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In this work, we wish to address the question—whether the quasinormal modes, the characteristic
frequencies associated with perturbed black hole spacetimes, central to the stability of these black holes,
are themselves stable. Though the differential operator governing the perturbation of black hole
spacetimes is self-adjoint, the boundary conditions are dissipative in nature, so that the spectral theorem
becomes inapplicable, and there is no guarantee regarding the stability of the quasinormal modes.
Following Jaramillo et al. [Phys. Rev. X 11, 031003 (2021)], we have provided a general method of
transforming to the hyperboloidal coordinate system, for both asymptotically flat and asymptotically de
Sitter spacetimes which neatly captures the dissipative boundary conditions, and the differential operator
becomes non-self-adjoint. Employing the pseudospectrum analysis and numerically implementing the
same through Chebyshev’s spectral method, we present how the quasinormal modes will drift away from
their unperturbed values under external perturbation of the scattering potential. Intriguingly, for strong
enough perturbation, even the fundamental quasinormal mode, associated with gravitational perturba-
tions, drifts away from its unperturbed position for asymptotically de Sitter black holes, in stark contrast to
the case of asymptotically flat black holes. Besides presenting several other interesting results, specifically
for asymptotically de Sitter black holes, we also discuss the implications of the instability of the

fundamental quasinormal mode on the strong cosmic censorship conjecture.

DOI: 10.1103/PhysRevD.108.104002

I. INTRODUCTION

The historic detection of gravitational waves from the
merger of binary black holes [1-3], as well as the
observation of the black hole shadow [4,5], has made it
possible to study the nature of gravity in the strong field
regime. These observations have enabled us to probe the
physics of gravitational interaction near the photon circular
orbits, which are either confined to a spherical surface,
known as the photon sphere (for static and spherically
symmetric spacetime) or are confined within a certain
region of spacetime, known as the photon region (for
stationary and axisymmetric spacetime). By and large,
these observations suggest that the spacetime geometry till
the photon region is well described by black hole (BH)
solutions in general relativity. Black holes are the simplest
objects in our universe and those in general relativity are
characterized by only three hairs—mass, charge and
angular momentum. Gravitational waves, as well as black
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hole shadow measurements, can not only extract informa-
tion about these hairs but can also constrain additional
hairs for black hole solutions in modified theories of
gravity [6—14]. The most important property of a black
hole, as far as classical physics is concerned, is its stability
under external perturbations. Unlike mechanical systems,
the quasinormal modes of black holes, associated with
excitation under external perturbations, have both real and
imaginary parts, hence the name quasinormal modes
(QNMs). The real part of the QNMs leads to an oscillatory
behavior, characteristic of the quasinormal modes,
whereas the imaginary part with an appropriate sign, leads
to an exponentially damped part, and is the reason behind
the stability of black holes [15-17]. Astonishingly, the
stability of black holes has a one-to-one correspondence
with the existence of the photon region, where the effective
potential experienced by the perturbing field becomes
maximum (these effective potentials are often referred
to as scattering potentials). Moreover, the instability time-
scale associated with the maxima in the effective potential
is related to the timescale associated with the exponential
decay of the quasinormal modes. This is why probing the
spacetime geometry till the photon region is sufficient to
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comment on the stability of the black holes. It should be
emphasized that, by assuming the spacetime geometries to
depict black holes, one tacitly assumes the nonexistence of
structure beyond the photon region, even though several
possibilities regarding the existence of structure beneath
the photon region exist and the study of the stability of
these non-black-hole compact objects is another story
altogether (see Refs. [18-27] for further details). The
gravitational wave signals from coalescing black hole
binaries have neatly captured the fundamental and in some
cases, one of the higher overtones, though with a small
signal-to-noise ratio, exactly following an oscillatory
behavior modulated by an exponential damping, signalling
the observational verification of the stability of black holes
under perturbations [17,28-30]. With future generations of
ground and space-based gravitational wave detectors, we
will be able to detect more overtones with a higher signal-
to-noise ratio and we shall acquire a better understanding
of the spectroscopy of black hole QNMs [31-33].
Having established the fundamental role played by these
QNMs in black hole physics, the fact that we hope to
observe a large number of these modes in future gravita-
tional wave detectors begs the following question to be
asked and answered: how stable are these modes under a
small perturbation of the scattering potential from which the
modes are themselves generated? The importance of this
question lies in the simple fact that no astrophysical object
in our universe is isolated, and hence the scattering potential
is bound to be perturbed by nearby gravitating objects.
Thus, such small perturbations are always present and hence
the stability of the QNMs is an important avenue to explore.
Such explorations in asymptotically flat spacetimes started
from the seminal works in [34—36]: in [34] it was shown that
all of these modes, excluding the fundamental mode, are
unstable' but [35,36] argued that the instability extended to
the fundamental mode as well. The detection of gravita-
tional waves has sparked a renewed interest in this area,
given the central role that quasinormal modes play in black
hole spectroscopy [38—47]. In particular, motivated by
issues in determining the onset of turbulence in hydro-
dynamics [48], novel methods of finding spectral instability
were obtained [38—42] and then applied, for the first time in
gravitational systems, to the study of the stability of the
QNMs of the Poschl-Teller potential and (asymptotically
flat) Schwarzschild black holes [38,39]. These set of
pioneering works [38—42] were rapidly followed up by
exploring the stability of the QNM spectrum of Reissner-
Nordstrom black holes [44] and non-black-hole compact
objects in asymptotically flat spacetimes [45]. The key
conclusion, in the context of black holes, being that the
fundamental mode is stable, whereas the higher overtones

1 . . .

For a personal recollection of the discovery of quasinormal
modes and comments on this issue in particular, the readers are
requested to refer to [37].

are unstable under small perturbations of the scattering
potential. No such systematic attempt at determining the
stability of these modes for black holes in asymptotically de
Sitter spacetime has been made (except for [49] where the
authors focused exclusively on near-extremal spacetimes)
and will form the main focus of this work. The motivation
for working with the asymptotically de Sitter spacetime is
two-fold, in addition to the fact that our universe is
asymptotically de Sitter. First of all, the inclusion of a
cosmological constant introduces interesting limiting geom-
etries, e.g., the Nariai solution, which is obtained by taking
the limit in which the black hole event horizon almost
coincides with the cosmological horizon, and it would
interesting to see how these instabilities affect the QNMs
of a Nariai spacetime. The inclusion of charge in turn leads
to an even richer class of geometries, as it introduces the
near-extermal solutions in the picture. In the presence of a
cosmological constant, a new class of modes also emerges,
e.g., besides the well-known photon sphere modes, there are
purely imaginary de Sitter modes for Schwazrschild-de
Sitter black holes [50-52]. Moreover, Reissner-Nordstrom-
de Sitter black holes exhibit a new mode, known as the near-
extremal mode, in addition to the two aforementioned
modes, with the inclusion of the charge parameter [51].
It will be worthwhile to study the stability properties of each
of these modes under small perturbations.

Secondly, the presence of a positive cosmological con-
stant greatly modifies the late-time behavior of the QNMs,
and results in a violation of the strong cosmic censorship
conjecture, which has no resolution within the purview of
classical physics [51,53]. It is certainly possible that the
introduction of a small perturbation will force the modes to
migrate to a different region in the complex frequency plane,
such that the strong cosmic censorship conjecture will be
restored in a purely classically setting, an exciting prospect
that was briefly suggested in [38]. As we shall demonstrate,
except for some specific situations, the above hope can be
realized through the instability of the QNMs.

The instability of the quasinormal modes is not confined
to black holes alone, rather it exists in a broad range of
physical systems, starting from hydrodynamics to quan-
tum mechanics [54]. Just as theoretical estimations regard-
ing the onset of turbulent flow in a hydrodynamic system
do not match with experimental outcomes, the eigenspec-
trum of non-Hermitian operators in quantum mechanics
does not provide a complete description of such a quantum
system. In both cases, the failure of the eigenspectrum to
describe the system completely arises from the non-self-
adjoint nature of the relevant differential operator [55-57].
For black holes as well, the boundary conditions imposed
on the perturbations are dissipative in nature (black holes
absorb everything that falls into it) and hence require a
non-self-adjoint operator to describe the eigenvalue prob-
lem associated with the quasinormal modes. Thus the
origin of the instability of the modes can be traced back to
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the existence of a non-self-adjoint operator governing the
QNM spectrum. For self-adjoint operators, on the other
hand, the spectral theorem asserts that for a small pertur-
bation, the eigenvalues of the self-adjoint operator will also
be perturbed, but the perturbed eigenvalues will be con-
fined within a small region, whose size is comparable to
the strength of the perturbation. But for non-self-adjoint
operators, as is the case for black holes, the QNMs migrate
to regions of the complex frequency plane, over a distance
that is at least a few orders of magnitude larger than the
scale of the perturbation [38,44,58], signaling the exist-
ence of instability. The migration of quasinormal modes is
extremely sensitive to the frequency of perturbations.
Particularly, in the case of asymptotically flat black holes,
such drifting is present for all higher overtones when
subjected to high-frequency (“small-scale”) perturbations,
potentially rendering these modes unstable. Conversely,
these overtones are stable against low-frequency (“large-
scale”) perturbations. Interestingly, the fundamental mode
does not drift away and hence remains stable under
external perturbation of the scattering potential, irrespec-
tive of the perturbation frequency [37,38].

In this work, we wish to extend the above result for
asymptotically de Sitter black holes and wish to explore if
the fundamental mode still remains stable. In case, the
fundamental mode demonstrates instability, there will be
significant implications for the strong cosmic censorship
conjecture, or, in other words, regularity of the perturbation
at the Cauchy horizon. If the fundamental QNM drifts in
the complex frequency plane toward a smaller imaginary
value, the perturbations will no longer be regular at the
Cauchy horizon, thus respecting the strong cosmic censor-
ship conjecture. Through this analysis, we also hope to
point out other nontrivial features associated with the
instability of the QNMs for asymptotically de Sitter black
holes.

The paper is organized as follows: We begin by con-
structing a hyperboloidal coordinate system for asymptoti-
cally de Sitter spacetimes in Sec. II that is capable of
handling the boundary conditions of the scattering prob-
lems in a purely geometric manner. Along the way, we also
review the situation for asymptotically flat black holes. In
the following section, that is, Sec. III, we write down the
wave equation governing the behavior of the perturbing
field in the hyperboloidal coordinate system. We then
proceed to motivate and define a novel probe recently
introduced to examine the spectral stability of gravitational
systems, the pseudospectrum, and the associated energy
norm in Sec. IV. In Sec. V, we have laid down the numerical
procedure used in this work, that is, Chebyshev’s spectral
method. We then embark on a thorough investigation of the
spectral stability of asymptotically de Sitter black holes in
Sec. VI. We finally end at Sec. VII with a brief discussion
of our results and concluding remarks.

Notations and conventions: We set the fundamental
constants G and c¢ to unity. Throughout this paper, we will
use mostly positive signature convention, such that the
Minkowski spacetime will have the metric diag(—1, 1,1, 1).

II. HYPERBOLOIDAL COORDINATE SYSTEM
FOR ASYMPTOTICALLY DE SITTER
SPACETIMES

In this section, we will extensively discuss and delineate
a novel and useful coordinate system, known as the
hyperboloidal coordinate system [59], through which
the boundary conditions, associated with the determination
of the QNMs of black holes, get automatically incorpo-
rated into the differential equations governing the pertur-
bations [60,61]. The idea of using a hyperboloidal foliation
to study QNMs was first suggested by Schmidt [62]. While
the explicit relationship between the hyperboloidal coor-
dinate transformation and the Regge-Wheeler-Zerilli wave
functions governing the probe field (and hence its utility in
computing the QNMs) was expounded by Zenginoglu
in [60]. Furthermore, a hyperboloidal foliation constructed
using a particular gauge choice (called the minimal
gauge [63,64]) that is extremely well adapted for the
numerical computation of the QNMs of asymptotically flat
black holes was introduced and put to use in a set of works
by Macedo and his collaborators [61,63—-67]. Recently,
the aforementioned “numerically efficient” hyperboloidal
approach has been used to compute the QNMs of a Kerr
black hole [68] and the techniques used therein have also
been extended to study the stability of ultracompact
horizonless spacetimes [69]. In the context of asymptoti-
cally de Sitter spacetimes, certain hyperboloidal coordi-
nate systems have been used, but in a very different setting,
e.g., in the study of black hole thermodynamics [70-73];
however, these coordinate systems were not constructed
keeping in mind the question of investigating spectral
stability and calculating QNMs. In this regard, this work
presents the first attempt to arrive at the hyperboloidal
coordinate system in the minimal gauge, for asymptoti-
cally de Sitter spacetimes that is suitable for black hole
perturbation theory and gives a precise geometrical context
behind its utility in studying QNMs and their stability.2 Itis
also worth highlighting the application of other hyper-
boloidal coordinate systems as well: this includes inves-
tigating the dynamics of a Yang-Mills field in various
geometries [76,77], as well as the study of QNMs in
asymptotically anti—de Sitter (AdS) spacetimes, where one
can construct a “regular” coordinate system that shares the
usefulness of the hyperboloidal coordinate systems. Even
though these regular coordinates are geometrically quite

*Coordinate systems conceptually related to one we will derive
here, have also been used to study the QNMs of pure two-
dimensional de Sitter space [74] and small Schwarzschild
de Sitter black holes [75].
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different, such coordinates, known as the Kerr-Star coor-
dinates [78], have been elucidated in [79,80] for AdS BHs
and, notably, they have been used to address the issue of
strong cosmic censorship in Kerr-AdS black holes [81]
(see also [82,83]).

