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Abstract In this article, the behavior of a charged and mas-
sive scalar field around a global monopole swallowed by a
Reissner-Nordstrom—Anti-de Sitter (RN-AdS) black hole is
investigated by considering the Klein—Gordon equation in
this geometry. The superradiance phenomenon and instabil-
ity behavior of the black hole against charged scalar perturba-
tions are studied for both an RN—AdS case and also for an RN
black hole surrounded by a reflective mirror, i.e., the black
hole bomb case. The effects of the monopole on these cases
are discussed analytically and also with the help of several
graphs in detail. The monopole charge affects the superra-
diance threshold frequency and also effects the instability
time scale for both cases. The existence of global monopole
makes these black holes more stable against superradiance
instability.

1 Introduction

Global monopoles are a special class of topological defects
which may be produced in the early universe during the
symmetry breaking phase transitions in Grand Unified The-
ories (GUT) [1,2]. Various types of these defects such as
monopoles, cosmic strings, domain walls or textures may be
produced depending on the type of the broken symmetry.
A possible mechanism for global monopoles to be formed
is a spontaneously broken global O(3) symmetry to U(1)
[3]. These monopoles have interesting gravitational proper-
ties such as the spacetime around a global monopole has a
solid deficit angle and the active gravitational mass of these
monopoles vanishes [3], despite very tiny repulsive force
due to the core [4]. They have also remarkable cosmologi-
cal implications, such as these monopoles, unlike magnetic
monopoles, are free from monopole overproduction prob-
lem in the early universe. This is because there is a very
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large attractive force between global monopoles and anti
monopoles, which implies that they have very efficient anni-
hilation process and the monopole overproduction problem
may not exist [3] for these monopoles. Hence, as a result,
very few number of monopoles, even none, can be present
in the universe per Hubble radius. They have also interesting
astrophysical implications such as global monopoles, sim-
ilar to local cosmic strings, formed at the GUT scale, can
serve as seeds for galaxy and large scale structure forma-
tion [5]. However, observations on cosmic microwave back-
ground radiation showed that these topological defects can-
not be the main contributor of the density fluctuations giving
rise to large scale structures, but they are not completely ruled
out and can contribute as secondary sources, no more than a
few percent [6-8], to the density fluctuations leading to the
structure formation. For a review of topological defects and
their astrophysical and cosmological implications, we refer
to [9]. Hence, understanding the gravitational effects of these
defects and their interaction with the surrounding scalar, or
electromagnetic fields are still an important topic in theoret-
ical and observational astrophysics and cosmology. In order
to increase our knowledge on the properties and behaviour
of global monopoles, in this article, we would like to inves-
tigate the dynamics of a massive, charged test scalar field
in a spacetime where a global monopole is swallowed by a
charged, massive black hole, namely, Reissner—Nordstrom—
AdS(RN-AdS) black hole. We first investigate the Klein—
Gordon equation(KGE) of a charged, massive scalar test par-
ticle. By using known mathematical methods, we can solve
the KGE approximately which enables us to explore the insta-
bility conditions of the superradiance phenomenon for these
spacetime configurations.

Superradiance [10] is a phenomenon present in dissipa-
tive systems leading to a radiation amplification process.
Examples of this phenomenon for different areas of physics
can be found in [11,12]. This phenomenon also exists for
both rotating [13-21] and charged black holes [22-24]. In
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the superradiant scattering, a scalar or electromagnetic wave
sent far from the black hole is scattered by the black hole with
increased wave strength. This is because the horizon of the
black hole, which acts as a one way membrane, plays the role
of a dissipative system, and leads to the superradiant scatter-
ing, if the frequency of the wave is below a certain threshold
frequency. The wave is enhanced because it gains rotational
or electromagnetic energy from the black hole and therefore
it is a wave analogue of the Penrose process. Hence, using
this mechanism, one could, in theory, extract energy from the
black hole. The area theorem is safe in this process, since, dur-
ing this process not only the rotational and electromagnetic
energy but also the angular momentum and horizon charge
of the black hole decreases, in a way that the horizon area
does not decrease. One important property of the superradi-
ant scattering is that it may lead to an instability if there exists
a mechanism to feed the enhanced scattered waves back into
the black hole until the scattered waves exceed the threshold
frequency of this black hole. In the classical domain, the first
example of the phenomenon was presented by Zel’dovich
[13,14], whose suggestion was to surround a rotating cylin-
drical absorbing object by a reflecting mirror, then by exam-
ining the case where the scalar waves strike upon it. It is
known that Schwarzschild black holes do not show super-
radiant scattering and hence they are stable [25,26]. It is
possible to obtain a system similar to Zel’dovich’s cylin-
der for a rotating Kerr black hole surrounded by a spherical
reflective mirror. This black hole-mirror system is called the
“black hole bomb” by Press and Teukolsky [27]. A detailed
analytical and numerical study investigating superradiance
instability of Kerr black holes for the black hole bomb mech-
anism can be found in [28]. These studies showed that using
a hypothetical reflective mirror which continuously sends
back scattered waves enhanced by superradiant scattering
into the black hole, until the mirror breaks down due to the
radiation pressure of the scattered waves, one can observe the
superradiant instability of a black hole and its behaviour such
as the instability time scale. This method is applied to sev-
eral black hole configurations [15,16,29-43] to investigate
different aspects of the instability of these systems against
superradiance.

A more important question is that are there any natural
mechanisms, for example a potential barrier, which contin-
uously scatters back enhanced waves into the black hole.
One such mechanism is the effect of the mass of the scalar
wave, which behaves like a potential barrier [24,44—46], pre-
vents scalar waves enhanced by superradiant scattering to
escape radial infinity and reflects back to the black hole for
Kerr family of rotating black holes. However, the time scale
of this instability for astrophysical black holes are greater
than the Hubble time, hence this instability is ineffective for
such black holes. However, this instability may be important
for primordial black holes. Another candidate is the infin-
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ity of AdS black holes since for AdS black holes the infinity
behaves like a reflective mirror. Despite this, large AdS black
holes were shown to be stable [47]. However, four dimen-
sional rotating and/or charged [48—53] small AdS black holes
can be unstable against superradiant scattering if the scalar
field satisfies the superradiance condition. This observation
is also present in rotating and/or charged [35,54-57] AdS
black holes in higher dimensions. Moreover, gravitational or
Maxwell perturbations may also trigger superradiance insta-
bility for AdS black holes [58—61]. This instability causes
the black hole to loose some of its angular momentum and
horizon charge. Finding the end product at the onset of the
instability has been a question in recent years, with the expec-
tation that a charged rotating AdS black hole having only a
single helical Killing vector with smaller angular momentum
and charge surrounded by a possible charged scalar cloud
[62,63] will be the answer. However, a recent study showed
that this end product is also unstable [64], implying that the
answer is not fully reached, yet.

