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ABSTRACT: Christodoulou’s formulation of Strong Cosmic Censorship (SCC) holds true for
Kerr-de Sitter black holes. On the other hand, Reissner-Nordstrom-de Sitter black holes
violate SCC. We do a detailed scan of the parameter space of Kerr-Newman-de Sitter black
holes between these two limiting families, to identify the boundary that marks the transition
between solutions that respect and violate SCC. We focus our attention on linear scalar field
perturbations. SCC is violated inside a (roughly) ‘spherical’ shell of the parameter space
of Kerr-Newman-de Sitter, centred at the corner that describes arbitrarily small extremal
Reissner-Nordstrom-de Sitter solutions. Outside of this region, including the Kerr-de Sitter
limit, we identify perturbation modes that decay slow enough to enforce SCC. Additionally,
we do a necessary study of the quasinormal mode spectra of Kerr-Newman-de Sitter in some
detail. As established in the literature, in the Kerr-de Sitter and Reissner-Nordstrom-de
Sitter limits, we find three families of modes: de Sitter, photon sphere and near-horizon
modes. These interact non-trivially away from the Reissner-Nordstrom-de Sitter limit and
display eigenvalue repulsions like in Kerr-Newman black holes.
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1 Introduction

Predictability is a core characteristic of physics: given a hyperbolic partial differential equation
and initial data, we expect to find a unique solution. In the initial value formulation of
General Relativity (GR), we prescribe initial data (satisfying the constraint equations) on
some partial Cauchy hypersurface X, where no pair of points is connected by a causal curve.
The evolution equations then uniquely determine (up to diffeomorphisms) the future evolution
of the system. The future causal region of the Cauchy hypersurface ¥ is known as the maximal
future Cauchy development of ¥. For charged and/or rotating black holes its boundaries
include Cauchy horizons [3]. The Christodoulou formulation of Strong Cosmic Censorship
(SCC) states that, for generic smooth initial data, the maximal Cauchy development of initial
data in XY is inextendible beyond the Cauchy horizons as a weak solution of the Einstein
equations (eventually coupled to matter fields) [4]. This is a reformulation of Penrose’s
original C? formulation of SCC which conjectured that the solution should be inextendible as
a continuous solution of the Einstein equations [5] (and that is known to be false [6-10]). A



failure of Christodoulou’s formulation of SCC implies a loss of predictability in GR (unless we
find a reformulation of SCC that holds), as events in the region beyond the Cauchy horizon
do not depend causally on only the initial data on 3.

The familiar Reissner-Nordstrom (RN) and Kerr solutions of the Einstein equations (with
vanishing cosmological constant A) do respect Christodoulou’s formulation of SCC [11-13].
One can argue, as Penrose did when motivating his original C° formulation of SCC, that the
mechanism that prevents a Cauchy horizon crossing is a blueshift effect of energy sourced
by the late-time tails of perturbations in the exterior of the event horizon of the black hole.
These late-time tails are perturbations that cross the event horizon at late times close to
the timelike infinity in a Penrose diagram, and they ultimately dictate the behaviour of
perturbations at the Cauchy horizon [14-18]. Christodoulou’s formulation of SCC states
that this blueshift mechanism (a.k.a. mass inflation when its backreaction is included [7, 18])
implies that observers cannot cross Cauchy horizons as weak solutions of the system — infinite
tidal forces prevent them from doing so. This also implies that curvature invariants diverge
at the would-be Cauchy horizon, i.e. the C? formulation of SCC also holds.! Indeed, this
is the case for asymptotically flat Kerr-Newman black holes (including Reissner-Nordstrém
and Kerr) even though the solutions turn out to be continuous across the Cauchy horizon.
In other words, Christodoulou’s formulation of SCC holds for A = 0 [11-13] even though
Penrose’s original C? formulation of SCC does not [6-10].

