q— = =1

(r) it 22y f(r) B(r)’ a(r)=1,

where the angular velocity Q is
2ua
r, +2acu

The horizon radius ry, is given by the largest real root of g(r;) = 0. The isometry group of
a general Myers-Perry black hole with independent rotations is R x U(1) x U(1), where R is
the time translation and the U(1) are for the rotations. When the two angular momenta are
equal, it is enhanced to R x U(2). There are SU(2) angular momentum operators L; satisfying
[L;,L;]=1i€;jkLy, and each 1-form o, is invariant under the SU(2): L;o, = £, 0, =0, where
L;, denotes the Lie derivative. The U(1) C U(2) is generated by a shift of y: R, =i0,.

This Myers-Perry AdS black hole has a gravitational superradiant instability that breaks the
U(1) isometry. Here we focus on a t-independent linear perturbation of the form

2 2
6gyydxtdx” = %5(1(1’)(0% — 0%) = %Sa(r)(ai +02), (5)
where we defined . .
oL = 5(01 Fioy) = Ee:FiX(:FidG +sin6de). (6)

This perturbation is SU(2)-invariant, but the terms with ai have the U(1)-charges +2, respec-
tively, and hence it is not invariant under the U(1) shift of y: y — y +const. This perturbation
results in a decoupled perturbation equation for da,

/" 3+5r2 8 B—2 23h?
sa’+[ &+ 22 5o+ + da=0
‘ (g r(1+r2)) . (1+r2)g(r2/5 a+mg)?*=% O
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Figure 1: Phase diagram. Dots are the numerical data we constructed. The entropy
S is shown by the color map.

where g and f3 are given in (3). For fixed ry, this equation can be solved by a nontrivial normal
modes 6a at a critical value of Q that corresponds to the onset of the superradiant instability.
The Myers-Perry black hole with equal angular momenta is unstable above that frequency, and
the U(1) isometry is broken when this instability turns up.

From the superradiant instability, black resonators with R x SU(2) isometries branch off.
The Einstein equations under the metric ansatz (1) can be solved for a(r) # 1, and such
solutions are no longer invariant under the U(1). To solve the Einstein equations for black
resonators, we take h = 0 at the horizon and require f,g,a,8 — 1and h - Q in r — oco.
These boundary conditions correspond to the rotating frame at infinity, for which we use (7, y).
We can switch to the non-rotating frame at infinity (¢, ) by

dt =dr, dy =dy+2Qdr. 8

In the non-rotating frame, periodic time dependence explicitly appears in the metric as
1 1\_ _ 1 OF - _4i0t —
ac?+ =05 =2 (a + —) G,0_+ (a — —) (e‘mtai + e M52y 9)
a a a

where &, are the invariant 1-forms for the non-rotating frame at infinity by replacing y in o,
(2) with 9. The t-translation isometry R is interpreted to be a helical Killing vector
_ 9 0 aQ 5}
a7 at a2
The (E,J) phase diagram is shown in Fig. 1. The entropy S is shown by the color map.
The black resonators branch off from the onset of the superradiant instability. Remarkably,
they can be found even in the region where no regular Myers-Perry solutions exist. While the
metric in the non-rotating frame at infinity is time dependent (9), the entropy is not. The zero
horizon size limit (r;, — 0) of the black resonators is given by regular horizonless solutions
called geons. The entropy of the black resonators approaches zero in the geon limit. The blank
region below the geon curve is not covered by our ansatz.

(10)

3 Photonic black resonators

Cohomogeneity-1 black resonators equipped with time periodic electromagnetic waves can be
obtained in Einstein-Maxwell theory. On the metric (1), we turn on a U(1) gauge field as

A=y(r)o, =y(r)oL+0_). (1D
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Figure 2: Entropy S of the photonic black resonators for E = 0.2. The entropies of
gravitational black resonators and Myers-Perry-AdS black holes are also shown.

This gives the energy-momentum tensor consistent with the metric ansatz.

In Fig. 2, the entropies between different solutions are compared at fixed E = 0.2. The
gravitational and photonic black resonators branch off from the Myers-Perry black hole around
J = 0.042 and J = 0.046, respectively. Both solutions can exist in the region where no regular
Myers-Perry black holes can. Hence the region with regular solutions in the phase diagram is
extended. However, a photonic black resonator has lower entropy than a purely gravitational
black resonator at the same (E,J). This implies that the former would be further unstable
against SU(2)-symmetric perturbations and evolve into the latter if dynamical time evolution
is considered.

4 Superradiant instability of black resonators

Black resonators obtained so far have angular frequency 2 > 1. In the asymptotic infinity
(r — 00), the norm of the helical Killing vector behaves as

K*=g,,K'K" =g, »—*(1—-Q). (12)

Thus, the Killing vector is asymptotically spacelike K? > 0 because £ > 1. It has been shown
that solutions with such a property should be unstable [8]. In the case of the cohomogeneity-1
black resonators, we can consider perturbations breaking the SU(2) isometry of the metric.

For simplicity, we consider only the massless scalar field perturbation in the black resonator
and geon backgrounds. To find the onset of instability, it is convenient to consider the eigen-
value equation of the Klein-Gordon operator as 0% = A® and search for solutions with zero
eigenvalues A = 0.

The scalar field can be decomposed to modes by using the Wigner D-matrices as

(I)(T, r,9, ¢)X)=e_ia”— Z ¢k(r)Dk(9> ¢>X)> (13)

[kl<j

where the indices of and summation over (j, m) are suppressed. Using this, we obtain coupled
equations for ¢; with the following structure,

L@y + k1 Pp—2 + Cir1Ps2 =0, (14
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Figure 3: Phase diagram for the stability of the black resonators against a scalar
field. The colored curves correspond to the onset of an instability. Black resonators
are unstable to a given mode below each curve.

where

> [1+r2(f & B\, 3+5%] d
Lk:(1+r2)gp+|: 5 (J;—+gg %)+ . ga

ﬂ(oﬁ 1)_ 4k% (o — 2kh)?

- - + ~2, (15
r2 a) r2 (1+r2)f » (15)

and .
¢ = ——k kel (a——). (16)

r a

Note that ¢, vanishes if |k| > j. If @ = 1 identically such as the Myers-Perry solution, modes
with different k decouple. In contrast, different-k modes couple in the black resonator back-
ground because the U(1) isometry for the quantum number k is broken. The mode coupling
is “double-stepping,” i.e. the mode with k is coupled to those with k + 2.

We solve the coupled equations (14) and identify the instability of ¢, in the black resonator
background. For a given j, we focus on the set of modes containing the k = j component,
which would be the mode with the highest growth rate among those with different k. In
Fig. 3, we show the location of the onsets for the superradiant instability on black resonators
for modes with j =9/2, j =5, and j = 11/2. For j = 5, there are actually two onset curves
corresponding to even and odd parity modes, but they almost coincide. In the inset, we zoom
into the region near the geon where it is easier to see the difference between these modes.

S5 Summary

We studied the superradiant instability of the five-dimensional Myers-Perry black hole with
equal angular momenta for SU(2)-invariant metric perturbations. We then constructed black
resonators that branch off from the onset of the instability and are given by cohomogeneity-1
metric. In addition to gravitational black resonators in Einstein gravity, we obtained photonic
black resonators in Einstein-Maxwell theory. By using the cohomogeneity-1 black resonator
as the background, we studied the perturbation of the black resonators and identified their
instability.
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