As we have discussed in the previous paragraphs, the
superradiance phenomenon is not specific to rotational black
holes. For static charged black holes such as RN and RN-AdS
black holes, since the charge of the black hole also leads to
superradiance [22-24], it can also be observed via scattering
of a charged scalar field interacting wih the Coulomb energy
of the black hole instead of a rotational one. Hence, in this
case, superradiant scattering reveals itself for the frequencies
bounded by the inequality w < e®j,, where e is the charge of
the scalar field and & is the electric potential of the horizon
of the black hole sourced by its charge Q. In this article, we
generalize the instability condition in the presence of a global
monopole for both RN and RN—-AdS spacetimes. Unlike the
rotating ones, there are no metastable bound states in the
superradiant regime of RN black holes for charged massive
scalar fields, and therefore asymptotically flat charged black
holes are stable against superradiance instability [24,65-70].
However, the superradiant scattering may lead to an instabil-
ity if static charged black holes are surrounded by a reflective
mirror [36—41] or lives in an AdS spacetime [53,56,57,71].
The endpoint at the onset of the instability as a charged hairy
black hole with a charged scalar cloud floating above the
horizon is pursued in linear [61,72-74] and nonlinear [50]
regimes for static charged black holes. In order to see the
effect of the monopole on the superradiance instability of
static charged black holes, we will analyze the instability in
both of these setups. For a more complete list of references
to black hole superradiance and the other aspects of superra-
diance, we refer to the latest review [12].

Our aim in this paper is to investigate the interaction of a
global monopole with a (charged) scalar field via the super-
radiance phenomena. The questions that we will be seeking
answers are the following: What is the effect of the monopole
on the superradiance threshold frequency? How does the
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monopole affect the superradiance instability? Does the exis-
tence of the monopole affect the instability time scale and if
it is so, is it an increase or a decrease? The motivation behind
these questions is to understand the characteristic behavior of
global monopoles in the presence of a scalar field. In order to
answer these questions we consider a global monopole swal-
lowed by RN(—AdS) black hole. The choice of this geometry
is mandatory because of the following two reasons. The first
one is the fact that the Klein—Gordon equation is not separable
for “rotating global monopole space-time [75]” and hence we
are left with a non-rotating but charged RN spacetime, which
shows superradiance scattering property. The second one is,
in order to investigate the superradiance instability, we need a
configuration that has a “barrier” which continuously reflects
scattered waves back into the black hole. This can be achieved
by either an AdS boundary which behaves like a reflective
mirror, or an artificial setting where the black hole we are
considering is surrounded by a reflective mirror. Hence, we
will consider both cases separately to compare their results.
The third option is to consider a massive scalar field will not
be pursued in this paper because the potential barrier due to
the mass term does not lead to instability for RN black holes.
Although global monopoles that might be produced in the
early universe in the symmetry breaking phase transitions
seem to be unrelated to the settings we will be considering
in this paper, it may not be true. Once a monopole is pro-
duced, a global monopole network shows a scaling property
such that a fixed number of order one monopoles survive per
Hubble radius, thus the number of monopoles do not change
in an expanding universe [5,76]. Hence there is a possibility
that a global monopole might be swallowed by a black hole
in its lifetime. Therefore it is not unreasonable to investigate
the properties of a black hole configuration where a global
monopole swallowed by an RN(-AdS) black hole and its
interaction with a scalar field.

The article is organized as follows. In Sect. 2 we present
the spacetime corresponding to a global monopole swallowed
by a black hole with mass M, and electrical charge Q in a
cosmological background which is called RN-AdS global
monopole spacetime and we obtain the Klein—-Gordon equa-
tion for a scalar field by using an ansatz to separate the equa-
tion to its angular and radial parts. The quasinormal modes
of RN-dS black hole with a global monopole are presented
recently in [77]. Section 3 is devoted to the phenomenon of
superradiance. We analytically investigate the stability prop-
erties of the spacetime configuration in two different cases
under superradiance. In the first case, we have an AdS space-
time which behaves effectively as a reflecting box. In the sec-
ond case, however, we consider the spacetime in the absence
of the cosmological constant and surround the black hole
by a reflecting box. For both cases, we discuss the effect of
the global monopole on the superradiant instability by using
known analytical methods. We also present several graphs

to visualize the effect of the monopole on the superradiant
threshold frequency and also on the time scale of the insta-
bility for both AdS and black hole bomb cases. In Sect. 4 we
make a brief conclusion of the results we have found in this

paper.

2 The line element and the Klein—-Gordon equation

In this section, we will present the line element for our space-
time configuration and also the Klein—-Gordon equation for
a charged scalar field. The behavior of the scalar field near
the horizon and the radial infinity are derived. Using these
results the superradiance condition is also derived and the
effect of the monopole charge on the superradiant threshold
frequency is discussed.

2.1 The Line Element

The spacetime line element around a global monopole swal-
lowed by a Schwarzschild black hole is given in [3]. This
solution is later generalized to a global monopole swallowed
by an RN-(A)dS black hole implicitly in [78] with the line
element

A 2
ds? = == di* + 2— dr* +r? (d82 + sin29d¢2> - (M
r r

with A, is defined as,
2,2 Ay 2
A, =1 —8an)r —2Mr—§r + 07, (2)

where M and Q are the total mass and the total charge of
the black hole, A is the cosmological constant, and 7 is the
contribution of the global monopole, which are the physical
parameters of this space-time. The fourth degree polynomial
(2) has two real and two imaginary roots for AdS space-time.
These two real roots corresponds to the event horizon r and
Cauchy horizon r_. From now on we will mainly work with
the following parameters

3
b*=(1—8nn?), £=,-—=. 3
( ) A 3)

and now the function A can be expressed in terms of the
abbreviation term b and the AdS radius £ as

A —b2r2—2Mr+i+Q2 4)
r Zz .

@ Springer



396 Page 4 of 15

Eur. Phys. J. C (2020) 80:396

Hawking temperature of RN-AdS spacetime is presented
in [79], and for RN—AdS-monopole spacetime it becomes

s L(da
" d4x \dr r2 -
=ry
1 b? 3 2
- + Q <) (5)
dary \dmnry  4ml dmry

The positive definiteness of Hawking temperature constraints
the charge of the black hole by the following inequality,

3 2
Q< Qc=ry[b?+ % ©)

which reduces to the corresponding critical charge expres-
sion [53,79] in RN-AdS spacetime when b = 1. We can see
that, the monopole term definitely effects the Hawking tem-
perature and the critical charge Q. in a nontrivial way, both
via the term b? and also with its effect on 7 . In the following
sections, we will choose the black hole parameters such that
the constraint equation (6) is obeyed.