The hyperboloidal foliation of the spacetime is necessary
since the differential equation for the perturbations in the
standard coordinate system is self-adjoint, it is the dis-
sipative boundary condition at the horizon, which makes
the problem non-self-adjoint. Thus to present this issue
more explicitly, we need to incorporate the boundary
conditions within the differential operator itself, describing
the perturbations, such that the non-self-adjoint nature of
the operator becomes evident. This is precisely what the
hyperboloidal coordinate system achieves.

Therefore, the hyperboloidal coordinate system is a
natural one to address the evolution of the perturbations
associated with the black hole spacetimes, such that the
boundary conditions get automatically incorporated. For
asymptotically flat spacetimes, the boundary conditions are
imposed on the perturbations at the horizon and at future
null infinity. These two null surfaces are connected by a
hyperboloid, which is related to the coordinate time by the
so-called “height function.” On the other hand, for asymp-
totically de Sitter spacetimes, the boundary conditions are
imposed, on the perturbations, at the black hole horizon, and
at the cosmological horizon. Both of these boundary
conditions are imposed on null surfaces and hence the
hyperboloidal coordinate system is natural for asymptoti-
cally de Sitter spacetimes as well. In what follows, we will
first demonstrate how such a hyperboloidal coordinate
system can be defined, for a generic static and spherically
symmetric spacetime. We will subsequently demonstrate
how the above analysis will lead to hyperboloidal coor-
dinate system in the context of asymptotically flat space-
times, before extending it to the case of asymptotically de
Sitter spacetimes. We start by writing down the line element
for a generic static and spherically symmetric black hole
spacetime as,

dr?
— 4+ r2dQ2,
f(r)

where, dQ? = d6” + sin? @d¢?, is the line element on a
unit two-sphere. It is instructive to introduce a dimension-
less, as well as compactified coordinate o, in place of the
radial coordinate r, through the following coordinate
transformation,

ds* = —f(r)dt* + (2.1)

p(o)

.
- : 2.2
1= (2.2)

where A is a characteristic length scale associated with
the problem of interest. Besides redefining the radial

coordinate, we also define the dimensionless null coordi-
nates v and u as,

t+r,

A A A (23)

where r, is the tortoise coordinate, related to the radial

coordinate, as in the above expression. In terms of the new

coordinates (v, o, 6, @), the above static and spherically
symmetric line element becomes,

2
ds? = —2fdv? — 22 (@) dvdo + 22 a2, (2.4)
o O

Here, we have defined a new function 8 of the compactified
radial coordinate o as,
p=p—op, (2.5)
where “prime” denotes the derivative with respect to the
compactified radial coordinate 6. Hence we can read off

the following nonzero components of the metric and of the
inverse metric as follows,

2 oy pz
2 _ . _Jbp 12
oo =—A"f; gva*_;ﬁ> gﬁafm*ﬂ ?’ (2~6)
2 4 2
v _ 9 . . 0 f. 00 _ < 20.dp _ ©
- =—>; =sin“0¢g?? = 5—.
g /12ﬂ 96 ﬂ2/12 9 g /12p2

(2.7)

These metric elements will be used to raise and lower the
indices of any tensorial quantity living in this spacetime.
Since the hyperboloidal coordinate system connects two
null surfaces, it is natural to connect the null vectors
associated with these null surfaces to the hyperboloidal
coordinate system. Further, the only null vectors that can
be associated with any null surface are the null normals
associated with them. In the present context, these two
relevant null vectors are given by,

£, = —AV, u; k, = —BV, v, (2.8)
where A and B are arbitrary normalization factors and
these two null vectors must satisfy the following condition,
k,£* = —1.Inthe (v, 0,0, ¢) coordinate system, we obtain
the following components for the vector k,,
o2

k, = (—B.0,0,0); k*= {0,

B.0, 0), (2.9)

and similarly, the components of the other null vector
£, read,
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_ 2/ a (A 40
fa—< —A,-A foo) ¢ _</12f’ Aw,o,o)

(2.10)

Therefore, we obtain the following inner product between
these two null vectors: k,#* = —(2AB/2%f), which should
be set to the value —1. Therefore, we immediately obtain,

2f

AB="1. 2.11

Therefore, the two normalization factors are not indepen-
dent, rather one can be expressed in terms of the other.
Hence the two null vectors take the following form,

ke = ¢(~1,0,0,0); kazéﬁé’é, (2.12)
2f 2B ) 1( oA f >
f - Y 7070 f(l:_ 5‘5_—5/{; )
‘ ( 2 Lo z 25
(2.13)

Let us now make another coordinate transformation, by
defining a new time coordinate 7, through the following
relation,

7=+ hy(o), (2.14)
where, as of now hy(c) is an arbitrary function of the

compactified radial coordinate ¢. In this new coordinate
system (7, 0,0, ¢), the line element becomes,

p
ds> = =) fdr* +22% (fh6 - ;) drdo

p

2
+ A2 <2h6 5 fh;%) do® + ﬂzi—zdm (2.15)

Under this coordinate transformation, to the new coordi-
nate system, the components of the null vectors become,

_ Zh/ 2 o 1 2 /’l/ 2
ko= <¥ ,UTC,O,O>; 7o = (——m,—ﬂ,o,o)
2B 7B ¢ 2p 0 2p
(2.16)
where, { is an arbitrary normalization constant, which we
fix by imposing the following condition on the null vector

field k*: k*0,7 = 1, and that yields,

2P
o’hy’

¢ = (2.17)

Thus, for the above choice of the normalization parameter
£, the null vectors become,

_ 1 1
k"—( 370 o) =8+ ot

—a 0'2h6 ath6 4h6f
“ = <1_ 28 >6¢_2/12ﬁ26”

(2.18)

As of now, we have two unknown functions p(c) and
ho(c). As we will demonstrate below, the function /(o)
can be determined given p(o), since will satisfy a differ-
ential equation, depending on the choice of the unknown
function p(c). For this purpose, we consider ¢ = constant
surface, then the norm of the normal to this surface
becomes, ¢°° « ¢*. Thus, ¢ = 0 is a null surface. If we
now try to construct a Gaussian null coordinate system
around this ¢ = 0 null surface, then it follows that 7 «
(6%/4%) [84-86]. Thus from the expression of the null
vector 7% in (2.18), it is evident that h{, must satisfy the
following algebraic equation,

h6 0'2fh6 _
ﬁ(l_ 2% ) = Clo)

(2.19)

where, C(c) is a function of the coordinate &, which
becomes constant in the ¢ — O limit. The above algebraic
equation can then be expressed as a quadratic equation in
h{,, which reads,

o’ f hy,
h’2 —-——+C=0, 2.20
(s )6 -2 (220
with the following solution for 7,
h)) = ﬂf [1 +4/1- 2C62f12:|. (2.21)

Thus, near ¢ = 0, the function (o) satisfies the following
first order differential equation,

25(o)
a*f(o)

To solve the above differential equation we need to know
the functional form for (o), as well as of f(c), which
we determine subsequently, first for the asymptotically
flat spacetimes and then for the asymptotically de Sitter
spacetimes.

At this outset, let us introduce a modified height function
h(c) by the following coordinate transformation between
the old time coordinate # and the new time coordinate 7, and
also we introduce a new function g(o), through the tortoise
coordinate r, as,

hy(o) = — B(6)C(0)2% + O(6?).

(2.22)
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t

: (2.23)

7 =—+ h(o); — = g(o).
Such that, the relation between the functions Ay and £ is
given by,

h=hy+g. (2.24)
Thus given any background spacetime, one can determine
the function f(r), from which it is possible to compute
the tortoise coordinate r, and hence using (2.2), we can
determine the function ¢(s). The function h, can be
determined by imposing a regularity condition for the null
vectors, which boils down to the differential equation
presented in (2.22). This in turn requires knowledge about
the function p(s). We elaborate below on the steps of
deriving the function p(o) and hence the determination of
both ¢(c) and hg (o), leading to the estimation of the height
function h(o).

A. Warm up: Hyperboloidal coordinate for
asymptotically flat spacetime

Let us briefly describe and review the case of asymp-
totically flat spacetime [67], which will guide us in
generalizing the same to the case of asymptotically de
Sitter spacetime. For asymptotically flat spacetime, let us
identify the asymptotic point r = oo with ¢ = 0 and the
event horizon r = r, with ¢ =1, such that the region
relry,o| translates into the compactified region
o €1, 0]. Thus we may expand (o) about the asymptotic
infinity as,

B(o) = Po + Pio + pro* + O(c?), (2.25)

where, S, f; and f, are constants, to be determined later.
Given the above expansion for (o), it is evident from (2.5)
that the function p(o) appearing in the definition of the
radial function, satisfies the following differential equation,

d

— (= 2.2
do \o (2.26)

Integration of the above differential equation yields the
following expression for the function p(o),

p(o) = fo +pio = prolne — pro°. (2.27)

Note that, p(o) involves a term O(olno) and hence for
p(o) to be well behaved at ¢ = 0, we must impose the
condition f; = 0. Thus, to the leading order, we obtain,

B(o) = po + O(c?) = py + O(c?);

p(o) = po +p1o + O(a?), (2.28)

such that, from (2.2) it follows that the coordinate trans-
formation between the radial coordinate r and the com-
pactified radial coordinate ¢ becomes,

r_Potpo

2 ~ (2.29)

It is to be emphasized that the above choice of the functions
B(c) and p(o) are for asymptotically flat spacetimes, while
for asymptotically de Sitter spacetimes the above relation
will be different. The fact that r = co maps to ¢ = 0 is
evident from (2.29), while from (2.29), the mapping of the
outer horizon r = r, to ¢ = 1, yields, r. = A(py + p1)-
This fixes the constant pg to the value: py = (r, /1) — p.
Thus, finally the relation between the radial coordinate r
with the dimensionless coordinate ¢ becomes,

r_oytpi(c—1)
1= . , (2.30)
where, for notational convenience, we have defined,
(ry/4) =o,, which becomes unity for the choice:
A = r,. As evident, the constant p; remains undetermined,
fixing of which corresponds to different gauge choices, as
discussed in [67]. In what follows, we will keep 4 arbitrary.

1. Hyperbolic coordinate for Schwarzschild black hole

As an illustration of the above analysis, let us explicitly
determine the functions Ay(o) and g(o) for Schwarzschild
black hole, which is asymptotically flat. The first step is to
solve for the differential equation of 4 (o), which requires
casting the metric function f(r) in terms of the compacti-
fied radial coordinate . Using (2.30), we obtain,

M 6 00, o,
4 p(o) po+pio o

flo)=1-
(2.31)

where, 6, = (2M/4). In the subsequent calculations, we
shall ignore all the O(s?) terms as in the above expression.
This corresponds to making a gauge choice which has been
called the minimal gauge in [63,64]. Geometrically speak-
ing, there are several possible hyperboloidal slices (in fact,
any arbitrary line) connecting the future event horizon H}
and the future cosmological horizon HZC [see Fig. 1(0)3],
the minimal gauge is one such choice which has been
demonstrated to be extremely well suited for numerical
computations [61,63—-67]. Given the above expression for
the metric function in terms of the compactified radial

The final figures were drawn using the TikZ package in
LaTeX after the data was generated in Python and is adapted from
a publicly available code snippet shared by Anil Zenginoglu for
asymptotically flat spacetimes [60].
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(a) t = constant

FIG. 1.

(b) v = constant

(¢) T = constant

Conformal diagrams showing constant ¢ (right panel), constant » (middle panel), constant 7 foliations the Schwarzschild

de Sitter spacetime with M = 0.5 and A = 0.2. In these figures, H}: and Hj are the future and past event horizons, H{- and H are the
future and past cosmological horizons, B and B are the bifurcation spheres at the (intersections of the two) event horizons and
cosmological horizons, i ™ and i~ are the future and past timelike infinity, Z™ and Z~ are future and past null infinity, respectively, and
r = O represent the curvature singularities. The figure on the extreme right shows the hyperboloidal slicing of a Schwarzschild de Sitter
black hole which is emerging as a natural arena for studying perturbations in various black hole spacetimes. The constant time slices
were generated using the transformation equations involved in obtaining the conformal compactification of the spacetime metric under
consideration. The characteristic length scale 4 has been set to unity [see (2.2)].

coordinate o, from (2.22), we obtain the following differ-
ential equation satisfied by hg (o),

2
(o) = 22 <1 n "*a) o),  (232)
o 20
which integrates to,
__2pg
ho(6) = ——+20, Ino. (2.33)
c

Thus, we have derived the modified height function /(o)
and let us now determine the function g(s). For that
purpose, we first write down the tortoise coordinate in
terms of the radial coordinate r and then convert the same
to the dimensionless and compactified coordinate o as,

r. r 2M r
—=-4+—1In|=——1
A A A 2M
:W+0+lnw—l‘. (2.34)
o oo,

Substituting, py = 6, — p;, we obtain the following func-
tional dependence of the function g(o) as,

oy —p1+(p1—oi)o
oo,

oy~ P

glo) =p1 + +o 1n‘

-, +G+_P1

+o.In(o; —py)

+o,.In(l —6) -0, In(o0,)

L0+~ P

+o,.In(l —0)—0,Inc+ O(1) (2.35)

Having derived both hy(s) and g(o), the height function
h(c) becomes,

h(o) = g(0) + hy(0) =0, Ino ==Ll 0 In(1-0),
(2.36)

where, we have ignored all the terms which are independent
of the compactified radial coordinate o. This is because, as
we will see later, only derivative of these functions with
respect to o will be of relevance for the purpose of this work.
Using these two functions h(c) and g¢(o), provides the
necessary transformation from the Schwarzschild coordi-
nates to hyperboloidal coordinates. We will now demon-
strate the same for the Reissner-Nordstrom spacetime,
another asymptotically flat spacetime.

