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Perturbations of asymptotically anti-de-Sitter (AdS) spacetimes are often considered by imposing field
vanishing boundary conditions (BCs) at the AdS boundary. Such BCs, of Dirichlet-type, imply a vanishing
energy flux at the boundary, but the converse is, generically, not true. Regarding AdS as a gravitational box,
we consider vanishing energy flux (VEF) BCs as a more fundamental physical requirement and we show
that these BCs can lead to a new branch of modes. As a concrete example, we consider Maxwell
perturbations on Kerr-AdS black holes in the Teukolsky formalism, but our formulation applies also for
other spin fields. Imposing VEF BCs, we find a set of fwo Robin BCs, even for Schwarzschild-AdS black
holes. The Robin BCs on the Teukolsky variables can be used to study quasinormal modes, superradiant
instabilities and vector clouds. As a first application, we consider here the quasinormal modes of
Schwarzschild-AdS black holes. We find that one of the Robin BCs yields the quasinormal spectrum

reported in the literature, while the other one unveils a new branch for the quasinormal spectrum.
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I. INTRODUCTION

The stability of a black hole (BH) is a crucial question in
BH physics. The reason is twofold. From the viewpoint of
astrophysics, sufficiently stable BHs provide the best candi-
dates to explain observations, e.g., high energy astrophysical
processes like Active Galactic Nuclei (AGN). From the
theoretical viewpoint, BH stability relates to the uniqueness
theorems [1], since BH instabilities may lead to new BH
solutions when a zero-mode of the instability exists; examples
include new string solutions [2] due to the Gregory-Laflamme
instability [3] and new asymptotically flat hairy rotating BH
solutions [4—6] due to the superradiant instability [7].

The problem of BH stability is typically tackled by
introducing linear perturbations of test fields on a fixed
background and studying either quasinormal modes or
quasibound states (cf. reviews [8—10]). Quite remarkably,
it has been shown that the equations of motion for linear
perturbations of massless spin fields on four dimensional
Kerr BHs both separate and decouple, yielding the cel-
ebrated Teukolsky equation [11]. Subsequently, this equa-
tion has been generalized to rotating BHs with a
cosmological constant in different contexts [12-14].

To solve the Teukolsky equation, one has to assign
physically relevant boundary conditions (BCs) which
depend on the specific problem. In the context of quasinor-
mal modes in asymptotically anti-de Sitter (AdS) BHs, the
most studied perturbations are those of scalar fields, for
which field vanishing BCs are usually imposed; see e.g. [15].
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For other spin fields, the problem has only been partly
addressed. The quasinormal modes for the Maxwell field and
gravitational field in Schwarzschild-AdS BHs have been
obtained using the Regge-Wheeler method [16], instead of
the Teukolsky equation, in [17,18], exploring the spherical
symmetry of the background. Additionally, these works
impose field vanishing BCs. For nonspherically symmetric
backgrounds, like in Kerr-AdS BHs, one must, however, use
the Teukolsky formalism and, since this formalism uses a
different set of variables, it is not obvious how to impose BCs
for nonzero spin fields. Recently, superradiant instabilities of
the gravitational field on Kerr-AdS BHs have been studied
[19] with BCs [20] chosen as to preserve the asymptotic
global AdS structure of the background'. Furthermore, it was
proved in [19] that the BCs in [20] yield vanishing energy
flux at the asymptotic boundary.

The AdS boundary may be regarded as a perfectly
reflecting mirror, in the sense that no energy flux can
cross the asymptotic boundary. We will take this viewpoint
as our basic principle for imposing BCs for linear pertur-
bations of asymptotically AdS spacetimes. It suggests
taking vanishing energy flux (VEF) BCs, which should
be contrasted to the field vanishing BCs we mentioned
before. In this paper we will illustrate how these BCs, based
on this simple physical principle, can lead to new results,
using the Maxwell field as an example.

We present a framework to calculate VEF BCs for the
Maxwell field on Kerr-AdS BHs, when using the Teukolsky
equation. From the VEF BCs we get a set of fwo Robin BCs.