One important note comes from the inspection of the pure
global monopole configuration. The line element for such a
configuration can be obtained by neglecting the black hole
parameters, namely the mass M, the charge Q and A. There-
fore the line element becomes [3,9],

ds* = —(1 = 8an?) di* + —————dr’
s ( /) a—sm
+r2d0* + r* sin 0%d¢”. )
Rescaling the ¢ and r variables by the transformations,

t
[ — r— /1 —=8mnr, ®)

V1 —8mn?’

we can rewrite the global monopole line element as,
ds? = —di? +dr*+(1 =872 r2 <d92 + sin92d¢2) . 9)

The line element (9) not only describes the asymptotic behav-
ior of the global monopole outside the core but also states
that the pure global monopole spacetime is not asymptoti-
cally flat, which describes a space with a solid deficit angle.
Hence the area of a sphere of proper radius r is not 4772,
but rather (1 — 871772)47”2. Note that the space-time (9)
also describes a “cloud of strings” solution [80], namely,
a configuration where an ensemble of radially distributed
straight cosmic strings, i.e., a Letellier spacetime, intersect-
ing at a common point, which sometimes also called the
“string hedgehog configuration [78,81]”. Note also that for
positive values of (1—8m7?),i.e. (1—8wn?) > 0, the Eq. (1)
defines a spacetime such that A, = 0 at a certain value of 1.

@ Springer

However for (1 — 87 172) < 0, r becomes a timelike variable
and (9) can be interpreted as an anisotropic cosmological
solution.

2.2 The Klein—Gordon equation

The Klein—Gordon equation for a scalar field ® that describes
the dynamics of a massive electrically charged scalar particle
of mass p and charge e, in a curved spacetime is described
by the equation,

1
O® = ——D,(v—gg"' D,)® = />, (10)
J= " '

where g is the determinant of the metric tensor, with the value
g = —r*sin” 6. The gauge differential operator D is defined
as,

Dy =y —ieAn, A=Audxt =—2ar, (11)
r

where A, is the vector potential.
Itis straightforward to see that the Klein—Gordon equation
is separable. Considering the usual separation ansatz,

& = R(r)S(0) &P 71", (12)

where m is the azimuthal quantum number and w is the
angular frequency of the scalar waves, and substituting (12)
into (10) yields a separable equation on differential Eq. (10),
which means we can write the total differential equation as
distinct angular and radial equations separately. The angular
part of the total differential equation leads to the associated
Legendre differential equation

I d( 9 d m’ SO) = A1 S56) (13)
—— |\smb— ) — —5— = ,
sin6 do do sinZ 0

where X is the separation constant with well known expres-
sion

A=v+1), (14)

whose solutions are given in terms of associated Legendre
polynomials as

S(0) = P,™(cosH), (15)

whose values can be found by using the Rodrigues’ formula
[82].
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The radial part of the Klein—Gordon is obtained as,

o [AriR(r)i|
dr dr
n {(wr2 —e0r)? — A, [v(v—i—l)—f—,uzrz]} R(r)=0.
(16)
Now, let us discuss the asymptotic behaviour of the scalar

field near the horizon and the radial infinity for certain values
of the parameters of the scalar field and the black hole.

2.3 The asymptotic behaviour of the scalar field

The radial part of the Klein—Gordon differential equation is

given by the Eq. (16), where A, is given in Eq. (4).
Consider now a tortoise coordinate transformation defined

as,

dr* 2

Py R(Gr™) = R(r)r, (17)

then the Eq. (16) takes the Schrodinger-like form,

d2R(r*)
dr*?

+VEHRGEH) =0, (18)

where the effective potential is defined as,

2
V(r*) = (w — 2)

r

A, |:v(v+ 1)

r2 72

2 2M 207
2
+ u +£—2+r—3—r—4i|.

(19)

Now let us investigate the asymptotic behavior of this poten-
tial near the horizon and at the radial infinity.

2.4 Scalar field near the horizon

Near the horizon, r — ry, which corresponds to the largest
root of A, the function A, behaves as A, — 0, the effective
potential becomes,

Vi*) = (w—edp), as r—rg, A, — 0, (20)
Here &, is the electric potential at near the event horizon
given by,

dy = 9 1)

r+
Hence near the horizon we have,

O ~ e—ia)tii(a)—e <I>/,)r*’ (22)

where r* is the tortoise coordinate given by the Eq. (17).
Since our investigation is in the classical domain, we have
to choose the negative sign in (22) which implies that there
are only ingoing waves at the horizon, and also that one must
restrict the group velocity of the wave packet to a negative
one. Classically speaking, no information can come out from
a static black hole.

2.5 Scalar field at the infinity

At the radial infinity there are different asymptotic behaviour
for the scalar field depending on the cosmological constant
and mass of the scalar field. Hence we will discuss below
these different cases, separately.

2.5.1 Nonvanishing cosmological constant case

For nonvanishing cosmological constant, i.e., £ # 00, we
have

V(@) — 00, as r— oo (for £ # oc0) (23)
which implies that the boundary condition for the scalar field
in this case is the following,

R—0 when r*— oo, (24)

due to the fact that AdS space behaves effectively as a reflect-
ing mirror.

2.5.2 Vanishing cosmological constant case

For the vanishing cosmological constant, however, the
behaviour of the scalar field is very different, since

V(i) = o =b*u?, as  r— oo (for €=00). (25)
Hence, for vanishing cosmological constant, and if the scalar
field is massive (i # 0), then bound states that are decaying
at infinity are possible for the scalar field if ®* < b?u?* with
R(™) — e VP Ghen 1 — oo, (26)
Hence, similar to RN or Kerr black holes, the mass of the
scalar field can act as a potential barrier if it satisfies > <
b*1?. We see that the effect of the monopole term is to reduce
the height of the potential barrier by a factor of b> = 1 —
8 772 < 1. However, it was shown in [24,65-70] that, unlike
Kerr black holes, in the superradiant regime there are no
metastable bound states for RN solution and RN black holes
are stable against charged scalar perturbations. Hence we
will not pursue the investigation of stability due to the mass
of the scalar field in this paper. An open problem will be to

@ Springer
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investigate the stability of a global monopole swallowed by
a charged and rotating black hole, a solution which awaits its
discovery, against charged and massive scalar perturbations.
However, as far as we know, this solution is not known yet.

For the case where the mass of the scalar field vanishes
or w? > b? ,u2, then there is no bound state solutions and the
field behaves as

R(r*) — eFioor 27)

where wg = w? — b2u?, with w*> > b*u?. In this case
the superradiance scattering cannot lead to instability unless
one uses some artificial mechanisms such as surrounding the
black hole with a reflective mirror as done in the black hole
bomb mechanism.