2. Hyperbolic coordinate for Reissner-Nordstrom
black hole

The second example of deriving the hyperboloidal
coordinate for asymptotically flat spacetime corresponds
to that of a charged black hole, also known as the Reissner-
Nordstrom black hole (for details, see Ref. [67]). In this
case, the metric function can be expressed in terms of the
radial coordinate as,

2 2 _ 2 _ -
f(r)zl—z—M+Q—2:r 2Mzr+Q :(r r+)2(r r_)’

r r r r
(2.37)

where, r, = M + \/M? — Q? are the event and the Cauchy
horizons respectively. Transforming the radial coordinate to
the dimensionless compactified coordinate o, we obtain,
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r (o2 r (o2
©) Aoy —p+po Aoy —p+pio

_ {o, —p1+(p1—0)ol{o, —p1 + (p1 — F)o}
(64 —p1 +p10)*

~1— (ﬁ)a +0O(c?).

(2.38)

Note that the O(c) term does not depend on the electric
charge and the effect of the charge only arises in the O(5?)
term. Thus at the leading order, the solution for & is given
by (2.33), irrespective of the existence of electric charge in
the spacetime. Expressed in detail, we obtain,

ho(o) = — 2“’%‘_"1) +2 <o+ + %‘) no.  (2.39)

The corrections due to the presence of electric charge will
keep pouring in as we write down the tortoise coordinate in
terms of the compactified radial coordinate ¢ and hence
|

the function g(o) will be significantly modified. Given the
metric function of the Reissner-Nordstrom black hole
in (2.37), the tortoise coordinate becomes,

1 r 1 r
c=r———In{——1 —In(—-=1), 2.40
met 2[k_| ! <”— ) +2K+ ! <’”+ ) ( )

where, x, and x_ are the surface gravities at the event and
the Cauchy horizon, respectively, with the following
expressions,

1 ry—r_ 1
K+:§f/(”+):_+2r2 = K_Iif/(”—):
+

ry—ro
252

(2.41)

Note that k. is positive, but x_ is a negative quantity.
Transforming the tortoise coordinate, as presented above,
to the compactified radial coordinate ¢, we obtain the
function g(o), central to the hyperboloidal coordinate as,

glo

c T 2r k| 60,

_ 0+ —P1 O+
=/t c + 2r Kk,
% 0+—P1+P10”_+_1
2r |x_| 66, r_ ’

r_ 2rix, 00,

():0+—P1+ﬂ10 oy ln<‘7+—/’1+ﬂ10”_+_1>+ o4 ln<0+—P1+ﬂ1ﬁ_1>'

In(6, —p;)+In(l —6)—Ino —Ino,]

(2.42)

In the above form, the limit of the function g(c) to the Schwarzschild case is not a straightforward one. For this purpose, we

define,

=, (2.43)

In terms of this quantity ¢? we can express a few geometrical entities as: r x, = {(1 —¢?)/2}, and

rok_ = —{(1 — ¢*)/24*}. Therefore, the function g(¢) becomes,
o, — c c.q* 6. —p +pio
g(o) =p; + +0'01 +1—+q2 [ln(o-+—p|)+ln(1—a)—lna—lna+]—1iqq2ln< + qfofo Pi —1>
+
o, — o.In(o, — o, In(l-0
—p + 2 P1 + (+2 P1) i In ( . )—<1+6]2)6+ln(66+)
1—gq 1—g¢g
o q" 2 U+q4 2
_1_—qzln lo, =p1+ (p1 —0,97)0] +1_—qglﬂ6]
_o.=p o In(l-0) ) o.q* )
ST B (1 o =il 1+ (= o)l (2.44)

Here also we have ignored terms which are independent
of the compactified radial coordinate . Note that the
parameter p;, present in the above expression for g(o),
needs to be fixed. There are two possible choices for
this parameter, depending on the possible location of

[
the Cauchy horizon. Since our main interest is in
asymptotically de Sitter spacetime, we will not discuss
the above gauge choices any further. Finally, using
ho(o) from (2.39), we obtain, the height function
to yield,
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- In(1 —
ho) = =P P 0 14 ) o
4
0.9
- li—qzln[0+ —p1+(p1 —0.4)al. (2.45)

Thus, we have derived the necessary functions to trans-
form the Reissner-Nordstrom coordinate system to the
hyperboloidal coordinate system. Having demonstrated
the procedure for asymptotically flat spacetime, we will
now derive the respective functions for asymptotically
de Sitter spacetimes.

B. Hyperbolic coordinate for asymptotically
de Sitter spacetime

In the case of asymptotically de Sitter spacetime, the
region of interest is bounded by two finite values of the
radial coordinate, the cosmological horizon r, and the outer
event horizon r, . In this case if we want to convert the
above range of radial coordinates to the following range of
0: 6 €0, 1]. Then we need to set fy = 0 in (2.25) (note that
well-behaved p(c) has already demanded f; = 0 as well),
and hence we will obtain,

plo) = pro?; p(o) = pio— pao?, (2.46)
such that the transformation between the radial coordinate r,
with the compactified and dimensionless radial coordinate

o reads,

”_ﬂla—ﬂszz _
I—i—ﬂl = pao.

. (2.47)

As evident from (2.47), if we want to map the cosmological
horizon to ¢ = 0, then we will obtain, . = Ap;. Similarly, if
we map the outer event horizon to ¢ = 1, then we obtain
another condition: r, = A(p; — ;). Defining, as in the case
of asymptotically flat spacetime: o, = (r, /1), we must
have from the above conditions: p; =o, +f, and
p1 =0, (r./ry). Note that, unlike the case of asymptoti-
cally flat spacetime, here both the parameters p; and 3, get
fixed. Thus, finally the relation between radial coordinate r
with the dimensionless coordinate o yields,

%:0+0+io+(1 —0). (2.48)

0=~ (-5 G5 ()
/12

We would like to emphasize that the above transformation is
very different from that of asymptotically flat spacetimes.
Further, given the above expression for (o), with f, =
p1 — o, from (2.22), the differential equation satisfied by
hq reads,

(o) = 2PL=94) | o2

70 (2.49)

Thus, given the metric function f(r), expressed in terms of
the compactified radial coordinate o, the above differential
equation can be solved yielding the function /(o). This in
turn will help in determining the height function k(o)
through the tortoise coordinate.

1. Hyperbolic coordinate for Schwarzschild
de Sitter black hole

We start our examples of the asymptotically de Sitter
spacetimes from the Schwarzschild de Sitter black hole, for
which the metric function f(r), in the standard radial
coordinate reads,

Here, L4g corresponds to the de Sitter length scale, which
becomes larger, the smaller the cosmological constant is.
The above metric function can further be expressed in the
following manner,

f(r) = (r = Ligr + 2M L)

B rLﬁs
1

= —Tgs(r— ry)(r=ro)(r+ry),

(2.51)
where, r, is the event horizon, r. is the cosmological
horizon and r, = r, + r.. We need to transform the above
functional dependence of the metric function on the radial
coordinate r, to the compactified radial coordinate o,
which yields,

—‘m(ﬂl —ﬁ20—r7+> (Pl —ﬁza—%> <,01 —ﬁ20+%>

) D) oDt g ) o] o
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For the choices of the parameters presented above,
p1=o0,(re/ry), and f, = p; — o, we observe that the
term involving {p, — (r./A)}, identically vanishes and
hence the metric function will be proportional to the
compactified radial coordinate o, such that,

r.o > [r. re o
S S iy (L I N A
f(0) = b reL3s 6<r+ ><r+ +r+>

:M(i_l)2<zg+l)g
rcLﬁs ry ry

The same expansion can also be obtained from the direct
substitution of r(¢) in the metric function, as one can check
in a straightforward manner, by using the results that
F(r.)=0=f(r) and dp, = r..

Having derived the metric function in terms of the
rescaled and compactified radial coordinate o, the differ-
ential equation for A, as presented in (2.49), takes the
following form,

(2.53)

2r.6. L2 1 1
W (o) = 2Te@+tds .
(o) =—3 E-D2E+ 1o

(2.54)

The above differential equation for /y(c) can be integrated,
yielding,

2r.c. L? 1
h = +7dS Ino, 2.55
N R X

where, any constant contributions to the function /(o)
have been ignored. This result will be used in determining
the height function subsequently.

It turns out that the above expression for (o), as well as
the expression for the tortoise coordinate simplifies sig-
nificantly if expressed in terms of the surface gravities
associated with these horizons. Given the above metric
function, the following three surface gravity expressions
can be obtained,

1
ki = —m(H —re)(ry +1p)
1
:W(TC—H)QH‘F%)’ (2.56)
+Lgs
1
K = —m(rc —ry)(re + o)
1
= _W<rc_r+)(2rc+r+)’ (2.57)
cLgs
1
KoZm(ro+r+)(ro+rC>
1
:%T(rc+2r+)(r+ +2r.). (2.58)
ds

Note that both x, and k are positive quantities, while k. is
negative. In terms of these expressions for surface gravity,
the simplified expression for hy(c) becomes,

c
ho(o) = P |J; Ino.
cli+

(2.59)
The next task, in determining the hyperboloidal coordinate
system, is to express the tortoise coordinate in terms of the
compactified radial coordinate ¢. To this end, we first
express the tortoise coordinate in terms of the radial
coordinate r as,

1 r r 1 r
re=-—In{—-— —=1|+=—In{—+1),

2K, ry Te 2Ko o

(2.60)

1
1) ——1
) 2|

and then express the radial coordinate r in terms of the
compactified coordinate ¢ using (2.48). Therefore, the
function g(o), which is simply the tortoise coordinate
expressed in terms of the compactified coordinate ¢ reads,

9(0) = mmk+iu—@—q

2k, 1y ry

o, re ry
_ 1 el = +
2k |rs n[(0+r+( 0)> e ]

+ -7 <a+i(1—a))—++1
207 ry 7o |
o, o,
= In(1 — 1
Kyry n(1=0) 2le|ry e

(2.61)

Here we have discarded all the terms which are independent
of ¢ since we shall only be concerned with the derivatives
of g(¢) and h(o) in this work. Hence the height function
h(c) in the Schwarzschild de Sitter black hole spacetime
becomes,

-2 ln[(l +Q> +a(r—+—ﬁ)} (2.62)
2K07 o ro To
Note that unlike the case of asymptotically flat spacetime,
where terms O(1/0) were present in the height function,
for asymptotically de Sitter spacetime, the divergences in
the height function solely arises from the logarithmic terms.
Moreover, there are no free parameters in the above
expressions for the height function /(c) and the tortoise
coordinate g(c), implying the absence of any residual
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gauge freedom in the choice of hyperbolic coordinates in
the minimal gauge. We will now demonstrate that this
feature is a generic one and appears in the presence of
electric charge as well.

2. Hyperbolic coordinate for Reissner-Nordstrom-de
Sitter black hole

In this final example, we will derive the height function
necessary to make a transition to hyperboloidal coordinate
system for Reissner-Nordstrom-de Sitter black hole. This
will be the generalization of the Reissner-Nordstrom black
hole to asymptotically de Sitter spacetimes. The metric
function associated with the above spacetime reads,

2M 2 AP A
3 Li
where, the last relation defines the de Sitter length scale

Lgs, as in the previous section. The metric element can be
expressed as,

1
F(r) = =7 (' = Lgr* + 2MLisr = QL)
ds
1
== r=r)r=r)(r=ro)(r+r) (2.64)
ds

where, r, is the event horizon, r_ is the Cauchy horizon
and r. is the cosmological horizon, with ry=r 4+
r. + r_. In this case, with the same parameter choices as
in the Schwarzschild de Sitter black hole, we obtain,

r r 2( r. 1 re 1
f(o) P <_°_ 1) (2_°+_—+ 1) <_°__—>O-
ralig \r. ry o ory reo Ty
(2.65)
Having derived the metric function in terms of the rescaled

radial coordinate o, the differential equation for A takes the
following form,

() = 20, r2L3 1 1
4
T reEn)(a-8)°
(2.66)

which integrates to,

26, r2L3 1

B O e e
(2.67)

Ino.

This will be used in determining the height function.

Next task is to find out the tortoise coordinate. For which
we need to define the following three surface gravity
expressions,

1

K+:—7(F+—FC)(r++r0)<r+_r_)
2riL§S
1
=572 (re=r)(2 (e —=r_ 2.68
2r2+L§S(rC r+)( rot+r.+r )(r+ r ) ( )
1
k- =gy, - o))
1
:—m(rc—r—)(zr—+rc+r+)(r+—r_) (2.69)
1
%= =gz, e r)lretro)(re = r)
1
:—m(%—u)(%ﬁu+r_)(rc—r_) (2.70)
C
1
%o =271z, o+ o+ r)(ro )
1
= (re +2r +r ) (ry +2rc+ 1)
2r5L3s
X (re+ry +2r.) (2.71)

In terms of these expressions for surface gravity, the
expression for hy(o) can be further simplified, yielding,

ho(o) = —KG; Ino
c’+

(2.72)

Note that both x, and x, are positive quantities, while «.
and x_ are negative, therefore, hy(o) reads,

(2.73)

Thus, we obtain, the tortoise coordinate as,

Ty :iln (i— 1) —|—2L’<Cln rLC— 1‘ +2LK01n (r—’;—l— 1>
+iln (rr_— 1) (2.74)

Therefore, g(o) reads,
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oy re o e 'y
9te) 2K+r+n{0+’”+( °) } 2|’<c|”+n{<g+’"+( 6)> Te }
r o r
1 1— I | £ (1 - =&+ _
+2’<0"+n[<6+ +( G)) ”0+ ] 2|K—|r+n{<6+r+( 6)) r- ]
=% m|-o)(1-") -~ e r—+—1
KTy Iy 2lre|ry
S YOI B (A LS D (.
Kol ro Fo o 2|K |r+ r_ r_oor_
6+ + r{,
= In(1- 1 1
2K, ry n(l-o)- 2|1<C\r4r ne +2K0r+ ! [( ”0) 6( )}
o c r+ e
- £ _1 ). 2.75
i | o) @79

Here, we have ignored terms which are independent of the compactified radial coordinate . Therefore, using this
expression for g(¢) and the one for hy(o), derived earlier, the height function becomes,

O+ In

c
—Zt In(1 -
n( 2Kor

h = 1
(o) o o)+ no

+

(-3

Again, the above expression for the height function does
not depend on any free parameters, except for ¢, and
hence there are no residual gauge freedom associated with
the above expressions, unlike the case of asymptotically flat
spacetimes.