However, the situation is different in asymptotically de Sitter (dS) spacetimes. When
A > 0, the blueshift effect competes with a redshift effect: perturbations in the exterior of
the black hole also have to climb the gravitational potential well sourced by the cosmological
constant (i.e. by the existence of a cosmological horizon). Therefore, perturbations may decay
too quickly to render the Cauchy horizons unstable and eventually evolve to a singularity that
enforces SCC. More concretely, it has been shown that the behaviour of perturbations at the
Cauchy horizon depends on the decay rate of perturbations along the event horizon [19, 20]
and for asymptotically de Sitter black holes it is established that perturbations decay
exponentially along the event horizon [21-26]. It follows that for linearized matter or
gravitational perturbations in de Sitter black holes, the outcome of the blueshift/redshift
competition depends on whether the ratio 8 between the spectral gap (i.e. the magnitude of
the imaginary part of the least damped quasinormal mode (QNM) of the black hole) and
the Cauchy horizon surface gravity is above or below a critical value [19]. By doing the
actual computation to find the outcome of this competition, it has been established that
Christodoulou’s formulation of SCC is violated in (near-extremal) Reissner-Nordstrom-de
Sitter (RNdS) [2, 27, 28], while it holds in Kerr-dS black holes [29].

This distinct result for the charged and rotating cases is perhaps surprising, as the causal
structures of RNdS and Kerr-dS are quite similar [3]. In fact, there is also solid evidence that
this difference is not unique to d = 4 and extends generically to higher dimensions [30, 31].
Nonetheless, when it comes to studying the perturbations, there is a crucial difference between

'For predictability it is not enough that the C? formulation of SCC holds (here, ‘inextendible’ means
‘inextendible as a twice-differentiable solution’), because the tidal distortion felt by an observer crossing the
Cauchy horizon can remain finite (if Christodoulou’s formulation of SCC fails), so the divergence in the
curvature might not be strong enough to destroy a macroscopic observer [7].



purely charged versus purely rotating spacetimes that can help understand the difference.
In Kerr-dS, SCC holds essentially due to high azimuthal m modes (which are necessarily
present in generic initial data) that ‘couple’ to the background rotation [29]. In RNdS, the
analogue of m can be taken to be the charge ¢ of matter perturbations, e.g. a charged scalar
field that couples to the background electric potential. So, a sector of perturbations that
could eventually rescue SCC in RNdS, is the charged perturbation sector, especially if we
have large ¢q. Such charged matter must be present in a universe where charged black holes
can be formed through gravitational collapse [28, 32-34]. However, unlike m, we have to
keep in mind that ¢ is fixed by the theory. In the end of the day, although charge tends
to weaken the SCC violation, the fact is that there is always a neighbourhood of RNdS
extremality in which SCC is violated by perturbations arising from smooth initial data even
for arbitrarily but finite large ¢ [28].2 For neutral field perturbations, i.e. with ¢ = 0, the
violation of SCC is even worse in the sense that it starts happening for RNdS black holes
that are further away from extremality.

From an astrophysical point of view, we expect that environmental plasma quickly
neutralizes purely charged black holes, hence one could even question the physical relevance
of the RNdS SCC violation [28, 33, 34]. On the other hand, as charged matter is indeed
observed in our Universe, charged rotating black holes with small charge may still form
even if they are then short-lived. In particular, rapidly spinning weakly charged black holes
may endure [33, 35]. Rotating black holes in an external magnetic field necessarily produce
a non-zero electric field that attracts electric charge [36-38]: rotating black holes become
(weakly) charged rotating black holes.

When we view RNdS and Kerr-dS as particular sub-families of the Kerr-Newman-de
Sitter (KNdS) black hole, there should definitely be a boundary in the parameter space of
KNdS that marks a transition in the validity of SCC. Therefore, in this paper we scan the
parameter space of the KINdS solution, dialling the rotation and charge parameters to move
from the RNdS into the Kerr-dS sub-families, to accurately identify this boundary. This
problem was already partially addressed in [1] (see also [39]) but only for very specific values
of the parameter space (concretely, for fixed AM? = 0.02 where M is the mass parameter of
KNdS). In particular, [1] considered a massless charged scalar field, a neutral conformally
coupled scalar and a Dirac field and found that SCC is violated near extremal KNdS black
holes in the very few families that were considered. Ref. [1] also identified the boundary line
in a (dimensionless) charge versus rotation phase diagram where SCC starts being violated
for a particular value of AM? = 0.02.