2.6 Superradiance condition

Here we derive superradiance condition for vanishing cos-
mological constant case. Let us consider a scattering exper-
iment of a monochromatic scalar wave with frequency w
with a wave function of the form ® = Re™/®'+"¢ When a
scalar wave is sent from radial infinity with unit amplitude,
and when we consider the black hole horizon as a one way
membrane with no flux outside the horizon from the black
hole, then the asymptotic form of the solution of the equation
(18) can be written as

asr —rp

R ~ . * ; *
Re'@0" 4 707 a5 r — 00

B —i(w—e®p)r*
{ Te (28)

Here R and 7 are the amplitudes of the reflected and trans-
mitted waves, respectively. Note that the complex conjugate
of R, in which we will denote as R, should be also a solution
of the equation (18) since the potential V (r*) is real and the
solutions are invariant under 1 — —¢, @ — —w. Then R
and R should be linearly independent and their Wronskian
W = Ror*R" — R79r* R should be independent of r*. Cal-
culating Wronskians near horizon and at the radial infinity
and equating them one obtains

w—edy

R =1~ 171 (29)

Hence when the superradiant condition

w < edy 30)

is satisfied, then the amplitude of the scattered wave becomes
greater than it is sent. This phenomenon is called as the super-
radiant scattering. Note that for the AdS case, the condition
for superradiance is also the same. This can be derived by
the fact that the phase velocity of the waves flowing into the
horizon changes sign relative to the group velocity of these

@ Springer

waves. Now let us discuss the role of the monopole charge
on the superradiant threshold frequency

wp = ey =eg. 3
r+

The monopole term, b2 =1-87 n2 < 1, affects the super-
radiance threshold frequency since it changes the location of
the outer horizon r which is given by

M+ /M? — Q%b?
= b2 .

ri (32)
When the monopole is present, the location of the outer hori-
zon increases relative to the case where the monopole is not
present (b = 1). Hence the electric potential of the horizon
decreases in the presence of the monopole term. Therefore,
here we conclude that the presence of the monopole charge
reduces the superradiant threshold frequency of the wave. A
wave with frequency w which may trigger the superradiant
scattering when the monopole term is absent, may not trig-
ger the superradiant scattering when the monopole term is
present.

3 Superradiance instability

Having obtained the Klein—Gordon equation for a charged
and massive scalar field around a Reissner—Nordstrom—
(A)dS global monopole black hole in the previous sec-
tion, and also determined the role of the monopole term
on the superradiant threshold frequency, we now investi-
gate the phenomenon of superradiance against perturbations
of charged and massive scalar field to understand the role
of the monopole term on the superradiant instability of the
black holes that we consider. The aim of this section is to
find an instability condition for our space-time configuration
for small mass and charge via solving the radial wave equa-
tion (16) in the low-frequency domain, i.e. (r—ry) << %, by
exploiting the asymptotic matching technique. We separate
our investigation into two cases where the first case corre-
sponds to the anti-de Sitter spacetime where A < 0, that can
be called natural superradiant instability since the infinity of
the AdS spacetime behaves like a reflective mirror. In the sec-
ond case, we will be interested in the superradiant instability
in the absence of cosmological constant, i.e. A = 0, using the
method called as the black hole bomb mechanism, where the
black hole is surrounded by a hypothetical reflective mirror
[27].
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3.1 Case 1: superradiant instability of global monopole
configuration in RN-AdS space-times (A < 0)

In this section we consider the superradiance instability of
a charged scalar field of a global monopole swallowed by
an RN-AdS black hole. As we have said before, here we
exploit the asymptotic matching technique, which divides the
spacetime outside the event horizon into near and far regions
[18].

A — Near region solution For small AdS black holes we have
ry << {,inthe near region we assume (r —ry) << %, A~
0,r ~ryand A, ~ A, where

A =b*r? —2Mr+ Q% = (r —r)(r —ro),
M £/M?— Q2?2

ri (33)

We further assume that u2ri << 1 in the near region, since
we are in the low frequency regime and the Compton wave-
length of the perturbations must be large compared to the
radius of the horizon. Now we will make a change of vari-
able through the following definition,

r—r4

0<z=<1, (34)

)
r—r—

where z = 0 corresponds now the event horizon r = r.
Using (34) we have the following results,

A0y = (ry —r_)z9,, A=z(r— r,)z,
ry —r_
(1—z)=—+ . (35)
r —r—
The radial Eq. (16) takes the form,
(1-2)z32R+(1-2)3,R
1-— 1
+{52 ¢ vt D )}R=O, (36)
z 1—-z

where we have defined the so-called superradiant factor as,

7‘2
T (w—edy). 37)

r4 —r—

w =

Now we can define the following transformation
R=7%1-2)""F. (38)
Substituting (38) to (36) we obtain,

(1 -2z F+{(1+2i@) — 20w+ 1D+2ia+ 1]z},
xF+[(v+1)2+(v+1)2i6]F:O, (39)

which is a hypergeometric differential equation with a gen-
eral solution in the neighbourhood of z = 0 as F =
az' VF(l+a—y,B+1-y;2—y; ) +bF(a, B y;2)
[82], where

a=v+1+2iw, B=v+1, y=2iw+1. (40)

Therefore, we can read of the solution of (36) as,

R=Az7°0—)"""Fl4+a—y, 1+B8—y:2—y;2)
+BZ (1 —2)"T F(a, B: y; 2). 41)

Since we are in the classical limit, there will not be outgoing
waves, therefore we have to set the coefficient B = 0.

Now we analyse for the large values of r, i.e. z — 1, the
behaviour of the ingoing wave solution in the near region. To
accomplish that, we will use hypergeometric transformation
law z — 1 — z, which is given by [82],

Flld+a—y, 1+p—yi2—y;)=(1—z7*F
FrQ—-—y)fi@+pg—-vy)
Fa—y+DLB-—y+1)
xFl-a,1=B8—y;y—a—B;1-2)
FrCQ—-y)le+pB—-vy)
r'ad—-omrd-ga)
xFA+a—y,1+B8—y;a+B+1—y;1—2).
(42)

Since in the limit z — 1 = 1 — z — 0, we can use the
property of the hypergeometric function F(«, B; y;0) = 1,
to write the large r limit of the near region solution of the
form

(rq —ro)’I'Qv+1)
T+ DI —2im+1)

R~AF(1—2i5)|:

N—wI'(-2iow—-v) “43)