Having extended the derivation of the hyperboloidal
coordinate system for asymptotically de Sitter spacetime,
we have also applied them in two examples, namely
Schwarzschild de Sitter and Reissner-Nordstrom de
Sitter spacetimes. In the subsequent sections, we will
express the wave equations satisfied by perturbations in
these backgrounds in the hyperboloidal coordinates, which
will help in studying the pseudo-spectrum of the QNM
frequencies.

o+
2|Kc|r+

ITII. WAVE EQUATION FOR PERTURBATIONS
OF ASYMPTOTICALLY DE SITTER SPACETIMES

Having introduced the hyperboloidal coordinate system
for asymptotically de Sitter spacetimes, let us now deter-
mine the wave equation governing the perturbations in this
coordinate system.® In general, owing to the static and
spherical symmetry of the background spacetimes, any
perturbation can be decomposed into a factor of e~'®’, a
radial function ¢,,,(r) and angular functions. The angular
functions are given by Y,,,(0,¢) for scalar perturbation,
and derivatives of Y, (6,¢) for electromagnetic and

“In the ensuing general discussion about the wave operator
describing perturbations, we will closely follow the notations and
conventions introduced in [38] before specializing to the de Sitter
case from (3.10).

T'e

_>] _

ro

o+

+a(r_+_ m[(&_l
ro r_
|

gravitational perturbations. The radial function ¢, (r),
in general, satisfy the following wave equation:

)+ol2-2)]

(2.76)

2|k_|ry

62
02

62
(5

where, V, will depend on the nature of the perturbation,
the frequency w, the angular indices, and the geometry of the
background spacetime. The above wave equation is in the
(t,7,0,¢) coordinate system. For our purpose, we need to
transform the above to the hyperboloidal coordinate system
devised in the previous section. For asymptotically flat
spacetimes, transforming the above wave equation to the
hyperboloidal coordinate system has already been per-
formed, here we do the same, but for asymptotically de
Sitter spacetimes. First, we discuss the general result and
then shall specialize on both the examples discussed above.

To start with, we transform the above wave equation
to the hyperboloidal (z, 0,0, ¢) coordinate system, using
the transformations: = = (t/A) + h(o) and (r,/1) = g(o),
where 1 is an arbitrary length scale associated with the
problem. Therefore, we obtain the following results, using
the chain rule for partial differentiation,

+ Vf)d)fm =0, (31)

0

ot

19,
Aor’

0
or,

L)
A ot

1 0
=—— 3.2
PPl (3.2)
Note that, the time evolution vector (d/0t) is simply scaled
by A under this coordinate transformation, or, in other
words, (d/0d7) also generates time translation. Hence one
can define the quasinormal mode frequency as conjugate to
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the redefined time coordinate 7 as well, except for the fact
that the quasinormal mode frequencies defined using 7 will
scale by A compared to the quasinormal mode frequencies
defined using ¢. This is another reason for the introduction
of the hyperboloidal coordinate since it simply rescales
the quasinormal mode frequencies by a constant factor.
Substituting the above relations between (d/d¢) and
(0/0r,) with (9/dr) and (0/00), the above wave equation
for the radial part of the perturbation reduces to,

1. 1o W o\/1ops
72 en (MUW) (@ o

=+ Vf(ﬁfm =0,

h_/a¢fm
Ag ot
(3.3)

where “prime” denotes the derivative with respect to the
rescaled radial coordinate o and “dot” denotes the deriva-
tive with respect to 7. Simplifying further, we obtain,

1 h'? 2 K 1 n
(- [ )

1 1

V =0 34
AQ g/ < 0¢fm) + f¢fm ( )
Multiplying the above equation throughout by 42, as well as
by the combination {¢?/(¢> — h'*)} along with an overall
negative sign, the above wave equation can be rewritten as,

. n / n
bl (L)
, 2
+ < g h’2> < U¢fm) <g'29—/h’2> 22V oy = 0.

(3.5)

Note that, the above equation is invariant under the trans-
formation ¢’ — —¢', and hence we can replace every ¢ by
|¢|. Therefore, it follows that, we can reexpress the above
equation as,

¢fm [27/( )aa + (aoy)]d)fm

1
w(o)

[0:{p(0)95} = q¢(0)lpen =0,  (3.6)

L
w(o)

where, we have introduced the following four functions of
the rescaled radial coordinate o:

B /2_h/2. azi,
()_ |g/| ’ y()—|g,|,
M®ﬂ?, 4¢(0) = RIg|V,. (3.7)

It turns out that at the boundaries, located at o = £1, |¢/|
diverges and hence the quantity p(o) identically vanishes.
On the other hand, all the other quantities, namely w(c),
y(o), and g, (o) remain finite and positive at the black hole
and cosmological horizons. Moreover, it follows that d, p is
positive at the cosmological horizon (located at ¢ = 0), but
becomes negative at the event horizon (located at 6 = 1). As
a consequence, the above differential equation will have no
02 term. The vanishing of the coefficient 02 term at the
boundaries renders the above equation to be a singular
second-order differential equation, one in which no boun-
dary conditions are allowed if we demand regular solutions.
This amounts to the fact that the outgoing/ingoing boundary
conditions are already incorporated into the (bulk) operator.

Further, we can rewrite the differential equation
as presented in (3.6), by introducing v, = ¢, and
constructing a second rank column vector using ¢,
and v, as,

. . . o ¢fm
Upm = lLufm’ Upm = ’
Yem

(3.8)

where, L is a (2 x 2) square matrix, whose entries are
functions and differential operators involving o:

L:§<0 1); L= [0,{p(0)d,} - 4 (o)):

Ll L2 W(G)

1
Ly=—]2

w(o)

Since the differential operator L is solely dependent on the
rescaled radial function o, it follows that one can integrate
(3.8) and obtain u,,,(z,0) = exp(iL7)uz,,(0,0). Thus the
operator L is like the time evolution operator, generating
time translation along 6. Moreover, the evolution by the
time coordinate ¢ and 7 are related by a constant rescaling
factor 4, and hence it follows that we can expand the mode
function as ¢(z,0) = exp(iwt)¢p(s), for each of the qua-
sinormal modes. Thus the determination of the QNMs
reduces the following eigenvalue problem:

7(0)05 + (0,7)]- (3.9)

Lun,t’m = Wy emUn,em- (310)
The spectral theorem would guarantee the stability of the
eigenvalues w, »,, provided the differential operator L is
hermitian. However, as evident from our previous analysis,
it follows that p(6 = 0) =0 = p(c = 1), i.e., the function
p(c) vanishes at the boundaries. As a consequence, the
Sturm-Liouville operator L; becomes singular at the
boundaries and the operator L ceases to be self-adjoint.
Therefore, the stability of the QNMs is not guaranteed, since
the spectral theorem does not apply. In order to cure this
singular behavior certain regularity conditions for the
perturbation must be imposed on the eigenmodes u, 4,
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which in turn ensures that appropriate boundary conditions
are taken at the two boundaries. This is how the hyper-
boloidal coordinate system makes the non-self-adjoint
nature of the eigenvalue problem for black hole perturbation
theory explicit.

Having spelled out all the necessary ingredients to
turn the wave equation into an eigenvalue problem for
the QNMs, we will now determine the functions defined
in (3.7) for Schwarzschild de Sitter spacetime. We will not
present an explicit form of these functions for the Reissner-
Nordstrom de Sitter spacetime due to the complicated nature
of these functions. Using the expressions for the height
function and the tortoise coordinate for Schwarzschild de
Sitter spacetime from (2.62) and (2.61), respectively, we
obtain:

2r +r
2rk |k, o(l -0 rcr+)_d]
plo) = ( K| ') i (3.11)
6.,.Kolo )6
2r+]KC| 2re+ry
1o = Koro [ ][K++K0<rc—”+
— (ko + K+)6] (3.12)
2r.+r
2 K. + K ﬁ — (kg +Kk.)o
sy 2o e R Gyl
K50 1- (‘r—[*)a
1— (’c‘”+)6
O Kol re
qe =/12< ) L V,  (3.14)
27kl o1 = o) [(Z2) —of
where, the potential V,(r) reads,
26+ 1) M 45
Vv = ——+ (1 =5 —=— A|.
() =50 A - (B -2220))]
(3.15)

Here, s = 0 corresponds to scalar perturbations, s =1 is
associated with the electromagnetic perturbations, and the
axial gravitational perturbations are connected to s = 2. For
A =0, we get back the potential experienced by the
perturbations in Schwarzschild spacetime. One striking
difference between the asymptotically de Sitter spacetimes
with asymptotically flat spacetimes must be noted here. For
both Schwarzschild and Reissner-Nordstrom spacetimes, the
function p (o) had a double root at ¢ = 0 and a single root at
o = 1, which translates to the existence of an essential
singularity at future null infinity and a removable singularity
at the horizon. While in the case of Schwarzchild-de Sitter as
well as for Reissner-Nordstrom-de Sitter spacetimes, the
function p(o) vanishes at o = 0 and at ¢ = 1 linearly. Thus
in asymptotically de Sitter spacetimes, both the singularities
of the Sturm-Liouville operator L; are removable. We will

now move on to the discussion involving the stability of the
QNMs under external perturbations.

IV. PSEUDOSPECTRUM AND ENERGY NORM

The spectral stability of an eigenvalue problem is tightly
linked with the nature of the underlying system, in
particular, whether the system is conservative or not.
Conservative systems are generically associated with
self-adjoint operators whose eigenvalues are real, and
the eigenfunctions form a complete orthonormal basis.
Since we will need properties of such operators, it is a good
place to pause for a while and provide a formal definition
of such operators. For this purpose, we may consider a
Hilbert space H with a scalar product (-, -) and norm || - ||.
If L is a bounded and linear operator acting on vectors in
the Hibert space H, then Riesz’s representation theorem
guarantees the existence of a unique bounded operator L
called the adjoint operator of L, which satisfies the
relation: (L'u,v) = (u, Lv) for all u,v€H [87]. The
existence of an adjoint operator does not guarantee that
the eigenfunctions of this operator L will form a complete
orthogonal basis, for which L must be normal, i.e., it must
commute with its adjoint ([L,L] = 0) [58]. The self-
adjoint operators are a subclass of the normal operators,
satisfying the condition L™ = L. For normal operators,
there exists a spectral theorem that ensures that the
spectrum of L, which corresponds to the set of all possible
eigenvalues of L, and denoted by ¢(L)—is stable against
perturbation of the operator L. By stability, we mean that
the shift in the spectrum of L due to the perturbation of the
operator L is bounded by the order of the perturbation, see
Refs. [38,58] for more details.

For nonconservative or, open systems, the situation
becomes complicated. Consider black holes as an example,
for which any energy going through the event horizon
cannot be extracted by any classical process, which is also
true for the energy crossing future null infinity. Thus energy
is dissipated into the event horizon and at infinity, and
hence operators associated with black holes must be non-
self-adjoint, which is characteristic of any open system. As
a consequence, their eigenfunctions are referred to as
quasinormal modes with complex eigenvalues. The com-
plex eigenvalues are as such not a problem, actually, the
existence of such complex eigenvalues stabilizes black
holes under external perturbations. The problematic feature
being the eigenfunctions are, in general, not orthogonal and
do not form a complete set [88]. Consequently, a small
perturbation of the operator L can produce an unbounded
shift in the spectrum, thereby rendering the spectrum
unstable. In other words, the spectral analysis fails to
capture the whole picture of the spectral problem associated
with non-self-adjoint operators. In the following, we
discuss methods to circumvent these difficulties associated
with non-self-adjoint operators and an appropriate defini-
tion of a norm in this context.
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A. Pseudospectrum

In this section, we will briefly review the concept of the
pseudospectrum, a powerful mathematical tool to study the
spectral problem associated with the non-self-adjoint
operators. Consider a non-self-adjoint operator L € M ,(C)
(the space of complex n x n matrices), whose spectrum is
given by o(L). Note that (L) is a set of complex numbers.
If we consider now a real number ¢ > 0, then the set of all
complex numbers that are eigenvalues of the perturbed
operator L + 5L for some ||5L|| < e is referred to as the e-
pseudospectrum and is denoted by ¢¢(L). Mathematically,
the pseudospectrum is defined as [38,58]:

o‘(L)={weC,35LeM,(C),

SL|| <e:weo(L+6L)}.
(4.1)

For a stable spectral configuration, it is expected that the
perturbed spectrum o (L) resides in close vicinity (of order
~e¢) to the unperturbed spectrum. However, if the perturbed
spectra drift away from the unperturbed ones at a distance
that is a few orders of magnitude larger than e, it signals
spectral instability, as the eigenvalues of L are extremely
sensitive to external perturbations. Moreover, the pseudo-
spectrum associated with different e values are just nested
sets around the spectrum o(L) in the complex frequency
plane, such that 6“1 (L) C 62(L) for 0 < ¢; < e».