Our study complements and extends the one of [1], in the sense that, for neutral massless
scalar fields, we will do a full scan of the 3-dimensional parameter space of KNdS and identify
the surface boundary where SCC starts being violated in the 3-dimensional phase diagram of
KNdS. It follows that the line boundary of [1] (for the particular value of AM? = 0.02) is
then a particular curve sitting on our boundary surface. Our results agree with [1] for this

2For charged perturbations, even large ¢ leads to SCC violation close enough to extremality. This was
missed in the analysis of [33, 34] because these references did not consider sufficiently near-extremal black
holes [28]. On the other hand, the conclusions of [32] do not hold perhaps because it is a WKB analysis that
does not account for the non-perturbative effects that are essential to conclude that SCC is still violated in
RNdS for charged initial data [28].



particular curve.? The main outcome of our analysis will be best summarized by figure 9
where we identify the boundary between solutions that violate and respect Christodoulou’s
formulation of SCC in the full 3-dimensional parameter space of KNdS. In particular, we
identify a ‘wide’ range of near-extremal weakly rotating KNdS black holes where generic
scalar field perturbations arising from smooth initial data have finite energy at the Cauchy
horizon even though they are not continuously differentiable there. This boundary is roughly
a ‘spherical-like’ region centred at the arbitrarily small extremal RNdS corner of the KNdS
parameter space.

Although we will not address reformulations of the problem that can rescue SCC in
RNdS, and thus for weakly rotating KNdS configurations (inside the above ‘spherical-like’
region) SCC is still violated, for completeness we briefly mention them here. We invite the
reader to see, for instance, the introduction and conclusions of [28] for a recent detailed
account of SCC studies and possible resolutions of its violation when this is the case.

A natural question to ask is whether non-linear corrections could end up saving
Christodoulou’s formulation of SCC for RNdS and weakly rotating KNdS. This is a non-
trivial question and the few existing non-linear studies (for RNdS) are inconclusive [41-43].
Additionally, our discussion assumes smooth initial data. However, one might also consider a
‘rough’ formulation of the SCC, which allows for non-smooth initial data: at least for RNdS,
it has been shown that the degree of regularity of the solutions at the Cauchy horizon is
generically lower than the one of the non-smooth initial data, and in this sense one can say
that this non-smooth version of SCC still holds [44]. The connection between the formulation
in [44] and previous studies [45-47] is discussed in [27].

For our study we only consider a classical discussion of SCC, but we might wonder if a
reformulation of SCC that includes quantum effects might end up enforcing predictability.
This was conjectured to be the case in [27, 48] and indeed such a quantum formulation of
SCC was indeed proven to hold for RNdS black holes in [49-51], even when Christodoulou’s
classical formulation of SCC is violated. In more detail, for any non-singular quantum state
within the domain of dependence of initial data, the (quantum) expectation value of the
energy-stress tensor diverges fast enough to render the Cauchy horizon unstable. When they
co-exist, this divergence is even stronger than the one caused by the blueshift instability
associated to the classical late-time behaviour of the black hole solution. Hence we also
expect that the perturbed spacetime does not admit Cauchy horizons. In principle, this result
extends to KNdS [49-51], implying that predictability in dS spacetimes is restored once we

include quantum effects in the late-time behaviour of black hole perturbations.*

3Recall that KNdS is described by four parameters that we can take to be the mass, charge, rotation
parameters and the cosmological radius. But the system has a scaling symmetry that implies that KNdS only
has 3 physical parameters, i.e. only adimensional ratios of three of them in units of the fourth are physical.
Ref. [1] measures the charge, rotation and cosmological radius in units of the mass. We will instead use a
‘spherical polar parametrization’” where the three adimensional parameters are off-extremality, off-Nariai and
off-RNdS (or off-Kerr-dS) measures. This polar parametrization (which is an extension of the one introduced
for Kerr-Newman in [40]) will prove very convenient to systematically scan the full 3-dimensional parameter
space of KNdS.