— ) r(—2v —1
(ry —ro) (—2v—1) r_(w)} |
B - Far region solution In the far region we assume r —
ry >> M, such that the physical parameters of the black
hole, namely the mass and the charge can be neglected, i.e.
M ~ 0, Q ~ 0. Hence the polynomial (2) now becomes,

2 (2 r?
A~r (b4 ), (44)

thus the radial part of Klein—-Gordon equation (16) can be
written as,
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2 r2 ) b2 2
Pt )RR+ (54 5 ) 4R

2
+|: w —V(U+l)—M2:|R=O. 5)

P+

Note that the Eq. (45) is the radial wave equation for AdS
space-time with a global monopole. Moreover, we also
observe that the monopole term b* in Eq. (45) does not
vanish, which is adequate due to the fact that the monopole
spacetime is not asymptotically flat. Hence we must keep the
monopole term b2 in the far region approximation. Let us start
our calculation with a coordinate transformation defined as
y=b*+ ;—z, then we further transform that with y = b?x.
With these transformations Eq. (45) takes the following form,

5
(1 —x))x 2R + <1 - 7’6) 3,

& A+ 1) P
4x 4(1 — x) 4

} R =0. (46)

Here we have set @ = w?/b>, A\(A+ 1) = v(v + 1)/b%.
Now let us use the following definitions,

0?02
1 = —

A
7 B2 = 5 (47)
and the following ansatz,
R=xP1-x)PF. (48)
Substitution of (48) to (46) yields,

(1—x)xfF+ [y —x@+p +D]o,F—d'fF =0,

(49)
where we have defined,
o =B +ﬂ2+§+%\/m
=%+%+%+%m, (50)
ﬂ’=ﬁ1+ﬂz+f—1—%\/m
Yy =al+1, (52)
such that,

o B = (J)+k+;>, 1+o/+,3/=2(/31+/32)+§-
(53)

@ Springer

The Eq. (49) is in the form of hypergeometric differential
equation and this equation admits a solution in the neighbour-
hoodofx = coas[82], F(a/, B/; /s x) = Cx ¥ F(d,a'—
v+l =+ D+ DxFFE B~y + 1 o +
1; )l(), hence we can write a solution of (46) via (48) as,

1
R=(1 — x)P2xP {Cx_"“F(oz’,o/—y’—i—l;o/—,B’+1; )—C)
/ 1
+Dx PF@B B~y + 1 —o +1; ;)}. (54)

Taking the limit x — oo and using F(«, 8; y;0) = 1, we
see that the solution behaves as,

R~ (=D [c L FevorE) | D} . (55)

However, at infinity, AdS spacetime behaves like a wall such
that the scalar field ® vanishes. This implies the restriction
that the coefficient D must vanish.

To explore the Eq. (54) corresponding to the small values
of r,i.e. x — 1, we use the % — 1 — x transformation law
of the hypergeometric functions [82], which is given by,

F(a,a—y—i—l;l—ﬁ—i—a;%)
MNa—-B+ DI+ B8—1y)
M-y + D)
XF(1—-81—a;y —a—p;1—x)
rg—yrl@+B-vy) ,
'l —ao)l'd—p)
x Fla,B;0+B+1—y;1—x). (56)

— xa—}/-'rl(x _ 1)]/—0(—/3

2
Note that, when x — 1 we have x — 1 — ZST Therefore
the far region solution for small values of r is given by,

R~CIl@ — B +1)
s TG/ —o =)
) [(_1)2 o= (@)
S T@ 4B —y)
+(—1)2 ') (o — V/+ 1 ( ) i|

57
b (57)
We observe that the global monopole term, b> = 1 — 875>
effects the far region solution (57) as a constant multiple of
r, therefore we can safely apply the boundaries of the pure
AdS space-time to analyse (57). When r — 0 the Eq. (57)
diverges due to 7 —*~! — oo. To obtain regular solutions we
impose the condition as follows,

o —y'+1)=00 if T(-m)=o0, méeZ;.
(58)
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Thus, the regularity condition (58) enables us to interpret m,
which takes the values from the nonnegative integer numbers
Zy, as a principal quantum number. Hence we obtain the
discrete spectrum

2b

w = 7(m+0)- (59

For the sake of abbreviation we have defined 0 = A/2 +
3/4 + /9 + 412¢2 /4. Notice that the result (59) reduces to
given in [48] when the mass of the field and monopole term
vanishes, i.e. © = 0, b =1.

Now, it is natural to assume that the condition (59) can be
interpreted as the generator of the frequency spectrum of the
normal modes at large distances, due to the fact that at infin-
ity the structure of the RN—AdS black hole is similar to pure
AdS background. In addition, one can still observe the effect
of the global monopole in (59). Having said that, however,
we should approach the current predicament more cautiously,
since the inner boundaries of the pure AdS or RN-AdS black
hole spacetimes are very different. For a pure AdS space-
time, we have » = 0 as the inner boundary, on the other hand
for the black hole case we have r = r.. Hence if one wishes
to observe the effect of the black hole on the frequency spec-
trum, one must take into account the possibility of tunneling
of the wave through the potential located at r = r, into the
black hole and scattered back. Furthermore, the amplitude of
the scattered wave may decrease or grows exponentially and
may also cause the superradiant instability. To sum up, the
quasinormal mode frequencies for the black hole case can be
modified with additional complex frequencies as follows,

2b .
woM = 7(m+0)+l5Ads. (60)

where § 445 is possibly a small parameter signaling the effects
of the charged black hole having the global monopole.

Exploiting the assumption (60), and using the gamma
function relations for small 6 445, we have

1 : 1 m!
~i(enytt T
T@) (@ —y +1) m—+r+e—1)
V4
X ﬁ(SAdS, Saas << 1, (61)
where € = (3 + /9 +412€2)/2, and
ra—-gHry —a)
—D(=A—m—1/2)D(m + 1 +9 +4u2¢2/2).  (62)

Using (61) and (62) in the far region solution given by the
Eq. (57) we obtain,

(=DM20 (=1 — 1/2)( b))~
-
D(=A—m—1/2T(m+ 1+ /9 + 4u2¢2/2)
(TO+172) 22 m! r***I]A (63)

2 (m+Ai+e—1)!
Now if we want to be successful at the asymptotic matching
procedure of the near region and the far region solutions we
need a restriction on A. The relation between A and v is given
by,

R~cmd—ﬂ+n[

+i Sags (— 1)73A/2+m+

viv+1)

Ao = =5

(64)
where b? = 1 — 87 n. Taylor expansion of 1/b? yields,

1
a =1t Om?), (65)

neglecting the O (%) term we have A = v. Therefore we can
write the far region solution as,

R~CTI(@ -8 +1) [A/r” +i84ds B/r‘”‘l] , (66)

where we set the coefficients of ¥ and "~ to A’ and B’
respectively.