'Such BCs, as argued in [21], do not appear to give rise to a
well posed time evolution.
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These are determined by a linear combination of the
Teukolsky variables and their derivatives, for the Maxwell
field in Kerr-AdS BHs. Interestingly, these two conditions are
different even in Schwarzschild-AdS BHs; thus, in this paper,
we will focus on the latter background. We then observe that
one of the Robin BCs recovers the results shown in
[17,18,22], but the other one leads to a hitherto unknown
branch of quasinormal modes. Other applications of the VEF
BCs, such as superradiant instabilities and vector clouds of
Kerr-AdS BHs, will be reported elsewhere [23].

The formulation we present to construct BCs applies to
both the Maxwell field as well as for other spin fields. For a
scalar field, however, the VEF BCs yield equivalent results
to the Dirichlet BCs typically used. It would be interesting
to consider the VEF BCs for other spin fields as well,
especially for a gravitational field, to inquire if they are
equivalent to the BCs in [20].

The structure of this paper is organized as follows. In
Sec. II we introduce the Kerr-AdS background geometry,
and the Teukolsky equation for the Maxwell field which
will be studied in this paper. In Sec. III we show how to get
the VEF BCs in the Teukolsky formalism. In Sec. IV we
apply these BCs to Schwarzschild-AdS BHs, and discuss
the two branches of quasinormal frequencies, one of them
already reported in the literature, and a new one which has
not been explored yet. Final remarks and conclusions are
presented in the last section.

II. BACKGROUND GEOMETRY
AND THE FIELD EQUATION

For a self-contained presentation, in this section we
briefly review some basic properties of Kerr-AdS BHs,
and the Teukolsky equation for the Maxwell field on this
background geometry. We consider the following line
element for a Kerr-AdS BH:

L A
ds? = — p? ( + —) + —— (dt — asin’0dp)?
A, Ay pPE?
Agsin’0
— 20 (adt — (7 + a?)dg)?, (1)
pE

with metric functions

p? = r? 4 a’cos’6,
a?cos?6 a

12 =l

[1]

Ag — 1 - )
where L is the AdS radius and parameters M, a are related
to the BH energy E and angular momentum J. In this
frame, the angular velocity of the event horizon and the
Hawking temperature are given by

a

Q=4
H
ri+a*’

(3)
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where the event horizon r is determined as the largest root
of A,(r,) = 0. For a given r,, the mass parameter M can
be expressed as

(2 +a) (L2 +13)

M= 5
2r L

For nonextremal BHs and to avoid singularities, we shall
constrain the rotation parameter a [19]

@ re P4l oo 1L
L= L\ L*-~2 L 3
a r 1

— <1, for —£>—.

L= LA

A linear perturbation equation for massless spin fields on a
Kerr BH was worked out by Teukolsky in a pioneer work
[11], and was generalized to a Kerr-dS BH later [12].
Recently the analogous equation was derived for a Kerr-
AdS BH [13]. In the following we outline the equations
for the radial and angular parts of the master field
describing a spin s perturbation, without a detailed deri-
vation. For the case of interest herein, the spin parameter is
s = £1. The radial equation is

d dR(r)
A7 — [ ASFI 2 H(r)R =
(A B LR =0 )
with
K2 —isK,A. . s+ |s| a®
H(V)ZT‘FZZSK/,"‘ 2 A¥+F_/17
where
K, = [o(r* + a*) — am|E. (6)
The angular equation is
d Ay
— A, — A(u)S;, =0 7
du(”du>+ (u)lm s ()
with u = cos 6, and
KZ = 2
Alu) = —A—:—4smum+ﬂ— Is| = 2(1 —MZ)%,

K, = (wa(l —u?) + (su —m))Z,

2 a’ 2
Au:(l—u )<1—Fu )
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III. BOUNDARY CONDITIONS

To solve a differential equation, like the radial equa-
tion (5) and the angular equation (7), one has to impose
physically relevant BCs. For the angular equation (7), one
usually requires its solutions to be regular at the singular
points @ = 0 and 0 = z. This determines uniquely the set
of angular functions labeled by ¢ and m. For the radial
equation (5), we have to impose conditions both at the
horizon and at infinity. At the horizon, ingoing BCs are
imposed. At infinity, however, the BCs are more subtle. For
the often studied case of a scalar field on Kerr-AdS BHs,
the BCs typically imposed require the field itself to vanish
[15,18], when looking for quasinormal modes. For the
Maxwell field and in the Teukolsky formalism, the asymp-
totic BCs have not been explored yet. In this section,
we are going to discuss them for the general Kerr-AdS
background.