4 As far as we are aware there is only one black hole where the quantum (and classical) linear reformulation
of SCC can be violated. This is for the asymptotically anti-de Sitter BTZ black hole (where the late-time
behaviour of perturbations is also ruled by QNMs). In this case, the classical and quantum linear formulations



In this paper, we extend the SCC analysis of [1] to the full parameter space of KNdS
for a neutral massless scalar field, as stated above. The Klein-Gordon equation for a scalar
field is separable in the KNdS geometry [55], unlike the case of gravito-electromagnetic
perturbations. The scalar field is thus a good ‘simple’ proxy to discuss Christodoulou’s SCC
in KNdS given that the validity of SCC in RNdS and Kerr-dS happens independently of the
field perturbation spin (the details of the violation, e.g. the degree of differentiability when the
violation occurs and the boundary location in the parameter space can however depend on the
spin). For the sake of completeness, we allow for non-zero mass and charge when performing
some of our analytical analyses. But, to find our numerical results and when discussing their
implications for SCC, we will set the charge and mass of the scalar field to zero. In section 6
we will comment on how our findings for the neutral massless scalar field combined with
known results in the RNdS and Kerr-dS cases (and the specific cases of [1] for KNdS) can be
used to produce educated expectations for the discussion of SCC for other perturbations.

This manuscript is structured as follows. In section 2 we review the main properties of
KNdS black holes. We introduce a set of ‘spherical polar parameters’ which fully cover the
parameter space of KNdS and generalize the ‘polar parametrization’ for Kerr-Newman in [40].
These conveniently allow us to continuously follow the evolution of QNMs between RNdS
and Kerr-dS, while keeping the ratios between two of the horizons, i.e. the ‘off-extremality’
and ‘off-Nariai’ measures, fixed. Then, we set up the scalar QNM coupled eigenvalue problem
and its boundary conditions. Its solution gives the spectral gap, a fundamental quantity
needed to discuss Christodoulou’s formulation of SCC in KNdS.

In section 3, we provide analytical approximations (which are accurate only in certain
small regions of the KNdS parameter space) for the three distinct families of QNMs that
can be identified in KNdS: de Sitter (dS), Photon Sphere (PS) and Near-Horizon (NH)
modes (this is not a sharp classification due to the presence of eigenvalue repulsions that will
be discussed in section 4). As part of the NH mode analytic computation, we investigate
the near-horizon geometry of KNdS in subsection 3.3.1, obtaining an expression for the
corresponding 2-dimensional Breitenlohner-Freedman (BF) bound. Coincidentally, we observe
that here, a violation of the BF bound corresponds to a qualitative change in the QNM
spectra, like in the Kerr-Newman case [40].

In section 4, we follow the evolution of different QNM families through slices of the KNdS
parameter space. This will allow us to compare our numerical results with the analytical
approximations and prior findings in the literature, apart from illustrating important features
and complexities of the QNM spectra. The QNM spectra of KNdS (much like in the Kerr-
Newman case [31, 40, 56, 57]) turns out to be plagued with the so-called eigenvalue repulsions
that effectively can trade dominance (damping) between the above three QNM families.
We discuss these since for SCC one must find the dominant (least damped) mode. These
eigenvalue repulsions are not discussed in [1]. They are not relevant for the final discussion
of the validity of SCC as long as we always identify the least damped mode for each point

of Christodoulou’s SCC are both violated [48, 49, 52]. However, in this case it is the non-linear quantum
reformulation of Christodoulou’s SCC (i.e. back-reaction of the linear quantum fields on the BTZ background)
that ultimately enforces predictability in BTZ [53, 54]. As a side note, perhaps this suggests that at non-linear
level even Christodoulou’s classical formulation of SCC can still be rescued, although non-linear studies to
establish this have been, so far, inconclusive [41-43].



in the parameter space (as we believe is the case in [1]), but it can change the classification
attributed to each of the three aforementioned QNM families.