A mathematically equivalent definition of the pseudo-
spectrum can be arrived at by considering the resolvent of
the operator L, defined as: R, (w) = (wI — L)™', which
becomes singular when @ is an eigenvalue of L. Intuitively,
it is expected that when @ is close to the spectrum o (L), the
norm of the resolvent ||R; (w)|| will be large. However, for
the non-self-adjoint operators, the resolvent norm can be
large even when w is far away from the eigenvalue. This is
because the resolvent satisfies the following relation,
IR, (®)]|, < k/dist.(w,6(L)), where the subscript 2 sig-
nifies that the above is a L? norm, x is the condition
number and dist.(w, 6(L)) is the distance between a point
w to the set ¢(L) in the complex plane [58]. For a normal
operator k = 1; thus, the resolvent norm is large only in the
close vicinity of the spectrum (L ). However, for the non-
normal operators, the condition number can be very large
and hence the resolvent norm can have large values even
at distances far away from the spectrum. Therefore, the
region in the complex plane, where the resolvent ||R; (o)||
is large provides another definition of the pseudospectrum
6¢(L) of the non-self-adjoint operator L under perturbation
as [38,44,58]:

o‘(L) ={weC:[|R (0)|| = (@I -L)7"[| > 1/e}. (4.2)
In words, the above mathematical statement implies that
the pseudospectrum is the region of the complex plane,
which is bounded by the 1/¢ level curve (contour lines) of

the norm of the resolvent. Thus one can conclude that
determining the resolvent is the best way of checking the
stability of the spectrum of any non-self-adjoint operator
L. If one plots the resolvent norm as a function of
frequency on the complex plane, it will demonstrate
how the perturbation in the operator results in the drifting
of the QNM frequencies. In particular, if the pseudospec-
trum 6¢(L) extends far away from (L), it signals strong
non-normality of the operator L and poor analytic behavior
of the resolvent R; (@) [38].

B. Energy norm

The stability of the QNM frequencies of black holes is
related to the shift in the spectrum of the perturbation
operator L, defined in (3.9), in the complex frequency plane
under the perturbation L (induced by the perturbation of
the potential g,). A large shift in the spectrum under a small
perturbation indicates spectral instability. However, it is
important to specify what is meant by “small” or “large”
perturbations, and for this purpose, we need to provide a
choice for the operator norm || - ||, along with the choice for
the scalar product (-,-) [41]. It may be plausible that the
perturbation perceived as small for a given choice of
operator norm can become large for a different choice.
In that regard, the energy norm provides a natural way to
define the scale of the perturbation. Note that (3.6)
describes the dynamics of a perturbing field mode ¢,
(the perturbation can be of scalar, electromagnetic, or,
gravitational origin) with scattering potential V, in (1 + 1)
dimensions. Following [38,41], we define the energy norm
in terms of the energy associated with the field modes as,

S
_ % A dolw(@)y P + p(0)|0,b + g (0)gP).

(4.3)

Here, we have dropped the subscripts £m in ¢, and y,,,
for brevity and improved readability. The integration limit
in the above equation corresponds to the boundary of the
rescaled spatial parameter ¢ € [0, 1]. In this setting, the
operator energy norm of the perturbed operator ||6L||, is
related to the energy concentrated near the peaks of the
perturbation energy distribution [41]. With the definition of
energy norm in (4.3), we can introduce the definition of the
energy scalar product as [38,41]

e (1)),

1 ;
= —/ dG{W(G)l/_lllllz + p(g)aa¢laa¢2
0

2

+ q(0)p1hs). (4.4)
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Note that, for u; = u,, (4.4) reduces to (4.3), as it should.
With the definition of the scalar product, we can calculate
the adjoint operator L' [38], which turns out to be
LT =L+ L% with

0 0
L= , (4.5)
0 L3
where L3j is given by the following expression
v(o)
Ly=2 8(c—0) +d(c—1)]. 4.6
J=20 T e =0) 3o = 1) (46)

Here, (o) denotes the Dirac delta function. The above
expression explicitly indicates the non-self-adjointness of
the operator L defined in (3.9), since L # L' and the
difference occurs precisely at the boundaries with dissipa-
tive boundary conditions. In the following we elaborate on
the numerical techniques for determining the resolvent
using the energy norm, defined above, which in turn will
tell us about the stability of the QNM frequencies for
asymptotically de Sitter spacetime.

V. NUMERICAL IMPLEMENTATION:
CHEBYSHEV’S SPECTRAL METHOD

In the previous section, we have elaborated on the
mathematical definitions of pseudospectrum and the asso-
ciated energy norm suitable for our purpose. In this section
we will provide the numerical technique to determine the
pseudospectrum arising from the differential operator L
governing the behavior of the perturbation with the black
hole event horizon and the cosmological horizon. We start
by employing the Chebyshev’s spectral method to dis-
cretize the differential operator L, defined in (3.9) and
convert the task of computing the (pseudo)spectrum into a
linear algebra problem [38,89,90] that can be implemented
on a computer in a straightforward manner. We begin by
sampling N + 1 points from a Chebyshev-Gauss-Lobatto
(CGL) grid,

5+3 N (5.1)

aj:1+lcos<1—ﬂ>, j=0,1,....N,
where ¢; € [0, 1] We then approximate the differential
operators using the corresponding Chebyshev differentia-
tion matrices [89,91-93]. This leaves us with a square
matrix whose dimension is 2(N + 1). We can now compute
the QNM frequencies directly by finding out the eigenval-
ues of the aforementioned matrix.

Note that this convention gives us 6, =1 and oy =0,
corresponding to the locations of the event and cosmological
horizons, respectively, and the grid points are ordered in reverse
fashion.

The reason behind using the spectral method on a CGL
grid is motivated by the fact that our problem involves a
nonperiodic domain, and we would like to sample more
points near the horizons to avoid Runge’s phenomenon.
Furthermore, if the eigenfunctions are smooth, then the
Chebyshev collocation method is guaranteed to converge
exponentially. However this approach yields dense matrices
which makes the problem much more difficult to solve
unless one employs suitable matrix decomposition schemes.

We also have to accurately compute matrix norms in
order to calculate the pseudospectra and study explicit
perturbations to the operator L. Therefore, we have to use
the discretized version of the energy scalar product to
evaluate various inner products. The expression of the inner
product [38] is the following
(ulv)g = (u")'GHv! =u’-G®-v,  wweC',  (52)
where ' is the Hermitian conjugate of u, and GF is the
Gram matrix. The adjoint of the operator L is then given
by [38]

L"=(Gg)™'-L*- Gg. (5.3)
The computation of the gram matrix GE is rather subtle and
one must employ a suitable interpolation scheme to ensure
the accuracy of the scalar product whenever the order of the
product (u|v)g becomes greater than the resolution of the
collocation grid N. We have employed the strategy detailed
in Appendix A of [38].

Having discussed the basic ingredients for the numerical
scheme, let us turn our attention to the determination of the
pseudospectrum. For this purpose, it is useful to employ
the following characterization for the pseudospectrum in
the energy norm,

oi(L) = {weC:sP(wl - L) < €}, (5.4)
where s is the smallest generalized singular value
obtained by performing a singular value decomposition
which takes into account the energy norm, viz.,
sEn(M) =min{yw:w€c(M'M)}, M=wl-L. (5.5)
However, it is important to note that this path involves
computing the full eigenspectrum of (wl — L) over the
entire region of the complex plane under investigation. This
step is computationally expensive since the time complexity
of the algorithm grows as O(n?) at each point of the
complex plane, where n = 2(N + 1) [94,95]. We, therefore,
take advantage of the fact that the gram matrix Gg is a
positive-definite Hermitian matrix, i.e., Gp = Gg, and
perform a Cholesky decomposition to obtain

Gp = W* - W, (5.6)
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where W is an upper-triangular matrix. We can then
compute the energy norm of a vector u as follows,
lulle = (W W) = (WalWu) = [Wul3,  (5.7)
where ||.|| is the energy norm and ||.||, is the L? norm. The
above decomposition, as in (5.6) further enables us to write
the adjoint L* of the operator L as,
LT = (W - W)=L.L* - (W*-W). (5.8)
Following the above result in terms of the upper-triangular
matrix W, it follows that we can introduce another operator
L,suchthat L =W-L-W!and following [96], we obtain
the following connection between the energy norm and the
L? norm,

A = 1AL,

for any function f. The above equation, namely (5.6)
enables us to perform subsequent computations in the L?
norm using the matrix L, rather then the energy norm using
the matrix L. In particular, with the L?> norm we can
compute the standard singular value decomposition to
determine the minimum singular value, and hence, the
pseudospectrum. In fact, before performing the singular
value decomposition, one can transform the matrix L into an

(5.9)

logio[05(L)]
—65 —60 —55 —50 —45 —40 -35 —30 —-25 —-20 —15 —10 -5 0

(a) The £ = 1 scalar € pseudospectrum. The lowest-

lying QNM being a de Sitter mode.

upper Hessenberg matrix H [94,95] so that the singular
value calculation can make use of more efficient algorithms.
It follows that all the entries below the first subdiagonal of
H are zero by definition and hence H has the same
eigenspectrum as L and L. Note that, we can also write:
L* = W- L' - W~!. Hence the minimum singular value s}
of H can be obtained using,

M=wl-H,
(5.10)

s (M) = min{Vw: 0 €c(M*M)},

and construct the pseudospectrum through,

o5(H) = {weC:sP(wl — H) < €}, (5.11)
which is equivalent to (5.4). Since we are interested in
estimating the minimum singular value, we can use Arnoldi
iteration (or, rather Lanczos iteration since M*M is
Hermitian). Assuming that the cost of performing one-time
Cholesky and Hessenberg decompositions are negligible
compared to performing the full singular value decompo-
sition, the task of computing the pseudospectrum can now
be performed using an algorithm with a time complexity
O(n?) at each point of the complex plane [94,95], thereby
providing a significant speed-up. There is one notable
aspect related to the computation of (pseudo)spectra of

logio[05(L)]
—65 —60 —55 —50 —45 —40 -35 —30 —-25 —20 —15 —10 —5 0

4.0

3.5

3.0

2.5

(b) The ¢ = 2 gravitational € pseudospectrum. The
lowest-lying QNM is a photon sphere mode.

FIG. 2. The e— pseudospectra of a Schwarzschild de Sitter black hole with M = 1 and A = 0.01 have been presented for scalar and
gravitational perturbations. The unperturbed QNMs (filled red circles) for the scalar and gravitational perturbations have been indicated
for reference. The solid black contour levels correspond to various choices of log €, ranging from —65 (top level) to —5 (bottom level)
in steps of 5 in both the figures. The calculations have been carried out using N = 230 collocation points with an internal precision
corresponding to roughly 10x machine precision, and a step size of 0.05 along both the axes on the complex frequency plane. The

characteristic length scale in the problem has been set to 4 = 2r,.
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black holes that deserves mentioning: the operator L is
highly non-normal and hence if the computation is carried
out using machine precision, then the (pseudo)spectrum is
likely to be contaminated by spurious eigenvalues resulting
from round-off errors in floating point operations. Such
numerical artifacts can severely hinder one from drawing
tangible conclusions using numerical studies. Hence it is
essential to carry out intermediate computations using
extended precision. We have typically used 10 times the
machine precision, thereby keeping track of ~160 digits in
the intermediate calculations. We shall also discuss issues
related to numerical convergence in greater detail in the
next section. Lastly, the computation of the pseudospectra is
well suited for parallelization since the calculation of the
smallest singular value at each point of the two-dimensional
grid is independent of one another. We found Wolfram
Mathematica to be a suitable computational tool for our
purpose since it can easily implement the numerical require-
ments discussed so far.

VI. (IN)STABILITY OF THE QNM SPECTRA
OF ASYMPTOTICALLY DE SITTER SPACETIMES

After providing all the necessary details regarding the
construction of the hyperboloidal coordinate system as well
as the numerical techniques to be used, we devote this
section to the analysis of the QNM instability for asymp-
totically de Sitter black holes. The e-pseudospectrum of a
black hole can be read as a topographic map that character-
izes the stability of the quasinormal mode spectrum. As we
have already stressed, if the spectrum were stable against
external perturbations then the pseudospectrum would
have had a “flat” structure, and the contour lines around
a particular eigenvalue would then resemble circles of radius
€, corresponding to the “strength” of the perturbation. One
could interpret the stability of an eigenvalue as being
indicated by extremely steep throats around that particular
eigenvalue which rapidly decay and become flat as one
moves away from the eigenvalue further into the complex
plane. Therefore, any nontrivial topographic structure
extending far into the complex plane as one moves away
from the eigenspectrum would be the hallmark of instability.
The pseudospectra of asymptotically flat black holes [38,44]
and exotic compact objects [45] show highly nontrivial
topographic structure, indicating instability of the corre-
sponding QNM spectra. It turns out that asymptotically de
Sitter black holes are no exceptions, as evident from Fig. 2,
the pseudospectra of these black holes also depict similar
inverted ridgelike topographic structures. However, unlike
the case of asymptotically flat black holes, in the present
situation the contour lines associated with the pseudospec-
trum of the lowest lying QNMs open up into the complex
plane even for modest values of ¢ (see Fig. 2). Furthermore,
Fig. 2 also demonstrates that for the overtones the contours
open up for very small values of ¢, indicating that instability
increases as one “moves up’’ the spectrum. We would like to

emphasize that these features are generic and hold for both
scalar and (axial) gravitational perturbations.