We propose that in the Teukolsky formalism, when
looking for quasinormal modes of the Maxwell field on
Kerr-AdS BHs, VEF BCs should be imposed, following the
spirit that the AdS boundary is a perfectly reflecting mirror
so that no energy flux can cross it. For the particular case
of the electromagnetic field, these BCs create an analogy
between the AdS boundary and a perfect conductor.
Actually the conductor condition for the Maxwell field
has been considered in a Kerr mirror system [24]. But the
VEF BCs, which for a scalar field can yield both standard
Dirichlet and Neumann BCs and for a Maxwell field can
yield perfectly conducting BCs, are a general principle for
any spin field, based on a sound physical rationale.

The energy-momentum tensor for the Maxwell field is

1
T/w = F;wFo—u +Zg/wF27 (8)

with the Maxwell tensor F,, [11]

F;w = 2(¢1 (nblll/] + m[;tm;:]) + ¢21[umu] + ¢0m3,nu])
+ c.c,

where square brackets on subscripts stand for antisymmet-
rization, and c.c stands for complex conjugate of the
preceding terms. The tetrad is constructed from the line
element in Eq. (1), with definition

2 2\= =
po ()= ) aZ)
A A

r r

=
I
S}
—
—
S
8]
+

a*)=,-A,,0,d=),

1 i=
ja=sin6, 0, Ag, — |,
V2Ap <la - % sin 9)

where p = r + iacos0.

mt =
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The Maxwell scalars are defined as

1
P = Fﬂul”m”, ¢ = )

F(IFn* 4+ m*m"),
¢2 = F/Aum*ﬂnba
where m** = (m*)*.
We are now able to calculate the radial energy flux 77,
by substituting all of the above ingredients into Eq. (8),
which gives

T, = Trt.,l + Trt,ll’

where

r 1 2 A% 2
T, = 2= 4ol* = — lpol* ), )
= p

while T”,;; becomes irrelevant at infinity, so we do not
show its expression here. Then we decompose the Maxwell
scalars as

hy = IR (1S, (0)

B . .
2 e—m)tJrlm(/’R_] (V)S—l (9), (10)

where B is a positive root of [14]

B? = )’ - 4Z’w(wa® — ma),

such that the Starobinsky-Teukolsky identities are
satisfied [14]
d iK d iK
Ry=[——"L)—-=—L)R 11
i <dr A,)(dr A,) - (11)
d iK d iK
B’R_, = A, — -+ P 12
- ’(dr+A,><dr+A,> e (12)

where K, is given by Eq. (6), P,; = AR, and R(r)
and S, (@) obey the radial equation (5) and the angular
equation (7), respectively.

With the fields decomposition in Eq. (10), integrating
T, , over a sphere, we obtain the energy flux

f|,:/ sin 0d0dor’*T",
S2

r2

= =) (32|R—1 |2 - A%|R+1 |2) (13)
=p

up to an irrelevant normalization, and the angular functions
S41(0) are normalized
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/" $in 06| S, (0)> = 1.
0

To get the asymptotic boundary condition for R_;, we
expand Eq. (5) with s = —1 asymptotically as

R_~ar+p +0(r™), (14)

where o~ and - are two integration constants. Keeping
in mind the Starobinsky-Teukolsky identities (11),
making use of the radial equation (5) with s = —1 and
the asymptotic expansion in Eq. (14), at the asymptotic
boundary, the energy flux in Eq. (13) becomes

Flroo = B2a 2 = |(A = 20°Z2L?)a” + 2if w=?,  (15)

where an overall proportional constant has been ignored.
To impose the VEF BCs, ie. F|, , = 0, we have

B2a|? — |(A - 20°22L)a + 2if~w=P = 0.  (16)

Note that ¢~ and p~ are two independent integration
constants; we can rescale them so that the modulus in
the above equation can be dropped [25]. Then it is easy to
solve this quadratic equation obtaining the two solutions

a 2iw=
p~  £B— A+ 2w°E2L%

(17)

We have also checked that, the angular momentum flux of
the Maxwell field vanishes asymptotically if the above
boundary conditions are satisfied, similarly to the gravita-
tional case [19].

For Schwarzschild-AdS BHs, Eq. (17) simplifies to

a” i a” iw
=, = . 18
p~ ([ +1)+a’L? (18)

These are, apparently, two distinct Robin BCs, but at this
moment it is unclear if they lead to physically different
modes or if they are isospectral.