Section 5 contains the main results and conclusions relevant for the discussion of SCC
in KNdS. In particular, in figure 9 we present a plot of the boundary in KNdS parameter
space that signals the transition from violating SCC to enforcing it, up to linear neutral
massless scalar perturbations. We also discuss in some detail how our results for a neutral
massless scalar field, together with previous findings, can give educated expectations for other
perturbation sectors. In section 6 we present our final conclusions and discussions.

For completeness, we compare our analytical approximations to prior work in the literature
in appendices A.1-A.2. In appendix A.3, we discuss details of the specific case of vanishing
azimuthal and orbital quantum numbers (m = ¢ = 0), and we show that NH modes do
not enforce SCC at extremality if m = ¢ = 0. Finally, numerical convergence tests can
be found in appendix A.4.

2 Scalar perturbations of the Kerr-Newman-de Sitter black hole

2.1 The Kerr-Newman-de Sitter black hole

The Kerr-Newman-de Sitter (KNdS) black hole is a solution of the Einstein-Maxwell action
with a cosmological constant A > 0, i.e. a generalization of the Kerr-Newman solution to
asymptotically de Sitter (dS) spacetimes [58]. It is described by four dimensionful parameters:
the mass M, the rotation a and charge QQ parameters and the de Sitter radius L = /3/A.
Considering the limits @ =0, a =0, Q =a =0 and Q = a = M = 0 we obtain the Kerr-de
Sitter, Reissner-Nordstrém-de Sitter (RNdS), Schwarzschild-de Sitter (SdS) and de Sitter
(dS) spacetimes, respectively. Taking the asymptotically flat limit A — 0 (or L — ), we
recover the corresponding asymptotically flat spacetimes.

In Boyer-Lindquist coordinates {t,7,6, ¢} (time, radius, polar angle, azimuthal angle),
the metric can be expressed as [55, 58, 59]

A,
=223

-2 2 2 2
ds? = — (dt—asm%d@%M(adt—(r2+a2)d¢) > (dr +d0> (2.1)

52y A, Ay

with the Maxwell potential given by

A= —%(dt ~ asin®ddg), (2.2)
where we defined
2 2 r? 2 = a’
Ap(r) = (r"+a”) 1_ﬁ —2Mr + Q7 :zl—i—ﬁ,
, (2.3)
Np(0) =1+ % cos? 6, Y(r,0) = r? + a® cos? 6.

We consider M > 0 to avoid naked singularities, restrict to a > 0 using the t — ¢ symmetry
of the metric, and fix () > 0 using the sign freedom in the definition of A. The positive real
roots of A, (r) define the Cauchy horizon CH at r = r_, the event horizon H at r = r and
the cosmological horizon H, at r = r., with r_ < ry < r..



Figure 1. Section of the Penrose diagram (common to RNdS, Kerr-dS and KNdS spacetimes) that is
relevant for the SCC discussion. The future event and future cosmological horizons are labelled by
H+ and HT and the blue lines represent the right and left future Cauchy horizons CH; R respectively.
The QNMs in this spacetime blow up along the red edge and along the past cosmological horizon
(lower right black edge of region I) [29]. The green line represents an example of a Cauchy surface 3.

Each of the horizons r; with j € {—, +,¢} is a Killing horizon, with the corresponding
horizon generator &;, angular velocity £ = —gi4/ g¢¢]r_, surface gravity x; and electrostatic
J

potential ®; = —faAa]T_ given by® [60, 61]
J

. a
& = 0 +Q;0,, where Q; = Q(ry) with Q(r) = a2 o
AL _ | or -
Kj = 5z (T'JQ ) Q; = P(rj) with O(r) = =2t ad)

Here the prime stands for derivative with respect to the argument. Notice how we use
the shorthand notation ; = Q(r;) and ®; = ®(r;) when evaluating these potentials at
the horizons j € {—,+,c}.