The predictive power of the e-pseudospectra has been
highlighted in [38]: the key idea being that the pseudospec-
trum of a black hole may give us an opportunity estimate
how the QNM spectrum of a black hole could possibly
change under the influence of a perturbation 6V to the
scattering potential experienced by a perturbing field on
the black hole background. In particular, one must determine
the strength of the perturbation [|6V|| < e and locate the
corresponding log;, € contour line on the pseudospectrum,
like the ones shown in Fig. 2. The predicted change in the
spectrum would then be the following: the portion of the
spectra below log,q e contour will remain untouched, but
there is a possibility that the eigenvalues lying above this
particular contour line could be significantly modified
(depending upon the nature of the perturbing source). If
the nature of the perturbation is indeed capable of modifying
the spectrum then, what is truly remarkable is that (most of)
the new perturbed eigenvalues (which we shall refer to as the
perturbed QNMs) will settle along one of the contour lines
lying close to (but always above) the log,, € contour.’ To put
it differently, the perturbed QNMs will migrate to new
branches following the boundaries of the pseudospectrum.
These branches have been referred to as the Nollert-Price
branches [38] since it was first observed in [35,36].
Alternatively, if we are able to detect several (perturbed)
overtones along with the fundamental mode, and discover
that the detected modes are spread in an orderly fashion that
closely follows the contours of the pseudospectrum then we
can gain valuable insight into the nature of the perturbing
source based on the strength of the perturbation (that can be
read off the pseudospectrum). The notion of the pseudo-
spectra is therefore a definitive and robust culmination of
the idea that was first foreseen in [34], viz., black hole
spectroscopy will be able to probe the environment in the
vicinity of the black hole; depending on the severity of the
instability, it can also in principle help us probe near horizon
quantum effects. Besides holding information about the
ambient environment, our findings indicate that the pseu-
dospectrum encodes information about the asymptotic
structure of the black hole spacetime as well, i.e., the
behavior of the perturbed QNMs of asymptotically flat
and de Sitter black holes have crucial differences.

SWe stress that the pseudospectrum can only inform us
whether the spectrum of a nonconservative system like a black
hole is inherently unstable. The pseudospectrum cannot tell us
what kind of perturbations to the black hole potential can lead to
an instability of the QNM spectrum. Hence, to understand the
possible physical origin of the QNM instability, the pseudospec-
trum analysis should be complemented by studying explicit
perturbations to the potential, a task that is explored in detail
in the subsequent section of the present work. Furthermore,
before assessing the predictive power of the pseudospectra, there
are certain functional analysis issues that need to be thoroughly
addressed (we refer the reader to [38] for further discussion).
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To put the above claim on firmer grounds and draw
conclusions that are relevant to asymptotically de Sitter
black holes, we shall now explicitly study the perturbed
QNM spectra of a Schwarzschild de Sitter black hole. For
this purpose, let us briefly discuss the structure of the
perturbation 5L that we add to the operator L by modifying
the same. The perturbation 6L is taken to have the
following form:

N 1 <z2év<f>/w<a> i g)

The operator 6L should also be normalized with respect to
the energy norm such that ||5L|| = e. Such a choice ensures
two things: (a) the structure of 6L inflicts modifications
exclusively on the black hole potential since §V () /w(o) is
a diagonal matrix by design and it is added to the submatrix
of L that contains L; [cf. (3.9)], and (b) by specifying the
norm we can apply specific meaning to the “size” of
the perturbation. The functional form of 6V (¢) depends on
the physical phenomena we are trying to model. For
example, to simulate both high and low-frequency pertur-
bations, we can choose,

5L (6.1)

8V 4(o) ~ cos(2xko), (6.2)
where k is the inverse length scale associated with the
perturbation; in [38] such generic oscillatory perturbations
were labeled as “deterministic perturbations.”

One can also consider adding random perturbations
8V, (o) to the scattering potential V(o): this amounts to
drawing N random samples from a Gaussian distribution and
adding each of them to a point on the collocation grid of size
N. This array of N + 1 points is then converted to a diagonal
matrix 5V ,.(c) and added to L after being normalized using
the energy norm. Such perturbations correspond to high-
frequency perturbations by design. Random perturbations
are routinely used to investigate the spectral properties of
matrices [58]. However, their utility is severely restricted in
asymptotically flat spacetimes due to the presence of non-
converging branch cut modes along the imaginary axis. The
branch-cut modes manifest themselves as the ubiquitous
Price’s tails in the late-time decay profile of the scattered
fields. But the spectra of asymptotically de Sitter black holes
do not face this “limitation,” the modes which lie on the
imaginary axis correspond to the so-called de Sitter modes
and are convergent. Hence one can make full use of random
perturbations as well to investigate the spectral stability of
such spacetimes.

It is also interesting to note that while usual investigations
into the spectral stability of matrices make modifications to
the whole operator, we restrict ourselves to modifications to
the black hole potential (similar to [38,45]). Although the
pseudospectrum indicates the presence of overall spectral
instability, it does not contain any information about the

nature of the perturbations that could trigger those insta-
bilities, and it most certainly does not indicate that the
spectrum will be unstable under a perturbation of the form
as in (6.1). In this respect, the behavior of the perturbed
QNMs in the presence of the perturbative probes likely
corresponds to a physical effect and therefore complements
the study of black hole pseudospectra.

A. Deterministic perturbations to the scattering
potential of a Schwarzschild de Sitter black hole

We first describe the effect of deterministic oscillatory
perturbations to the £ =1 scalar (s = 0) potential of a
Schwarzschild de Sitter black hole with A = 0.01: the
results have been summarized in Fig. 3. We note that for
a fixed e, increasing the wave number k intensifies the
instability of the QNM spectrum. For example, in the first
row of Fig. 3 corresponding to |6V, = 107°||, we see that
for a low value of k, the spectrum is essentially unperturbed,
but as we increase k, a wave of instability begins to travel
down the spectrum, and for k = 60, it reaches the second set
of the photon sphere modes. The new perturbed QNMs also
line up in an orderly fashion along the aforementioned
Nollert-Price branches and from Fig. 9(a) we can confirm
that these branches closely track the pseudospectral contour
lines. This behavior is perfectly analogous to what is
observed in asymptotically flat black holes. However, this
instability is not expected to reach the fundamental mode
since it lies well below the log,; e = —10 contour. We have
observed this effect numerically to a limited degree since
increasing k further makes it extremely difficult to compute
the perturbed QNMs with the resolution that we have used.

However, one witnesses a rather curious behavior as one
increases the strength of the perturbation. Consider the
second row of Fig. 3, for an intermediate value of k = 20,
we progressively increase the strength of the perturbation e
and observe the gradual intensification of the spectral
instability. It is extremely interesting to note that for the
largest reasonable perturbation, that is, e = 107!, the
fundamental mode itself is destabilized. This situation is
markedly different from what has been observed for
asymptotically flat black holes in [38], where the funda-
mental mode was always found to be spectrally stable and
could only be dislodged by an O(1) modification to the
scattering potential. Therefore one can conclude that the
perturbed QNMs and the pseudospectra have the ability
to capture the asymptotic structure of spacetime in addition
to describing the near-horizon physics of black holes.
However it should be noted that the spectral instability of
the fundamental mode is by no means a definitive
signature of asymptotically de Sitter black holes: in exotic
compact objects as well, the fundamental mode is prone to
destabilization against strong (e ~ 1072) high-frequency
perturbations [45]. But the pseudospectra of an exotic
compact object and a Schwarzschild de Sitter black hole
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are evidently different and hence the structure of the
Nollert-Price branches are different as well.
Furthermore, in asymptotically flat spacetimes, pertur-
bations with a low wave number k ~ 1 are considered to be
benign in the sense that their presence leaves the spectrum
unchanged [38]. But for asymptotically de Sitter black
holes, we observe that deterministic perturbations with
k =1 can modify the spectrum and the degree of the
destabilization increases with €. However, such perturba-
tions do not dramatically alter the fundamental mode.
The corresponding results for £ = 2 (axial) gravitational
(s = 2) perturbations have been summarized in Fig. 4. In
this case as well, for large deterministic perturbation with
k = 60, the fundamental QNM frequency gets shifted from
its unperturbed position. Moreover for such large a pertur-
bation with k = 1, the frequency overtones get significantly
disturbed, though the fundamental mode remains stable.
Lastly, Fig. 4 also nicely demonstrates how the instability
progress to lower and lower modes with the increases in the
strength of the perturbation. This trend remains for all
choices of the inverse perturbation length scale k. Thus
instability of the fundamental QNM frequency for large

perturbation is a generic feature of asymptotically de Sitter
spacetime as it holds for scalar as well as for gravitational
perturbation.

B. Salient features of the perturbed QNM spectrum
of a Schwarzschild de Sitter black hole

The preceding discussion provides the link between the
pseudospectra of an asymptotically de Sitter black hole and
the nature of the perturbations triggering spectral instabil-
ities. Following this we present some observations solely
based on studying the spectra of perturbed scattering
potentials in the asymptotically de Sitter black hole space-
times. Our aim is to explore the wide parameter space of de
Sitter black holes and sniff out those regions which may
prove to be interesting avenues for current and future
investigations.

We start by asking what is the effect of the magnitude of
the cosmological constant on the spectral properties of the
spacetime (keeping the BH mass fixed). In particular, noting
that a deterministic perturbation of the order ¢ = 10! and
k = 60 can potentially destabilize the fundamental mode,
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FIG. 3. The spectra for perturbed QNM frequencies associated with deterministic perturbations with norm |5V || = € for € = 1 scalar

modes (s = 0) of a Schwarzschild de Sitter black hole with M =1 and A = 0.01 have been presented, superimposed over the
unperturbed QNM frequencies (indicated by red dots). The characteristic length scale has been set to 4 = 2r,.
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FIG. 4. The QNM spectra for deterministic perturbations of norm ||6V,|| = e for ¢ = 2 gravitational perturbation (s = 2) of a
Schwarzschild de Sitter black hole with M = 1 and A = 0.01 have been superimposed over the unperturbed QNM values (indicated in

red). The characteristic length scale has been set to 4 = 2r,..

we wish to explore how this result depends on the
cosmological constant. It turns out that indeed the cosmo-
logical constant A has an important effect on the instability
of the fundamental mode. As evident from Fig. 5, it follows
that reducing the value of A intensifies the spectral
instability of Schwarzschild de Sitter black holes, as in
these cases the lowest-lying mode corresponds to a de Sitter
mode, which has no analog in the case of asymptotically flat
black hole spacetimes. This effect can be clearly seen for the
¢ = 1 mode of scalar perturbation when we compare the
plots in the first and second columns of Fig. 5. Since € =
107" is indeed a large perturbation to the perturbing
potential, we have also depicted the QNM migration for
perturbation with strength € = 1072 and € = 1073, respec-
tively. As evident, the migration of the fundamental QNM
becomes smaller as e decreases. Moreover, the Nollert-Price
branch comes closer to the real axis as one decreases A.
Since we expect the Nollert-Price branch to follow the
contours of the pseudospectra, we conclude that a smaller A
will make the perturbed QNM drift toward smaller imagi-
nary values and hence the spectrum becomes more unstable.
On the other hand, increasing the cosmological constant A

has the opposite effect, and in particular, we see that for
A =1, the fundamental mode is stable (cf. the plots in the
third column of Fig. 5) and it is a photon sphere mode. This
feature can be explained as follows: in order to have two
distinct horizons, the mass M of the Schwarzschild de Sitter
black hole and the cosmological constant A must satisfy
A < (1/9M?); with our chosen set of parameters, this
means A < 1.111. In the limit A — (1/9M?), the two
horizons coalesce, which is the so-called Nariai limit. In
this limiting case, one can approximate the black hole
potential with the Poschl-Teller potential [97], and it has
been shown that the fundamental mode of the Poschl-Teller
potential is stable against such high-frequency perturbations
[38]. Thus our findings are consistent with results previ-
ously reported in the literature.

Furthermore, the departure of the fundamental de Sitter
mode from its unperturbed position, for scalar perturbation,
with small A and € ~ 1071, is small and is of the same order
as €. Therefore, the migration of the fundamental scalar
mode is consistent with the large perturbation and hence
may not be linked to instability. Thus, as far as scalar
perturbation is concerned, the fundamental mode of the
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FIG. 5. Stability/instability of the fundamental scalar mode (s = 0) for £ = 1 of a Schwarzschild de Sitter black hole has been

presented with M = 1 for three choices of the cosmological constant: A = 0.001 (left column), A = 0.01 (middle column) and A = 0.1

(right column) and the norm of the deterministic perturbations has been taken to be ||6V || = 107 (top row),

8V,|| = 1072 (middle

row), |6V 4|| = 107! (bottom row) with k = 60. The unperturbed QNM values are indicated in red and the characteristic length scale has

been set to 1 = 2r,.

Schwarzschild de Sitter black hole spacetime appears to
be stable.