We can also follow the same procedure to calculate BCs
for the Teukolsky equation with s = +1. Instead of using
R, (r), we use P, (r) for convenience, which relates
to R (r) through P (r) = AR, (r). As before, we
expand P (r) from Eq. (5) with s = 41 asymptotically

P ~atr+p+03( ), (19)

where at and T are two integration constants. Using the
Starobinsky-Teukolsky identity in Eq. (12), the asymptotic
expansion in Eq. (19), the Teukolsky equation with s = +1
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in Eq. (5) and the transformation P (r) = A.R(r), then
Eq. (13) gives the conditions

a’ 2iw=
Bt TEB—i+t 207212 (20)

after imposing the VEF BCs. Comparing the two BCs in
(17) and in (20), we find that there is only a sign difference,
or in other words, they are complex conjugate to each
other. This is the consequence that P, (r) and R_;(r) are
proportional to complex conjugate functions of each other.
We have checked that solving the radial equation (5) for
s = —1 and s = +1 with the corresponding BCs (17) and
(20), for Schwarzschild-AdS BHs, the same quasinormal
frequencies are obtained, which is consistent with the
argument that these two Teukolsky equations encode the
same information. Thus, for concreteness and without loss
of generality, in the following we specify s = —1, and
consider the corresponding BCs.

IV. MAXWELL QUASINORMAL MODES
FOR SCHWARZSCHILD-ADS BHS

We shall now apply the VEF BCs to Maxwell perturba-
tions on Schwarzschild-AdS BHs, in the Teukolsky for-
malism. We show that even in this simpler case, there is a
new branch of quasinormal modes which has not been
explored yet. Before that, however, we calculate normal
modes in pure AdS spacetime, which not only illustrates
how the BCs work, but also provides an initial guess for the
later numerical calculations of quasinormal modes. In the
pure AdS case the spectra obtained from the two different
Robin BCs are isospectral (up to one mode).

A. Normal modes

The normal frequencies for the Maxwell field on an
empty AdS background can be obtained analytically. The
radial Teukolsky equation (5) can be simplified in this
case to

K? +iK, A
A R// r r r
AR (r) + (Ar

—0, (21)

—2iK, — (¢ + 1)>R_1 ()

with

2
A —r2<1+r—) K, = wr’
r L2 ’ r .

The general solution for Eq. (21) is

124006-4



MAXWELL PERTURBATIONS ON ASYMPTOTICALLY ANTI- ...

wlL

R, = r’f*‘(r _ iL)%(IH— L)~ [C1F<f, £+ 1+wl, 26 +2;

iL

+ C2<_1>2f+12—2f—1 <1 +
r

where F(a, b, ¢;z) is the hypergeometric function, C; and
C, are two integration constants with dimension of inverse
length. These are related to each other by the BCs through
expanding Eq. (22) at large r:
(i) Imposing the first of the two BCs in Eq. (18), one
gets a first relation between C; and C,

G
c, £+1

¢ F(+1,0+1+wL,2¢0+2;2)
F(-¢,-¢+wL,-2¢;2)
(23)

— _221,’+1

(i) Imposing the second, of the two BCs in Eq. (18), on
the other hand, one gets a second relation between
C, and C,

2:22f+1< ‘ >2f+1+“’Lﬁ (24)

C1 I/ﬂ + 1 f - a)L Ag ’
where

A=+ 1)F(, ¢+ 1+ wL, 20+ 2;2)
+oLF(£+1,0+2+wL,2¢+ 3;2),

A, =CF(-¢ - 1,-¢ +wL,-2¢;2)
—wLF(-¢,-¢+ 1+ wL,1-2¢;2). (25)

Then from the small r behavior of Eq. (22)

—iL{t! C,
— 2+

R—l ~ 7

(_])f22f+1L—fC1rf+l’ (26)
7

we have to set C, = 0 in order to get a regular solution
at the origin. This regularity condition picks the normal
modes, from Egs. (23) and (24):

F(f+1.£+1+ oL, 20 +2;2) =0,

= Cl)]’NL = 2N + bﬂ+ 2, (27)
A =0,
= a)zyNL = 2N ‘I‘ f"’ l, (28)

where N =0,1,2,...,and £ = 1,2, 3, .... Observe that, as
announced before, the two sets of frequencies are isospec-
tral, up to one mode. Observe also that these two normal
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2r
r+iL

20+1 2r
) F(—f— l,-¢ + oL, -2¢,—— )} (22)
r+iL

modes are the same with the gravitational case, as shown
in [19].