In figure 1 we depict the part of the causal structure of non-extremal KNdS that will be
relevant for our discussion. Region I describes the region between the event and cosmological
horizon with r1 < r < r,, also referred to as the black hole exterior. Region II corresponds
to the black hole interior, i.e. the region enclosed by the event and Cauchy horizons with
r— < r < ry. The solution (2.1)—(2.2) in Boyer-Lindquist coordinates is appropriate to
describe KNdS in the exterior region I, but is not regular at the future event horizon H™.

®As a result, the first law of thermodynamics for KNdS black holes reads T dSy + TedSe = (Qv — Qe)d Ty +
(P4 — ®.)dQ4 where S; is the horizon entropy, T; = k;/(2n) is the temperature of the horizon r;, and J;
and Q; are the Komar angular momentum and electric charge evaluated at the horizon r; [58]. Here, we have
used the fact that J. = J4+ and Q. = O+.



So, within region I, we define a tortoise coordinate r, by

dr. Z(r*+ad?)

= 7 2.5
dr A (r) (2:5)

We then define ingoing Eddington-Finkelstein (EF) coordinates (v,r,6,¢’) as
dt = dv — dry, do = d¢' — Q(r)dr. , (2.6)

which allows us to analytically extend the KNdS solution from region I into region II. These
coordinates cover regions I and II of figure 1 and are smooth at the ‘left’ component C’Hj{
of the Cauchy horizon. However, these are not regular at the ‘right’ component C’HE. To
have a coordinate system that is regular at CH7},, we define the outgoing EF coordinates
(u,r,0,9") via

dt = du + dry, do = d¢" + Q(r)dr, . (2.7)

These outgoing EF coordinates also allow us to extend the KINdS solution across the future
cosmological horizon H] .

2.2 Spherical polar parametrisation of KNdS

Scanning the full parameter space of a black hole that is described by four dimensionful
parameters (M, Q,a, L) is not a trivial endeavour, so we should attempt to formulate a
tractable setup. Factorising A, (r) in terms of its roots (r—,r4,r.) we find
1
Ay (r) = ﬁ(r —r_)(r—=ry)(re—r)(r4+r_+ry +re). (2.8)
It follows that we can express the KNdS parameters (M, @, a) in terms of the horizon radii
and the cosmological radius (r—,r4,r., L) via

(re +r=)(re +r)(r— +ry4)

M =
212 ’

rer—ro(re +ro 4+ ry) (2.9)
L? ’

Q*=r24+r2 dre(ro+ry) +r_(r- +ry) — L2+

a?=L% =712 —r2 -2 —r_rp —ro(r_ +7y).

Note that the absence of naked singularities and the conditions 0 < r_ < r; < r. impose
strict windows on these parameters that are not a priori intuitive. Fortunately, these four
parameters are not independent. This is because the system has a scaling symmetry® that
allows us to use parameters such as M, L or r. as a unit of length. Consequently, KNdS
is effectively described by ‘only’ three dimensionless parameters. Common choices in the
literature are (AM?, Q/M,a/M), (M/L,Q/L,a/L) or (L/re,7_/re,74/r:). Although we do
not need this information for our study, for completeness, we display the 3-dimensional
parameter space (M/L,Q/L,a/L) where regular KNdS black holes exist in figure 2.7

This scaling symmetry is such that, under the transformation {t,r, ¢,z} — {A\t, A, ¢, 2} and {rc, 71, r_} —
{Ar¢, Ary, Ar_}, the metric is rescaled as g — A\?g and the Maxwell potential as A — AA, but since the
Christoffel symbols, Riemann and Ricci tensors are left invariant, the Einstein-Maxwell equations of motion
are left unchanged.