Matching the near region solution (43) with far region
solution (66) yields then,

Sads ~ (_2,')(_1)'"+1w
rv+1/2)

— )2l r(=2v—1)

T+ 1+Vo a2z T(=v)
Tw+1) Tw+1-2i@) T(=v—1/2)
“T@v+1) T(—v—2im) T(—v—1/2—m)

) [m+v+(1+\/'9+4W) /2]!‘

(ry

(67)
m!
Using the gamma function property given by,
Fd+x)=xTkx) (68)
we obtain,
Snis ~ (- ety B (69)

£2(v+1) b2vﬁ’
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where we have defined £ as,
W02 [m+v+ (149 +4u72) /2]:
m! (2v + 1)! 2v)!

Oy 1+ m) [ 5,
T+ Dy — ! [E(s +4a)

x [C(m + 149+ 4u2e2)] 7!, (70

withw = [r2/(ry —r_)] (@ — e ®p) and © = (2b/£)(m +
o). Now we have,

&=

Saas o — (Rlwom] — e Pp). (71)

Hence the superradiance condition is

Nwom] < ed), = eg, for  Saas > 0. (72)

T+

The scalar field has dependence of wguy as,
et M = exp [—i R(wom)t + Saast |- (73)

The Eq. (73), together with the condition (72) implies that
the amplitude of the scalar field grows exponentially and
causes instabilities. However one should bear in mind the
effect of the global monopole term 52. The relevant physical
choice of the global monopole term is b*> = 1 — 875> > 0.
Furthermore, if we took 2 as a positive number, i.e. n> > 0,
then 0 < b> < 1. To observe the net effect of the global
monopole let us write an explicit version of (72) as,

M+ M2 = Q%2
= b2 .

7(m+o) <e—, ry (74)

T+

As we have discussed in section (2.6), we know that
the monopole term causes an augmentation on the outer
horizon which decreases the value of the electric potential
and lower the threshold frequency. Moreover, inspection of
Eq. (69) regarding the effect of global monopole shows a
growth in 5445 therefore we observe a decrease in Tag4s,
since in superradiant instability, the time scale is given by
Taas = 1/8aas = 1/S[wom] oc 2DV,

In order to better understand the effect of the monopole,
now, we will present several graphs. All of the graphs are
plotted for unit black hole mass M = 1. From Fig. (1), it
is seen that the monopole term b plays an important role in
the superradiant threshold frequency. As we have said before,
when the monopole term is present, the threshold frequency
decreases. As a result, when the black hole contains a global
monopole, the chances of having a superradiant scattering
decreases with increasing monopole term 7. We also plot the
graphs of changing of the time scale with monopole term b?

@ Springer

m=0, v=1, A= -3 x 107°, Q=0.8, =0.205 - 0.225 , y=0.1, b>=0.9 - 1.0

<0205 "
0.110p =0.210 7
< €20215 _
------ =0.220 _
0108 ——— e=0.225 P -
= w=omee Re(wan) -
(€} &
<
\z/ 0.100 ]
(:ﬁ .
0.095} -
0.090
0.90 0.92 0.94 0.96 0.98 1.00

b2

Fig. 1 Graphofe®d, and 9%t(wpy) asafunctionof b? form = 0,v = 1,
A=-3x10"% 0 =08, u=0.1,e=0.205— 0.220 with different
charge values of scalar field. As b2 becomes smaller, which corresponds
to larger values of 1, we see that the condition 445 > O starts not to
hold. Instability condition only holds above the intersection points for
these choosen parameter values. Note that, the black hole charge value
Q = 0.8 is in accordance with (6)

for different parameters, namely, the mass of the scalar field
1, the black hole charge Q, the cosmological constant A
and different mode values v in Fig. (2a—d), respectively. We
observe that for all of these four parameters, when the gravita-
tional monopole term b? decreases, the value of the time scale
also decreases. In Fig. (2a), when the mass of the scalar field
is absent, the time scale differs drastically relative to a mas-
sive scalar field. Furthermore, the maximum change of the
time scale with respect to gravitational monopole is observed
in this case, as well. Figure (2b, c¢) shows the change of the
time scale for different values of black hole charge and cos-
mological constant. As the charge of the black hole and the
AdS radius ¢ increase, or cosmological constant decrease, the
effect of the monopole becomes more obvious. For a given
w, Q or £, when monopole term b> decreases or equivalently
n? increases, the instability time scale decreases, making the
instability less effective for amonopole having more strength.
The last Fig. (2d) is devoted to the dependence of the time
scale to the modes v of the scalar wave. The effect of the
global monopole on the different modes of the perturbation
term § 445 is given in Eq. (69). Hence its effect on the instabil-
ity time scale t445 comes from two different contributions.
The first one is the explicit b~2Y term in 8 445, which comes
from the coupling between AdS radius £ and monopole term
b2. However, this term is not the only source of b? depen-
dence for modes in §445 and as we have said before, the
locations of the horizons also have b dependence and there-
fore the term (r4 — r_)" also depends on mode number v. It
turns out that the combined effect of these two contributions
determines the b dependence of modes to the instability time
scale. The investigation of the Fig. (2d) for first three modes
shows that the main contribution on the time scale change for
decreasing b comes from the horizon terms since the global
monopole effects and increases the values of them.
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m=0, v=1, A= -3 x 10°, Q=0.85, =0.22, 1=0.0 - 0.1, b*=0.85 — 1.00

10™ ,///-
—— p=0.00 ——- p=0.08
--eme p=0.02 —.— p=0.10
® 4 A10 -
510 I =0.04 9
10% -
108

(a) Logarithmic graph of Ta4s as a function of b2 for
©=0—0.1, where we have fixed the other parameters as
m=0,v=1,A=—-3x10"% Q = 0.8, e = 0.22. i)As the mass
of the scalar field decreases, the time scale increases. ii) For
small values of b2 the time scale decreases. iii) As the mass of
the scalar field decreases the slope of the time scale increases.

m=0, v=1, A=—(1 = 3) x 10~%, Q=0.8, €=0.22, y=0.1, b*=0.90 - 1.00

A=-1.00%x10% e A=-1.75x10° —— A=-250x10"°
----- A=-125%x10° ——— A=-2.00x107°
.......... A=—150%x10® —.—. A=—225x107°

— = A=-2.75x10°
— A=-3.00x10%

25

1/ pqs X 10°
= = N
o (6} o

o
o

0.90 0.92 0.94 0.96 0.98 1.00
p?

(€) Graph of Tags as a function of b2 for A = —(1 — 3) x 107
where we have fixed the other parameters asm =0, v =1,
Q@ =0.8, p=0.1, e = 0.22. i)As the absolute values of the

negative cosmological constant increases, the time scale
increases. ii) As b? decreases the time scale decreases. iii) The
slope of the time scale increases for increasing b2.