B. Quasinormal modes

When the BH effects are taken into account, we cannot
solve the radial Teukolsky equation analytically as before.
So we are now going to look for quasinormal modes
of Schwarzschild-AdS BHs by solving the Teukolsky
equation numerically.

As we mentioned before, the quasinormal modes for the
Maxwell field on Schwarzschild-AdS BHs have been
studied using the Regge-Wheeler formalism [18]. Here
we will tackle the same problem in the Teukolsky formal-
ism, imposing the BCs discussed in Sec. III. We find the
following:

(i) when the first of the two BCs in Eq. (18) is imposed,

we recover the results given in the literature [18,22];
(i) when the second of the two BCs in Eq. (18) is
imposed, there is one new branch of quasinor-
mal modes.
To be complete and comparative, we will show both results
in the following. In the numerical calculations all physical
quantities are normalized by the AdS radius L and we set
= 1. Also, observe that we use w; (w,) to represent
the quasinormal frequency corresponding to the first
(second) BCs.

To solve the radial equation (5) with s = —1, we use a
direct integration method, adapted from [26-28]. First, we
use Frobenius’s method to expand R_; close to the event
horizon

(e
R_ =(r—ry)y Z ci(r=ry),
j=0
with the ingoing boundary condition
_lory
1+37°

p=1

and initialize the integration of Eq. (5) therein. The series
expansion coefficients ¢; can be derived directly after
inserting these expansions into Eq. (5). At infinity, the
asymptotic behavior of R_; has been given in Eq. (14),
where two coefficients, @~ and f~, can be extracted from
R_, and its first derivative. For that purpose, we can define
two new fields {y, y}, which will asymptote respectively to

{a~, "}, at infinity. Such a transformation can be written

124006-5
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TABLE 1.

Quasinormal frequencies of the Maxwell field on

Schwarzchild-AdS. Some fundamental modes are shown, for
different BH sizes r, and for the two sets of modes.

r (¢ =1) (¢ =2)

0.2 2.6384-5.7947 x 1072 i 2.9403-1.0466 x 107 i
0.5 2.2591-0.6573 i 2.7804-0.07549 i

0.8 2.1758-1.2870 i 2.6923-0.2721 i

1.0 2.1630-1.6991 i 2.6647-0.4061 i

5.0 0-8.7948 1 0-5.0528 i

10 0-15.5058 i 0-13.8198 i

50 0-75.0958 i 0-74.7533 i

100 0-150.048 i 0-149.876 i

in a matrix form by defining the vector ¥? = (y,y) for the
new fields, and another vector VI = (R_;,4R_,) for the
original field and its derivative. Then the transformation is
given in terms of an r-dependent matrix T defined through

r 1
V:< )\I‘ET‘I‘.
1 0

To obtain a first order system of ODEs for the new fields,
we first define a matrix X through

av

—— =XV, 29
dr (29)

where X can be read out from the original radial equa-
tion (5). Then we obtain

—S(w)

(¢,N) = (1,0)
100 —mr :

1072
1074+
1076
o / o
10—8 _,A/. 87'+/(-§7T) ...................... |
1072 1071 10°
r+

FIG. 1 (color online).
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ég-_T4<XT—éI)T, (30)

dr dr

which is the equation we are going to solve numerically.
With this numerical procedure and the BCs given in
Eq. (18), we calculate quasinormal frequencies.

In Table I, we list a few fundamental (N = 0) quasi-
normal frequencies of w; (with £ =1) and w, (with
¢ = 2), for different BH sizes. As mentioned above, the
normal modes displayed in Eqgs. (27) and (28), are
isospectral under the mapping

4 I d 4 1 + 1, (31)
except one mode for w,, where 7| and ¢, refer to the
angular momentum quantum number in the spectrum of @,
and w,. The presence of a BH, however, breaks the
isospectrality. To show this, we present in Table I the
two sets of quasinormal frequencies, with #; =1 and
¢, = 2, respectively. One observes that the degeneracy
between @, and w, gets broken, especially in the small BH
and intermediate BH regimes. For large BHs, these two
modes are, again, almost isospectral, which seems to be a
general feature for any type of perturbation [18,22].
Furthermore, for large BHs, the real part of the frequency
for either of the sets vanishes, while the imaginary part
scales linearly with the BH size r,. This scaling can be
equally stated in terms of the Hawking temperature, which
relates to the BH size through T = 3r. /(4xL?) for large
BHs, supporting the arguments given in [29], where a
similar linear relation was found for scalar fields. We
remark that the numerical data for @, displayed in Table I