"For r_, ry and 7. to be real, the inequality

3/2

‘54M2L4 + (a® = L?) [a® (a® + 34L%) + L? (L* 4+ 36Q%) ] | < [a® (a” — 14L%) + L*(L? — 12Q°)]

must be satisfied. In the RNdS limit a — 0, this reduces to the upper bound for M/L given in [62].
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Figure 2. Region of the dimensionless parameter space (M/L,a/L,Q/L) where regular KNdS black
holes exist (from two distinct viewpoints in the left /right plots to clearly capture all boundary surfaces).
The cyan ABC surface with a = 0 (or © = 0) describes regular RNdS black holes [62], the orange ABD
surface with @ = 0 (or © = 7/2) describes Kerr-dS [63, 64], the green ACD surface describes extremal
KNdS (with r_ = r; i.e. R = 1) and the red BCD surface describes KNdS black holes in the Nariai
limit (with r4 = 7. i.e. y; = 1). The AB purple line describes Schwarzschild-dS black holes, the C'D
thick black line describes extremal KNdS in the Nariai limit (i.e. with r— = r; = r. or, equivalently,

with (R,y4+) = (1,1)). Point A = (0,0,0) describes the pure de Sitter solution, point B = (3—\1/3, 0,0)

describes the Nariai Schwarzschild-dS black hole, point C' = (3—\/\%, 0, 2—\1/5) describes extremal and

Nariai RNdS (i.e. with @ = 0 and r_ = ry =r.), and point D = (3/26v/3 — 45,2 — /3,0) describes
extremal Nariai Kerr-dS black holes (i.e. with @ =0 and r_ =r =r.).

Instead of employing one of the above parameterizations of KNdS, in our study we
use a simpler set of parameters. Motivated by the ‘polar parametrization’ of Kerr-Newman
introduced in [40], we find it very convenient to generalize it to a 3-dimensional parameter

space and introduce the following ‘spherical polar parametrization’ of KNdS:
r_

_ T+ 2 _ _a
= — = t = —. 2.1
Yt m~ R e an © 0 (2.10)

These spherical polar parameters cover the full parameter space of KINdS and have well defined
physical meaning and ranges. Namely, y4 € [0, 1] denotes the off-Nariai measure, R € [0, 1]

'3
momentum. Hence, we can we go from the RNdS limit (¢ = 0 or © = 0) to the Kerr-dS

denotes the off-extremality measure, and © € [0, 5| measures the ratio of charge to angular
limit (Q = 0 or © = 7/2) whilst keeping both the off-extremality and off-Nariai measures
fixed. Furthermore, the extremal limit (r_ — ry such that 7_ = Ty — 0) corresponds to
R — 1 whilst holding y4 and © fixed. Finally, the Nariai limit v, — r. corresponds to
y+ — 1 while keeping R and © fixed.

Using (2.9) and (2.10), we can express the dimensionless black hole parameters M = M /r..,
a = a/r. and Q= @/rc in terms of the polar parameters (y4,R,0) as

A 1
MIL? = Sy (L +y )1+ R?)(1 +y+R?),

al =y R\/1+y.(1+R2)sin 6, (2.11)

QL = y+7?,\/1 +y+(1+R?)cosO,




where L = L/r, is itself given in terms of (y,,R,©) by

j2— Lo (1 + J 1+ 4y 2R2(1 + y4 +y4R?)sin’* O )

L3 (2.12)

A

Ly = 1+y+<1+R2+y+(1+R2+R4)>.

In these coordinates, the pure de Sitter limit corresponds to y4+ — 0 and implies having L —1.
Finally, for use in later sections, we provide explicit expressions of {2, and & evaluated
at extremality, R = 1. These are

Qext — 1 f/ext 1+ 2y+ sin ©
+ = Ea] 9
Teyy (Léxt + (1 + 2y ) sin? @)

(I)ext _ Lgxt 1+ 2y+ cos © (2 14)
+ =77 ) = ) ) :
(Lgxt + (1 + 2y ) sin? @) (L‘elxt + y2 (1 4 2y4) sin? @)

(2.13)

where Ly is given by (2.12) with R = 1.