However, the situation regarding stability is very differ-
ent for the fundamental mode associated with gravitational
perturbation. Just like the case of scalar perturbation, the
cosmological constant affects the stability of the funda-
mental modes for gravitational perturbations as well. A
decrease in the cosmological constant indeed makes the
instability of the fundamental QNM frequency worse, since
not only do the perturbed QNMs drift further away from the
fundamental mode, but they also tend to have smaller
imaginary parts. This is evident from the plots in the first
two columns of Fig. 6. Hence regardless of the nature of the
perturbing field, we note that a smaller cosmological
constant enhances the instability of the fundamental mode.
For larger cosmological constant, the connection with the
Poschl-Teller potential makes the fundamental mode stable,
even for gravitational perturbation, as highlighted in the
plots in the third column of Fig. 6. But, for gravitational
perturbation, in the presence of a small cosmological
constant, the fundamental de Sitter mode is unstable even

for perturbations with € ~ 1073, The migrated and the
unperturbed QNMs are separated by an amount that is at
least one order of magnitude larger than the strength of the
perturbation. Thus, for asymptotically de Sitter spacetimes,
the fundamental QNM associated with the gravitational
perturbation becomes unstable for small values of the
cosmological constant. This feature is exclusive to asymp-
totic de Sitter spacetimes and does not exist for asymp-
totically flat black holes. It also gives a hope to rescue the
strong cosmic censorship conjecture for asymptotically de
Sitter black holes, at least for gravitational perturbations.

Lastly, we consider the effect of the angular number £
(cf. Fig. 7 for scalar perturbation and Fig. 8 for gravita-
tional perturbation) on the instability of the QNM frequen-
cies. It turns out that increasing the angular number £ does
not affect the qualitative nature of the Nollert-Price
branches, and hence does not drastically alter the spectral
properties of the operator governing the perturbations. This
is true for both scalar and gravitational perturbations.
However, there is one intriguing feature worth highlight-
ing: for the # = 0 mode, which exists only for the scalar
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FIG. 6. Stability/instability of the fundamental gravitational mode

presented with M = 1 for three choices of the cosmological constant:

(s = 2) for £ = 2 of a Schwarzschild de Sitter black hole has been
A = 0.001 (left column), A = 0.01 (middle column), and A = 0.1

(right column) and the norm of the deterministic perturbations has been taken to be ||6V,|| = 1073 (top row), ||6V,|| = 1072 (middle

row),
been set to 4 = 2r,.

perturbation, the QNM spectrum is extremely stable for a
high-frequency perturbation of significant strength, e.g., it
is stable even for deterministic perturbation with norm
€ ~ 107!, This intriguing aspect merits further investiga-
tion, but we have found that the computation of the
pseudospectrum for the £ = 0 mode to be exceptionally

|6V 4|| = 107! (bottom row) with k = 60. The unperturbed QNM values are indicated in red and the characteristic length scale has

difficult, since the (1/r?) term in the potential completely
disappears, rendering the resultant matrix L, governing the
scattering potential experienced by the perturbations,
highly ill conditioned. This feature appears to impose
several numerical difficulties and we shall attempt the
computation again elsewhere.
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FIG. 7. The perturbed, as well as unperturbed QNM spectra for deterministic perturbations of norm ||§V4|| = 107! with k = 60 has
been presented for different choices of the angular number—¢ = 0 (left panel), £ = 1 (middle panel) and # = 2 (right panel). In these

plots, the perturbation is due to scalar modes in the background of a
unperturbed QNM frequencies have been indicated in red and the

Schwarzschild de Sitter black hole with M = 1 and A = 0.01. The
characteristic length scale has been set to 1 = 2r,.
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FIG. 8. The QNM spectra for both perturbed and unperturbed modes have been presented under deterministic perturbations of norm
|6V ,4|| = 10~" with k = 60 for different angular numbers—¢ = 2 (left panel), # = 3 (middle panel) and # = 4 (right panel). The modes
are for gravitational scattering potential in the background of a Schwarzschild de Sitter black hole with M = 1 and A = 0.01. The
perturbed modes have been superimposed over the unperturbed QNM frequencies, indicated in red. The characteristic length scale has

been set to 1 = 2r,.

C. Random perturbation and the QNM frequencies in
Schwarzschild de Sitter spacetime

The overall behavior of the spectral instability is further
corroborated by the inclusion of random perturbations as

logio [0%(L)]
—65 —60 —55 —50 —45 —40 —35 —30 25 —20 —15 —10 -5 0

Re(w)
O |I6V4ll =107 k=20 @ 16Vl =105 k=60 ® |[6V]l=10" e |l6V]|=10"*
O [16Vall=107%,k=60 @ [l6Vall=10""k=60 @ [l6V|=10"" m [l6V,||=10"%

(a) The ¢ = 1 scalar € pseudospectrum and Nollert-
Price branches arising from various perturbations to
the scattering potential of Schwarzschild de Sitter black
hole. Observe that the lowest-lying de Sitter mode (in-
dicated by a dashed blue circle) is displaced by both
high frequency random and deterministic oscillatory

perturbations of the order ||§V|| = 107!, This is in
sharp contrast to the corresponding asymptotically flat
scenario.

well. The results have been compiled together in Fig.

9 for

the benefit of the reader. On an operational level, the
inclusion of a random perturbation translates to adding a

set of random numbers to the scattering potential.

logio [0%(L)]
—65 —60 —55 —50 —45 —40 —35 —30 —25 —20 —15 —10 -5 0

0 1 2 3
Re(w)
O |6Vl =101 k=20 @ [16Vall=107%, k=60 @ |6V]l=10" e |l6V]|=10"%
O ||6Vyl| =107, k=60 @ ||6V4l| =101, k=60 @ 6V|=10"10 | |6V, =105
(b) The ¢ = 2 gravitational € pseudospectrum and

Nollert-Price branches arising from both deterministic
and random perturbations to the scattering potential
of Schwarzschild de Sitter black hole. Observe that
the two lowest-lying photon sphere modes (indicated
by dashed blue circles) are displaced by both high fre-
quency random and deterministic oscillatory perturba-
tions of the order ||6V|| = 107",

It is

FIG. 9. Nollert-Price branches and destabilization of the QNM spectra versus the ¢ pseudospectra have been depicted for a
Schwarzschild de Sitter black hole with M = 1 and A = 0.01. In both the figures, the solid black contour lines correspond to log e,
which range from —65 (top level) to —5 (bottom level) in steps of 5, whereas the dashed red contour lines range from —29 (top level) to
—16 (bottom level) in steps of 1. The QNMs (filled red circles) have also been indicated for reference.
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designed to mimic a high-frequency sinusoidal perturbation
and its strength is controlled purely by the energy norm of
the probe field. With reference to Fig. 9, we observe that
high-frequency random perturbations of the order ||6V,| =
€ to the black hole potential destabilizes the QNM spectra
lying above the log;, € contour level of the pseudospectrum,
but the spectra below the said contour level remain
unaffected, as expected. In particular, a large high-frequency
perturbation of the order € ~ 107! is able to destabilize the
fundamental mode(s) (indicated by dashed blue circles in
Fig. 9). Lastly, the perturbed QNM spectra follow an orderly
arrangement in the complex plane that approximately
mimics the pseudospectral contour lines. This migration
of the perturbed QNMs (arising from explicit perturbations
to the BH potential) along the so-called Nollert-Price
branches establishes how the pseudospectra (a property
of the unperturbed potential) is able to capture the spectral
instabilities underlying scattering phenomena in black hole
spacetimes. In [38], it was noted that the pseudospectrum of
the Poschl-Tellers potential under random perturbations has
a high degree of spectral stability and this paradoxically
regularizing effect of random perturbations improved with
increasing the strength of the perturbation. The behavior
was the consequence of certain theorems, which states that
this behavior is connected to a Weyl law for the QNMs (see
Ref. [38] and the references there in for further details).
Even though random perturbations proved to be limited in
probing the pseudospectrum of asymptotically flat black
holes, nevertheless a Weyl law for black hole QNMs has
been formulated, based on several mathematical results, to
probe the geometry of black holes in gravitational wave
signals [40,43]. These interesting questions have not been
explored in the context of asymptotically de Sitter space-
times. Therefore developing an equivalent Weyl law for
asymptotically de Sitter black holes and forging a con-
nection with the pseudospectrum of the perturbed operator
will be discussed elsewhere.

D. Convergence of the perturbed and unperturbed
QNMs for Schwarzschild de Sitter black hole

Let us now focus on the issues related to the convergence
of the QNMs associated with the unperturbed scattering
potential, as well as the convergence of the perturbed QNMs
related to the perturbed scattering potentials. The accurate
computation of quasinormal modes, especially the over-
tones, has been a challenging enterprise for the community.
The need to use extended precision in intermediate steps
of the computation is well known [38,98-101] and this
numerical difficulty is a manifestation of the spectral
instability of the underlying eigenvalue problem [38].
There are also issues related to the appearance of spurious
eigenvalues when one approximates an operator with a
matrix [90,91]. These problems also arise in the computation
of the perturbed QNMs, which are essentially the eigenval-
ues of the perturbed potential. However, there is an added

layer of subtlety in their computation, an issue prominently
emphasized in [38]. If one does not use sufficient precision
while computing the eigenvalues, then the internal rounding-
off errors will accumulate and give rise to a spectrum
contaminated with numerical artifacts that will surprisingly
be arranged along the Nollert-Price branches, that is, along
the contours of the pseudospectra. Therefore it is crucial to
determine that the spectra of perturbed QNMs reported here
are indeed (physical) eigenvalues of the perturbed potential
through rigorous convergence tests.

In the present work, we have validated the convergence
of our results in the following ways: At the very outset, we
set the internal precision to a very high value (~10 times
the machine precision). We then compute the spectrum of
the unperturbed potential for N = 150, 160, ..., 390, 400
where N is the size of the CGL grid [cf. (5.1)]. Taking the
eigenvalues obtained for N = 400 as our reference, we then
compute the relative error between the corresponding
eigenvalues for all the other values of N, viz.,

o))

(1)5 =400

en :’1 , (63)

where N = 150, 160, ..., 380, 390 are the sizes of the CGL
grid and n =1,2,3, ... are the eigenfrequencies. While
studying the eigenvalues w,, of the unperturbed potential,
that is, the QNM frequencies, we have restricted ourselves
to the range 0 < Im(a)n) < 4 since we are able to recover a
sufficient number of overtones in that range with our
choice of characteristic length scale A = 2r, . We have then
plotted the logarithm of the relative errors, J., for each n
against N in the first panel of Fig. 10 for £ = 1 mode of
scalar perturbation, and Fig. 11 for # = 2 (axial) gravita-
tional QNMs for a Schwarzschild de Sitter black hole with
M =1 and A =0.01. We observe a nice exponential
convergence, where the relative error for the unperturbed
QNM frequencies drops by at least ~80 orders of magni-
tude as one increases the grid size from N = 150 to
N = 400. After taking into account our choice of scaling
and sign convention for the Fourier modes, we have also
confirmed that our results match those that have been
reported previously [98,102,103].

We have performed the same convergence test for various
deterministic oscillatory perturbations to the black hole
potential. In the second and third panel of Fig. 10 we have
plotted &, for the pseduoQNMs resulting from a deter-
ministic perturbation of norm ||§V || = 107* with k = 20
and ||6V,]| = 107! with k = 60, respectively, for # =1
scalar modes. The same for ¢ =2 (axial) gravitational
modes are shown in the second and third panels of Fig. 11.
In all of these cases, we have focused our attention on the
first few modes lying on the respective Nollert-Price
branches near the imaginary axis and a couple of purely
imaginary modes that appear just above the respective
Nollert-Price branches. We note that on changing the grid
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FIG. 10. Convergence of the unperturbed (left panel), and perturbed QNM spectra for deterministic perturbations of norm ||5V || =
1071% with k = 20 (middle panel) and |8V || = 10~ with k = 60 (right panel) for £ = 1 scalar modes of a Schwarzschild de Sitter
black hole with M = 1 and A = 0.01 has been presented. Here J,,; corresponds to the relative error between the complex frequencies of
the modes at particular value of CGL grid size N with respect to a reference value corresponding to N = 400.
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Convergence of the unperturbed (left panel), and perturbed QNM spectra for deterministic perturbations of norm ||5V,|| =

1071° with k = 20 (middle panel) and |6V || = 107! with k = 60 (right panel) have been presented for the # = 2 mode of gravitational
perturbation of a Schwarzschild de Sitter black hole with M = 1 and A = 0.01. The convergence is assured as the relative error J,, goes
over to smaller vales as the grid size N becomes larger. The characteristic length scale has been set to 1 = 2r,.

size from N = 150 to N = 400, the drop in relative error is
close to at least 10 orders of magnitude for small low-
frequency perturbations (second panel of Figs. 10 and 11),
and close to at least 6 orders of magnitude for large high-
frequency perturbations (third panel of Figs. 10 and 11). The
convergence is poorer when we compare it to the unper-
turbed case, and a possible reason for this behavior might lie
in the fact that the eigenfunctions of the perturbed operators
are less smooth than those of the unperturbed QNMs (recall
that the convergence of Chebyshev’s spectral method is
exponential only if the functions are smooth [89,90]).
Lastly, the methodology that we have described above is
a computationally expensive affair. Moreover, the conver-
gence of the modes lying far away from the imaginary axis
but on the Nollert-Price is rather poor. So, after establishing
the convergence of a few perturbed QNMs arising from
deterministic perturbations to the BH potential, we have
performed the following test for the entire spectrum of all
deterministic perturbations reported here: we have chosen
two values of N, viz., N = 230 and N = 300, and calcu-
lated the spectra of the perturbed potential for these two
values of N. We have then compared all the corresponding
modes for two values of N lying in the region of interest
(-3 <Re(w,) £3,0 <Im(w,) <4) and reported only
those modes whose relative difference is less than 1072
in all the plots presented in this work.