9 T T T T T .
gL 7T+= 1 _
7 i ,/." : -
R(wr)
01 L R{we) 1
5t 1
af - 1
3b 1
e @)
Treee e _% wl
LI —S(wo) e
0 — R o | ro e
1 2 3 4 5 6 7 8
0

Left: comparison of the imaginary part for quasinormal frequencies between the analytical approximation of

small BHs (thin dashed lines) and the numerical data (thick lines) for the fundamental modes of each branch of solutions. Note that the
double logarithmic scale is used in this panel. Right: effect of the angular momentum quantum number # on the quasinormal frequencies
for intermediate size BHs with r, =1, and N = 0. The red line is for @ and the blue line is for w,.
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TABLE II.

Same as Table I, but fixing now the BH size to be
r, = 1. Some fundamental modes are shown, considering differ-
ent angular momentum quantum number .

@

@

0N AW =

2.16302-1.69909 i
3.22315-1.38415 1
4.23555-1.20130 1
5.23994-1.07445 i
6.24294-0.97775 i
7.24598-0.89976 i
8.24941-0.83447 1
9.25327-0.77838 i

1.55360-0.541785 i
2.66469-0.406058 i
3.69923-0.334088 i
4.71659-0.286828 i
5.72784-0.252025 i
6.73632-0.224622 i
7.74335-0.202110 i
8.74952-0.183072 i

coincides with the numerical results presented in [17,18],
within four significant digits at least, which can be used as a
check for our numerical method.

For small BHs, it can be shown by a perturbative
analytical matching method [23] that the real part of the
frequencies approaches the normal modes of empty AdS
[30], given by Eqs (27) and (28) for the two different BCs,
while the imaginary part for both modes approaches zero as

—0;; P2,

which also seems to be a general feature for any type of
perturbation [31]. In Fig. 1, left panel, we display the
numerical data (thick lines) for the fundamental modes of
each branch against the leading behavior obtained from the
perturbative matching method [23] and find a good agree-
ment for small r, , which can be used as another check for
our numerical method.

In Table II, consider intermediate size BHs to exemplify
the effect of the angular momentum quantum number £ on
the frequencies; we have checked the effect of varying £ is
qualitatively similar for small BHs. As one can see, for both
modes, the real (imaginary) part of quasinormal frequencies
increases (decreases) in magnitude as £ increases. These
behaviors are more clearly shown in the right panel of
Fig. 1. Observe that the increasing of the real part of the
frequency with Z is qualitatively similar to the one observed
for empty AdS.

Finally, let us remark that, in the above, we have focused
on fundamental modes because, on the one hand, our main
interest has been to explore the new set of modes which
arises even for N = 0 and, on the other hand, since these
low lying modes are expected to dominate the late time
behavior of time evolutions.

V. DISCUSSION AND FINAL REMARKS

In this paper we have proposed that perturbations of
asymptotically AdS BHs should be considered using VEF
BCs. This is a simple physical principle based on the
perspective that the asymptotic AdS boundary acts like a
perfectly reflecting mirror. We have constructed a framework
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for implementing perturbations of Kerr-AdS BHs, with these
BCs in the Teukolsky formalism and illustrated how VEF
BCs can lead to new results for the specific case of a
Maxwell field, even for the simpler Schwarzschild-AdS
background. Indeed, we have found that there are two
branches of quasinormal modes, one of which has been
studied in [17,18,22], and another which is new.

The new branch is actually isospectral to the old branch
for empty AdS, except for the £ =1 mode of w,. This
isospectrality is broken when BH effects are taken into
account. To establish this we presented a numerical analysis
of the quasinormal frequencies for different BH size. The
breakdown of isospectrality is more pronounced in the
small and intermediate BH size regimes; for large BHs two
modes are again almost isospectral.