Fig. 2 Figure (a—d) corresponds to the different values of particle
mass, black hole charge, cosmological constant and modes, respec-
tively, shows the change of the time scale with respect to b2. All four
figures behave in the same fashion, as the effect of the gravitational

Hence, we conclude that in RN-AdS black holes hav-
ing a global monopole, the onset of superradiant instability
decreases with the monopole term b?. Nevertheless, if the
instability occurs it will grow slower in comparison with the
case when the monopole term is absent. In summary, we
can conclude that the existence of global monopole makes
the RN—AdS black holes more stable against superradiance
instability.

m=0, v=1, A= -3 x 107, Q=0.80 - 0.95, e=0.22, 1i=0.1, b?=0.90 — 1.00

5r 3
— Q=0.80

1/ ags X 10°

o
o

0.90 0.92 0.94 0.96 0.98 1.00
b2

(b) Logarithmic graph of T44s as a function of b2 for
@ = 0.8 — 0.95 where we have fixed the other parameters as
m=0,v=1,A=-3x10"% u=0.1, e = 0.22. i)As the
charge of the black hole increases, the time scale increases. ii)
As b? deacreases the time scale decreases. iii) The slope of the
time scale increases for increasing b%.

m=0, v=(0,1,2), A= -3 x 1078, Q=0.8, €=0.22, 1=0.1, b?>=0.75 - 1.00

0.75 0.80 0.85 0.0

b2

0.95 1.00

(d) Logarithmic graph of 7445 as a function of b2 for the first
three modes v = 0,1,2. The straight line corresponding to the
fundamental mode, i.e., v = 0, shows a little change compared
with the higher order modes. For example when v = 2, the
change is in the order of 102 whereas for v = 0 the order is
practically the same for all values of b2.

monopole grows we observe that the time scale decreases. The values
of the parameters in the graph are chosen such that the superradiance
condition is satisfied. Note that, black hole charge values in these graphs
are lower than the corresponding values of Q. given in Eq. (6)

3.2 Case 2:black hole bomb and superradiant instability of
global monopole configuration in RN
space-times (A = 0)

In this section, we discuss the instability condition in the
absence of the cosmological constant A. As before, we will
use the asymptotic matching technique to obtain the insta-
bility condition in addition to the so-called mirror condition
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which will become clear in the process of calculation. Inspec-
tion of the near region solution yields the same equation with
the AdS case, since we have neglected the effect of the cos-
mological constant in the case 1 for the near region solution.
Hence the near region solution of both cases is the same and
we will use the same solution given in Eq. (41) and also
we employ its far region limit given in equation (43). Hence
all that remains is to find the far region solution. In the far
region, as before, we assume M ~ 0, Q ~ 0, where M and
Q is the mass and the charge of the black hole. The polyno-
mial A, now becomes A ~ b%r?. Thus the radial part of the
Klein—Gordon equation (16) is given by,

A+ 1)

2 2 2
PR+ =9R+{w? — ——5—1R=0, (75)
r r

where w? = w?/b* — u?/b* and v(v + 1)/b* = A(A + 1).
Equation (75) admits a general solution in terms of the Bessel
functions [82] given by,

R=r""2[aJypip@r) + B I _1p@r)], (76)
and for small values of r it reduces to [82],

N o (w/2)1+1/2 N /3 (w/z)—)»—l/Z
T(x+3/2) T(—A+1/2)

r L (77)

Applying the similar mechanical steps that we have per-
formed for the matching procedure in the previous case, we
obtain the corresponding condition for the Eqgs. (77) and (43)
given as,

B, (=D ( vl )2 (ry — r_)2v+!

« arn \@-D1) e+ 1)
x |:1_[(k2 + 452)} ()2, (78)
k=1

where b> = 1 — 87 1% and @ is the superradiant factor given
by the Eq. (37). Notice that, we have used the approximation
(64) in order the matching to work. In addition, we have
found the coefficient of the near region solution A, as the
following

(ri—r_)’ T+1) Tw—2ia+1)
“Tw+3/2) TQvtl) T(-2io)

(w_/z)v+1/2 ,

(79)

to obtain the (78).

The main difference between the cases is the fact that in
case 1 we have an AdS space-time which behaves effectively
as a reflecting box. In case 2, however, we put a reflecting
mirror by hand at the far region located at a radius r = ry,

@ Springer

and as a result, the scalar field must vanish at the surface of
the mirror. Hence, we have an additional condition between
the amplitudes o and B due to the fact that Eq. (76) vanishes
for r = rg. Therefore we have,

B Jv+12( 1)

=, (80)
a J—y—172( ro)

and for small values of particle mass u?> << 1 it yields,

B Juriplrow/b?)

_ oo/l 81
o J_v—1/2(ro w/b?) 6D

Recalling Eq. (78) we obtain,

Jot12(rg w/b?)
J_v—12(ro w/b*)

ry —r) [ o ] e
@iy + 1) L[](k +4@7) (b—2> : (82)

As a solution to Eq. (82), we use the approximations o < 1
and R(w) > J(w), which is adequate for our problem. With
these approximations, the R. H.S of the Eq. (82) can be safely
set to zero, the result is therefore,

v! 2
- (_1)V+1 7] [ }
Al 2=

Jot12(row/b%) =0, (83)

which has real solutions [82]. We can label the solutions of
(83) as,

. wro

Jot1/2.s = =7 (84)

where s is a non-negative integer, i.e., s € Z. As acomplete
solution to (83) assume that,

b? - .
W~ r_[jv+l/2,s+i8], § << 1. (85)
0
Hence, under these assumptions, we have

Jos12Givg1ya,s +18)
Jv—172(jv+1/2,s +1i6)

=i (_I)U-‘rl %)

vl P g — )
20+ 1 |:(2v — 1)!!] Q2v)!Q2v + 1!

%
x |:l_[(k2 + 452)} (/B> (86)
k=1

The Taylor expansion of the L.H.S of the Eq. (86) for small

values of § gives,

Jos12Givg1y2,s +18)
Jov—1720v+172,5 +16)

I Gvrig2s)
~i3 v+1/2 v'+/ s . (87)
Jv—1/2(jv+1/2,5)
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s=1, v=1, ry=43, Q=0.8, e=0.205 - 0.225 , b*=0.9 - 1.0

— e=0.205

0.110F €=0.210
n €20.215

e €20.220

0.105r o005

0.100

Re(wsan)

0.095

0.090

0.90 0.92 0.94 0.96 0.98 1.00
p?