E. Deterministic perturbation to the scattering potential
of a Reissner Nordstrom de Sitter black hole

We conclude with some exploratory analysis of the
instabilities in the scalar QNM spectrum of a Reissner-
Nordstrom de Sitter black hole. In this case, there are three
horizons: (a) the cosmological horizon, where a purely
outgoing boundary condition has been imposed, (b) the
outer event horizon, where a purely ingoing boundary
condition has been imposed, and finally (c) the Cauchy
horizon. In the asymptotically flat case, there are gauge
degrees of freedom to fix certain properties of the Cauchy
horizon, which is not available in the case of asymptoti-
cally de Sitter spacetime. Also in the case of Reissner-
Nordstrom de Sitter black hole, there are two possible
limits: (a) the Nariai limit, where the cosmological and
the outer event horizon come closer to each other, and
(b) the near-extremal limit, in which the outer event
horizon and the Cauchy horizon comes on top of each
other. As we will observe the behavior of the perturbed
QNMs in the Nariai limit remains identical to that of the
Schwarzschild de Sitter black hole, but the near-extremal
limit of Reissner-Nordstrom de Sitter black hole depicts
unique features. Like before, we consider deterministic
perturbations, with 6§V ; = cos(2xko), and consider vari-
ous possible choices of its norm ||§V,|| and the wave

104002-26



PERTURBING THE PERTURBED: STABILITY OF ...

PHYS. REV. D 108, 104002 (2023)

vector k which corresponds to inverse length scale
associated with the perturbation.

Taking a cue from the analysis done in the context of
Schwarzschild de Sitter black hole, here we present the
perturbed QNM frequencies due to a deterministic pertur-
bation of a fixed norm and also with a definite &, for various
choices of the charge, and the cosmological constant. The
result of such an analysis has been presented in Fig. 12 for
the £ =1 modes of scalar perturbation. Since our main
interest is in assessing the stability of the fundamental
QNM, we consider the largest reasonable perturbation, i.e.,
we take the norm of the deterministic perturbation to be
|6V 4| = 10! and the wave vector as k = 60. As expected,
for smaller values of the cosmological constant and a
smaller value of the electric charge Q, the fundamental
QNM indeed migrates to smaller imaginary values of the
frequency. However, the amount of migration is of the same
order as the perturbing potential and hence is most likely not
an instability. Moreover, the migration of the fundamental
QNM remains even when the electric charge is increased.
On the other hand, the fundamental QNM becomes more
stable when A becomes large, i.e., in the Nariai limit. This

behavior is qualitatively similar to what has been observed
in the context of Schwarzschild de Sitter black holes. It is
worth reiterating the surprising fact that the charge of the
black hole has no bearing on the instability of the funda-
mental QNM frequency. This is because, for a fixed
cosmological constant, we observe the same general behav-
ior for the perturbed QNMs for diverse choices of the
electric charge, viz., Q = 0.3 to @ = 0.9., and it can be seen
in Fig. 12 by moving vertically along any of the columns.
While the variation with the cosmological constant for a
fixed electric charge can be observed in Fig. 12 by moving
horizontally across any of the rows. One could speculate
that the large perturbation has washed out any effect of
varying the charge of the black hole, but this issue needs to
be investigated further. Also, implications of such deter-
ministic perturbation of gravitational origin on the funda-
mental QNM of Reissner-Nordstrom-de Sitter black hole
spacetime will be discussed in future work.

Finally, we also present how the nature of the instability
varies with the angular number ¢, again for scalar
perturbation modes in Fig. 13. We consider fixed values
for all the black hole hairs, namely mass, charge, and
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FIG. 12.  We have presented the QNM spectra associated with deterministic perturbations to the scattering potential of norm ||5V 4| =
10~" and k = 60 for £ = 1 scalar modes of a Reissner-Nordstrém de Sitter black hole with M = 1 and for various different choices of
the cosmological constant A and electric charge Q. The unperturbed QNM values (indicated in red) have also been superimposed over
the perturbed ones. The characteristic length scale (2.2) has been set to 1 = 2r,.
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FIG. 13. We have plotted the QNM frequencies of the perturbed scattering potential for deterministic perturbations of norm ||5V || =

10~! with k = 60 for various choices of the angular number associated with scalar modes. In particular, we consider three possible
choices of the angular number: Z = 0 (left panel), # = 1 (middle panel), and # = 2 (right panel), in the background a Reissner-Nordstrom
de Sitter black hole with M = 1, Q = 0.9 and A = 0.01. We have also superimposed the unperturbed QNM frequencies (indicated in red)
over the perturbed ones to explicitly demonstrate the drifting. The characteristic length scale has been set to be 1 = 2r.

cosmological constant, but vary the angular number 7. We
have also fixed the strength of the high-frequency pertur-
bation to be large (||6V || = 10~!) Once again, we find that
for £ = 0, the QNM spectrum is stable against large high-
frequency deterministic perturbations. The stability is not
just restricted to the fundamental modes, but it is rather
remarkable that all the higher overtones are also stable
under such a large perturbation, an aspect worth exploring
further. However, for # > 0, all the modes are unstable
under such a large perturbation. This behavior is similar to
what we have seen in the case of the Schwarzschild de
Sitter black holes. Most importantly, except for the £ = 0
case, the perturbed QNM frequencies have lower values
for their imaginary parts, even when the black hole is
electrically charged, which implies that the violation of the
strong cosmic censorship conjecture could be avoided.
Since perturbations to the scattering potential arising from
the neighboring gravitating systems are generic, possibly
the imaginary part of the fundamental QNM frequency will
be smaller than the unperturbed ones. This will reduce the
regularity of the fundamental mode at the Cauchy horizon,
possibly ensuring that Christodoulou’s version of the
strong cosmic censorship conjecture is respected. Hence
the validity of the strong cosmic censorship conjecture
may not require a quantum field to exist, rather it demands
a large perturbation by the neighboring gravitating system
near the event horizon. We hope to address this question in
more detail in the future.

VII. DISCUSSION AND CONCLUDING REMARKS

Probing the ringdown spectrums from the merger of
binary black holes have been one of the key observational
frontiers in gravitational wave astrophysics. The timescale
associated with the characteristic exponential decay along
with the frequency of sinusoidal oscillations in the ringdown
phase is a unique testimonial regarding the nature of the
central supermassive compact object. An understanding of
the fundamental QNM in the ringdown spectrum can be
used to test the no-hair theorems, as well as it may provide

us hint for the existence of physics beyond general relativity
in the vicinity of the photon region. Detecting higher
overtones open up further avenues of exploration, ranging
from the nature of the central compact object (e.g., whether
the object is a classical black hole, a black hole with
quantum corrections, or, an exotic compact object) to
imposing tight constraints on the physics beyond general
relativity. Therefore the importance of studying the spec-
trum of the QNM frequencies cannot be overemphasized.

On the other hand, the stability of the QNM spectrum

itself is an intriguing avenue to explore. Normally one
would expect the QNM spectrum to be stable owing to the
spectral theorem. However, the spectral theorem applies
only to self-adjoint operators. Even though the perturba-
tions in the black hole background are governed by self-
adjoint operators, the boundary conditions satisfied by
these perturbations are dissipative. As a consequence,
the spectral problem associated with finding the QNMs
of a black hole cannot be described by a self-adjoint
operator and hence the spectral theorem is no longer
applicable. Therefore, the study regarding the stability of
the QNM spectrum is performed by invoking the notion of
the black hole’s pseudospectrum, which we have elaborated
on in the previous sections. These ideas have been applied
to studying the stability of the QNM spectra of asymp-
totically flat spacetimes, and it was demonstrated that for
large perturbations most of the overtones are unstable,
however, the fundamental mode remains stable. Motivated
by this result, we have studied the corresponding situation
for asymptotically de Sitter spacetime in the present work.
We summarize below the main results obtained in our
analysis regarding the stability of QNMs in asymptotically
de Sitter spacetimes.

(1) The construction of a hyperboloidal coordinate sys-
tem for asymptotically de Sitter spacetimes, which
neatly captures the boundary conditions satisfied by
the perturbations near the horizon and the cosmo-
logical horizon, has been worked out, within the
minimal gauge prescription [67]. There is one crucial
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(i)

(iii)

(iv)

difference between the hyperboloidal coordinate
system of an asymptotically de Sitter spacetime from
that of an asymptotically flat spacetime—after the
minimal gauge choice has been imposed, there is no
residual gauge freedom in the hyperboloidal coor-
dinate system for asymptotically de Sitter spacetimes,
and hence the transformation from the (z, 7,0, ¢) to
(7,0,0,¢) coordinate system does not involve any
free parameter and is unique.

The differential operator determining the behavior of
the perturbing field between the event horizon and
the cosmological horizon of an asymptotically de
Sitter spacetime, in the hyperboloidal coordinate
system, contains a Sturm-Liouville operator which
is singular at the boundaries. However, the nature of
singularity is different from that of asymptotically
flat spacetimes, since in the present context, the
singularities at the boundaries are removable. While,
in asymptotically flat spacetimes, the null infinity is
an essential singularity of the differential operator.
Therefore, the structure of the differential operator
governing the perturbation is different in the pres-
ence of a positive cosmological constant and hence
one expects the pseudospectrum to also depart from
that of the asymptotically flat black holes.

One of the most striking results, in the context of
asymptotically de Sitter spacetime is that, unlike the
case of asymptotically flat spacetime, for large
enough perturbation with [|6V,|| = 107! and for
k = 60, the fundamental mode itself gets dislodged
for both gravitational and scalar perturbations pro-
vided that the cosmological constant has a small
value. Though, for scalar perturbation, the migration
of the fundamental QNM is of the same order as that
of the perturbing potential, and hence is probably
stable, but the migration for gravitation perturbation
is at least an order of magnitude larger, and thus
unstable. This result is seemingly true for both
Schwarzschild de Sitter and Reissner-Nordstrom de
Sitter spacetimes. Thus, the fundamental QNM as-
sociated with the gravitational perturbation is unsta-
ble in asymptotic de Sitter spacetimes with a small
cosmological constant. Moreover, even for random
perturbations with magnitude ||6V,|| = 107!, the
fundamental QNM is unstable in the presence of a
small positive cosmological constant.

We must emphasize another intriguing result derived
here—a singular behavior when the cosmological
constant goes to zero. For the case depicting A = 0,
which corresponds to the asymptotically flat
Schwarzschild spacetime, [38] has demonstrated
the stability of the fundamental mode, whereas in
the asymptotically de Sitter spacetime, we find an
instability for the gravitational quasinormal modes,
which becomes worse for smaller cosmological

)

(vi)

(vii)

constant, i.e., as A — 0. This singular behavior of
the A — 0 limit arises due to the emergence of the
additional de Sitter modes in the asymptotically de
Sitter spacetimes, which are absent in the asymp-
totically flat case. The above singular limit can also
be understood in the following manner: it is not the
same, on the one hand, to take first the limit A — 0
for the spacetime and then consider the QNM
spectrum (leading to stability of the fundamental
QNM [38]) and, on the other hand, to calculate the
QNM spectrum for small, but nonzero A and then
take the limit A — 0 (leading to an enhanced
instability of the fundamental QNM).

For asymptotically de Sitter spacetime, it turns out
that deterministic and large perturbations with k = 1
can affect the QNM spectrum significantly, except
for the fundamental mode. While for asymptotically
flat spacetime, deterministic perturbation with k = 1
has very little to no influence on the QNM spectrum
—another crucial difference between the pseudo-
spectrum of asymptotically flat and asymptotically
de Sitter spacetimes.

The behavior of the £ = 0 mode for scalar pertur-
bation is another intriguing result that has been
churned out by our analysis. It turns out that, for
both Schwarzschild de Sitter and Reissner-Nord-
strom de Sitter spacetimes, there is very little effect
on the unperturbed QNM spectrum even when the
scattering potential is perturbed by O(107!) terms.
Thus it seems that in the presence of a positive
cosmological constant, the # = 0 mode of the scalar
perturbation becomes highly stable against external
perturbations.

Finally in the presence of a small postive cosmo-
logical constant, it turns out that for £ > 0, large
enough perturbations, whether they are deterministic
or, random, can dislodge the fundamental QNM, and
the imaginary part of the perturbed QNM becomes
smaller. Thus the decay timescale of the perturbed
fundamental QNM is larger. This holds for Reissner-
Nordstrom de Sitter spacetime as well and possibly
provides a way to reinforce the strong cosmic
censorship conjecture purely classically. This is
because, the regularity at the Cauchy horizon is
determined by the ratio (Im@yn/Kcauchy), Where
@Omin 18 the fundamental QNM frequency and
KCauchy 18 the surface gravity at the Cauchy horizon.
Since under external perturbation, Imw,;, becomes
smaller, the above ratio decreases, thereby increas-
ing the irregularity at the Cauchy horizon. This in
turn can rescue the strong cosmic censorship con-
jecture, classically, for a Reissner-Nordstrom de
Sitter black hole.

Having summarized the results derived in this paper, let
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of all, our results provide a preliminary indication that the
violation of the strong cosmic censorship conjecture for
Reissner-Nordstrom de Sitter black hole can be avoided,
classically, for gravitational perturbation. However, one
needs to present a more thorough analysis, e.g., the
following questions need to be answered—what is the
change in the imaginary part of the fundamental QNM
frequency, will the change be enough to restore the strong
cosmic censorship conjecture, etc.? It will be worth
exploring whether the destabilization of the fundamental
mode holds for exotic compact objects as well in an
asymptotically de Sitter spacetime and implications for
their stability. The reason behind the surprising stable
nature of the £ =0 QNM modes for scalar perturbation
of asymptotically de Sitter spacetime needs further inves-
tigation. Moreover, it will be interesting to explore how
generic the destabilization of the fundamental QNM is,
with respect to the nature of the deterministic perturbation
potential. We hope to return to these issues in the future.
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