An interesting aspect is that for both small and intermediate
size BHs, the imaginary part of new modes is always smaller
than that of the old modes, which implies a longer decay time
scale. For small BHs, one can show analytically that the real
part of both modes approaches the corresponding normal
modes, while the imaginary part is proportional to r?f +2 (with
different proportionality constants). Furthermore, we also
studied the effect of the angular momentum quantum number
¢ on the frequencies. The real (imaginary) part of both modes
increases (decreases) in magnitude as the angular momentum
quantum number Z increases.

We would like to stress that the VEF BCs, in the case of
spherically symmetric backgrounds, can be applied not only
in the Teukolsky formalism, but also in the Regge-Wheeler
formalism. We have checked that if one imposes VEF BCs
in the latter formalism for Maxwell perturbations of
Schwarzschild-AdS BHs—instead of vanishing field BCs
[17]—we get the same two sets of quasinormal frequencies
that we have obtained in the Teukolsky formalism.

Since the formulation we have presented can be applied to
other spin fields, we have checked that, for a scalar field, the
VEF BCs reduces precisely to the commonly used Dirichlet
BCs. It would be interesting to apply this formulation to
other spin fields, especially for the gravitational field.

Turning on the angular momentum of the BHs, the Robin
BCs on the Teukolsky variables for Kerr-AdS BHs can be
used to study also superradiant instabilities and vector clouds
of the Maxwell field. Work to investigate these aspects is
underway and we hope to report on them soon [23].

ACKNOWLEDGMENTS

It is a pleasure to thank Jodo Rosa for discussions and
suggestions in the initial stage of this work. M. W. and
M. S. are funded by FCT through the Grants No. SFRH/
BD/51648/2011 and No. SFRH/BPD/69971/2010. C. H.
acknowledges support from the FCT IF program. The
work in this paper is also supported by the Grants
No. PTDC/FIS/116625/2010, CIDMA strategic project
UID/MAT/04106/2013, and =~ NRHEP-295189-FP7-
PEOPLE-2011-IRSES.

124006-7



MENGIJIE WANG, CARLOS HERDEIRO, and MARCO O. P. SAMPAIO

[1] P. T. Chrusciel, J.L. Costa, and M. Heusler, Living Rev.
Relativ. 15, 7 (2012) [arXiv:1205.6112].
[2] S.S. Gubser, Classical Quantum Gravity 19, 4825 (2002).
[3] R. Gregory and R. Laflamme, Phys. Rev. Lett. 70, 2837
(1993).
[4] C.A.R. Herdeiro and E. Radu, Phys. Rev. Lett. 112,
221101 (2014).
[5] C. A.R. Herdeiro and E. Radu, Int. J. Mod. Phys. D 23,
1442014 (2014).
[6] C. Herdeiro and E. Radu, Classical Quantum Gravity 32,
144001 (2015).
[71 W. H. Press and S. A. Teukolsky, Nature (London) 238, 211
(1972).
[8] E. Berti, V. Cardoso, and A. O. Starinets, Classical Quantum
Gravity 26, 163001 (2009).
[9] R. Konoplya and A. Zhidenko, Rev. Mod. Phys. 83, 793
(2011).
[10] V. Cardoso, L. Gualtieri, C. Herdeiro, and U. Sperhake,
Living Rev. Relativ. 18, 1 (2015) [arXiv:1409.0014].
[11] S. A. Teukolsky, Astrophys. J. 185, 635 (1973).
[12] U. Khanal, Phys. Rev. D 28, 1291 (1983).
[13] O.]. Dias, J. E. Santos, and M. Stein, J. High Energy Phys.
10 (2012) 182.
[14] S.-Q. Wu and M.-L. Yan, Phys. Rev. D 69, 044019 (2004).
[15] N. Uchikata, S. Yoshida, and T. Futamase, Phys. Rev. D 80,
084020 (2009).
[16] T. Regge and J. A. Wheeler, Phys. Rev. 108, 1063 (1957).
[17] V.Cardoso and J. P. Lemos, Phys. Rev. D 64, 084017 (2001).

PHYSICAL REVIEW D 92, 124006 (2015)

[18] V. Cardoso, R. Konoplya, and J. P. Lemos, Phys. Rev. D 68,
044024 (2003).

[19] V. Cardoso, O.J. C. Dias, G. S. Hartnett, L. Lehner, and J. E.
Santos, J. High Energy Phys. 04 (2014) 183.

[20] O.J.C. Dias and J.E. Santos, J. High Energy Phys. 10
(2013) 156.