(a) Graph of e®;, and R(wpgn) as a function of b2 for s =1,
v=1,1ro =43, Q = 0.8, with different particle charge values
e =0.205 — 0.220. As b? becomes smaller we observe that the
condition ¢ > 0 starts not to hold as in the RN-AdS-Monopole
case. Instability condition is only satisfied above the
intersection points for these choosen parameter values.

s=1, v=1, ry= 50 - 100, Q=0.8, e=0.215, b?=0.90 - 1.00

5 — 1p=50 P
----- ry=60 _."‘/-/“/
.......... ry=70 - e
a n=80 =
=0 T
o 3 —— rn=t00 -
R B
~ -
Qo
1
0
0.90 0.92 0.94 0.96 0.98 1.00

(¢) Graph of T as a function of b% for 7o = 50 — 100 where we
have fixed the other parameters as s=1,v =1, Q = 0.8,

e = 0.215. i)As the mirror radius increases, the time scale
increases. ii) As b? deacreases the time scale decreases. iii)
‘When the mirror radius gets larger values the slope of the time
scale increases for increasing b2.

Fig. 3 a Specifies the regime of the superradiant scattering and the
variation of the threshold frequency with the gravitational monopole
term b2 = 1 — 87 nz. As we have discussed in the text, the threshold
frequency increases with increasing 1. b—d corresponds to the differ-

The values of the expression in the R.H.S of the Eq. (87) can
be found in [82]. Due to the presence of the mirror located
at r = ry, the frequencies of the scalar field therefore are,

bZ

WBON = Ejl)-‘rl/ls +ié, (88)

s=1, v=1, ,=50, Q=0.80 - 0.95, e=0.215, b°=0.9 - 1.00

21 J
— Q=0.80

0.90 0.92 0.94 0.96 0.98 1.00
p2

(b) Logarithmic graph of 7 as a function of b% for
@ = 0.80 — 0.95 where we fixed the other parameters as s =1,
v =1, ro = 50, e = 0.215. i)As the charge of the black hole
increases, the time scale increases. ii) As b® deacreases the
time scale decreases. iii) The slope of the time scale increases
for increasing @ and b2.

s=1, v=(0,1,2), r,=50, Q=0.8, e=0.215, b?=0.75 — 1.00

108

10°

116

104 .

100F 1

0.75 0.80 0.85 0.90 0.95 1.00
p2

(d) Logarithmic graph of 7 as a function of b% for the first
three modes v = 0,1, 2 for black hole bomb. Similar to the
figure (2d), the straight line corresponding to the fundamental
mode, i.e. v =0, shows a little change compared with the
higher order modes as well. Note that the change in the values
of time scales for each node is smaller compared to figure (2d).

ent values of black hole charge, mirror radius and modes respectively,
shows the change of the time scale with respect to b%. The values of the
parameters in the graph are chosen such that the superradiance condition
is satisfied

where § = b2 /ro. Substitution of (87)—(86) with (88) yields
the following result for §,

Jv—172(v+1/2,5)
J1§+1/2(jv+1/2, s)

(Jur1/2.5 b*/ro) — e @y L2
2012 )
"o

§=—(—1)

(89)
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where,

s 2 vl P e —ro)®
T+l [v-Dit] \@ni@v+ 1)

vV
[T +4@ | (joras)™™

x b (90)
k=1
Therefore we have,
8 o — (Nwpon] — e Pp) (91)
and the superradiance condition becomes
g Q0
Rlwpon] = —jv+1/2,s < e —, (92)
ro r4

where the condition f[wgon] < e P, corresponds to pos-
itive values of §, i.e., § > 0 and as a result the scalar field
@ grows exponentially and causes an instability. Note that
for large values of rg, we obtain small values of §, hence the
assumption R(w) >> J(w) remains valid.

In order to better understand the effects of the monopole
term, we again present several graphs for this case as well. We
observe that the behaviour of the time scale is very similar to
the first case. The black hole charge Q and frequency modes
v has similar graphs with different values, compared to the
previous case. Figures (2¢) and (3c¢) are also comparable since
AdS space-time behaves as a reflecting box. The Fig. (3a)
is different from its counterpart, namely, Fig. (1), since the
coupling of the gravitational monopole is different in each
case. Therefore we see that the threshold frequency is more
sensitive in the changes of b? relative to the AdS case. Note
that in Fig. (3a) we choose a small value of mirror radius
rg, which means we put the mirror closer to the black hole
compared to the AdS radius ¢ in the first case.

Hence the results that we have obtained for both cases
are quite similar. The main difference lies in the fact that
monopole term affects the real part of the frequency modes
of the black hole bomb by a factor b2 but for RN—AdS case the
factor is b as the calculation procedure reveals, as a result, we
may say that the chances of instability to occur is more likely
in comparison with the AdS space. Another difference is the
mode dependence of the instability time scale, since in the
AdS case an explicit mode dependence exist with 52" term,
whereas there is no such dependence in the black hole bomb
case as there is only »* term exists in this case. Hence the
mode dependence of the black hole bomb is only originated
from the effect of the monopole on the horizons of the black
hole. Hence, we see that, to obtain more accurate results
concerning the comparison of superradiant instability in RN—
AdS space-time with the black hole bomb in RN spacetime,
a numerical analysis is also needed.

@ Springer

4 Conclusion

In this article, we have studied the dynamics of a mas-
sive, electrically charged scalar field in the background of
a global monopole swallowed by an RN-AdS black hole
space-time by investigating the charged and massive Klein—
Gordon equation. Analyzing the asymptotic behavior of the
scalar field near the horizon and far from it, we have discussed
the effect of the monopole on the superradiance threshold
frequency. We see that, since the monopole term increases
the location of the outer horizon and this frequency depends
on the electric potential of the horizon, the existence of
the monopole decreases the electric potential and hence the
threshold frequency. Therefore, a wave that leads to super-
radiant scattering for RN(—AdS) spacetime may not lead to
a superradiant scattering in the presence of the monopole
charge. Then we have exploited the asymptotic matching
technique to inspect the stability conditions of both RN—AdS-
monopole and RN-monopole black hole against charged
scalar perturbations and found that global monopole affects
the onset of instability in a negative way by coupling with the
outer horizon of the black hole. Due to different couplings
to b2 terms for both cases, the onset is affected more for the
BH bomb case than the RN—AdS case. The time scale of the
scalar field is also affected by global monopole and causes
the instability to grow slower both in the RN-AdS-monopole
and RN-monopole space-times due to the effect of the grav-
itational monopole on the outer horizon. We have presented
several figures to better see the effect of the monopole in
these black holes. As a result of this paper, we conclude that,
the existence of a global monopole makes these black holes
more stable against superradiance instability.
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