[21] G. Holzegel, J. Luk, J. Smulevici, C. Warnick, arXiv:
1502.04965.

[22] E. Berti and K. Kokkotas, Phys. Rev. D 67, 064020
(2003).

[23] M. Wang, C. Herdeiro, and M. O.P. Sampaio, to appear
S0on.

[24] R. Brito, V. Cardoso, and P. Pani, Lect. Notes Phys. 906, 1
(2015).

[25] Actually there still might be a phase factor between these
two constants, but this phase factor can be fixed through
calculating the normal modes.

[26] C. Herdeiro, M. O. Sampaio, and M. Wang, Phys. Rev. D
85, 024005 (2012).

[27] M. Wang, M. O. Sampaio, and C. Herdeiro, Phys. Rev. D
87, 044011 (2013).

[28] M. O. P. Sampaio, C. Herdeiro, and M. Wang, Phys. Rev. D
90, 064004 (2014).

[29] G.T. Horowitz and V. E. Hubeny, Phys. Rev. D 62, 024027
(2000).

[30] R. A. Konoplya, Phys. Rev. D66, 044009 (2002).

[31] E. Berti, V. Cardoso, and P. Pani, Phys. Rev. D 79, 101501
(2009).

124006-8


http://arXiv.org/abs/1205.6112
http://dx.doi.org/10.1088/0264-9381/19/19/303
http://dx.doi.org/10.1103/PhysRevLett.70.2837
http://dx.doi.org/10.1103/PhysRevLett.70.2837
http://dx.doi.org/10.1103/PhysRevLett.112.221101
http://dx.doi.org/10.1103/PhysRevLett.112.221101
http://dx.doi.org/10.1142/S0218271814420140
http://dx.doi.org/10.1142/S0218271814420140
http://dx.doi.org/10.1088/0264-9381/32/14/144001
http://dx.doi.org/10.1088/0264-9381/32/14/144001
http://dx.doi.org/10.1038/238211a0
http://dx.doi.org/10.1038/238211a0
http://dx.doi.org/10.1088/0264-9381/26/16/163001
http://dx.doi.org/10.1088/0264-9381/26/16/163001
http://dx.doi.org/10.1103/RevModPhys.83.793
http://dx.doi.org/10.1103/RevModPhys.83.793
http://arXiv.org/abs/1409.0014
http://dx.doi.org/10.1086/152444
http://dx.doi.org/10.1103/PhysRevD.28.1291
http://dx.doi.org/10.1007/JHEP10(2012)182
http://dx.doi.org/10.1007/JHEP10(2012)182
http://dx.doi.org/10.1103/PhysRevD.69.044019
http://dx.doi.org/10.1103/PhysRevD.80.084020
http://dx.doi.org/10.1103/PhysRevD.80.084020
http://dx.doi.org/10.1103/PhysRev.108.1063
http://dx.doi.org/10.1103/PhysRevD.64.084017
http://dx.doi.org/10.1103/PhysRevD.68.044024
http://dx.doi.org/10.1103/PhysRevD.68.044024
http://dx.doi.org/10.1007/JHEP04(2014)183
http://dx.doi.org/10.1007/JHEP10(2013)156
http://dx.doi.org/10.1007/JHEP10(2013)156
http://arXiv.org/abs/1502.04965
http://arXiv.org/abs/1502.04965
http://dx.doi.org/10.1103/PhysRevD.67.064020
http://dx.doi.org/10.1103/PhysRevD.67.064020
http://dx.doi.org/10.1007/978-3-319-19000-6
http://dx.doi.org/10.1007/978-3-319-19000-6
http://dx.doi.org/10.1103/PhysRevD.85.024005
http://dx.doi.org/10.1103/PhysRevD.85.024005
http://dx.doi.org/10.1103/PhysRevD.87.044011
http://dx.doi.org/10.1103/PhysRevD.87.044011
http://dx.doi.org/10.1103/PhysRevD.90.064004
http://dx.doi.org/10.1103/PhysRevD.90.064004
http://dx.doi.org/10.1103/PhysRevD.62.024027
http://dx.doi.org/10.1103/PhysRevD.62.024027
http://dx.doi.org/10.1103/PhysRevD.66.044009
http://dx.doi.org/10.1103/PhysRevD.79.101501
http://dx.doi.org/10.1103/PhysRevD.79.101501