2.3 Setup of the problem
2.3.1 Klein-Gordon equation on KNdS

The study of linearized scalar field perturbations of the KNdS black hole simply reduces
to studying the Klein-Gordon equation for the scalar field on a fixed KNdS black hole
background. Although our numerical results and SCC conclusions will be presented only
for a neutral massless scalar field, for the sake of completeness and because it does not
compromise our presentation, we compute the analytical approximations of the QNMs for
massive charged scalar fields.

The Klein-Gordon equation for a scalar field ¥ with mass p and charge ¢ on a fixed
KNdS background is given by

(V —igA)*T = 1>V (2.15)

where V is the covariant derivative with respect to the KNdS metric (2.1), and A is the
Maxwell potential given in (2.2). Since 0y and 0y are Killing vector fields of KNdS, we
can perform a Fourier decomposition W(t,r,z,¢) = e~ “*imoy(r)S(x), which introduces
the frequency w and azimuthal quantum number m of the scalar perturbation and, for
computational convenience, we use the new polar coordinate r = cosf. As a result, the
Klein-Gordon PDE separates into a pair of radial and angular ODEs for x(r) and S(z)
with separation constant A:

d )
% (ATX) +

2
1 2
A<1+22> (r2+a2)2(w—mQ—q<I>)2—r2,u2—)\]X:O, (2.16)

2

2
d 2 2 a (1-2?) m 2 2.2 2

(2.17)
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where A, is defined in (2.3), A, = 1+ a?2%/L?, and the rotational Q(r) and electromagnetic
®(r) potentials are defined in (2.4). We can restrict our attention to m > 0 (regularity of S
requires that m is an integer) as long as we study both signs of Re(w). This is because of the
t — ¢ symmetry of KNdS, which tells us that if {wy,, Ay, } is a solution pair of QNM frequency
w and angular separation constant A for fixed m, then so will be {—w*, , A\* } [65, 66].
Equivalently, we can consider both signs of m and then only look for modes with Re(wy,) > 0.

2.3.2 Boundary conditions

To discuss the boundary conditions we need to impose at the poles of the sphere and at
the event and Cauchy horizons, we first need to understand the behaviour of our field
perturbations near these boundaries.

The radial equation has regular singular points at each of the horizon radii. Performing
a Frobenius expansion around the event horizon r = ry yields two linearly independent
solutions, namely

iﬁ(w—mfh—q@r)

X~ (r—ry) (2.18)

Similarly, there are two linearly independent solutions at the cosmological horizon r = r,
X~ (re — )T ome mmema®e) (2.19)
QNM boundary conditions require that the radial field x is regular in ingoing EF coordi-
nates (2.6) at the future event horizon H* and regular in outgoing EF coordinates (2.7) at the
future cosmological horizon H}. In Boyer-Lindquist coordinates (2.1), these QNM boundary
conditions translate to the requirement that the radial wavefunction must behave as

_ — g (W=mS4 —qP)
X(,,,_) ~ {(T T+) + X+(T) as 1 —> T4, (220)

) x (1)

(re —m) " 2he as T — Te.

Here, the functions x4 (r) and x.(r) are smooth and non-zero at r = ry and r = r,
respectively. On the other hand, performing a Frobenius expansion of the angular ODE (2.17)
around the poles z = £1 yields the two independent solutions S ~ (1 — xQ)i@. Regularity
then requires that we discard the solution with negative exponent.

After imposing these boundary conditions, equations (2.16) and (2.17) describe a coupled
eigenvalue problem for the QNM frequency w and the angular separation constant A\. We
must solve this problem to determine the least damped frequency and consequently the
spectral gap. These will allow us to determine whether Christodoulou’s formulation of SCC
in KINdS is respected.

In our numerical search of QNMs, we can impose the QNM boundary conditions (2.20)
straightforwardly by redefining the radial and angular eigenfunctions as

X = (=) T

S=(1-23)5Y(),

i (OF

(2.21)

and then searching for smooth eigenfunctions R(r) in r € [ry,r.] and Y(x) in z € [-1,1].%

8For numerical computations we have also introduced a compact radial coordinate p = (r — r1)/(re — r4),
such that p € [0,1] in the exterior region r € [r,rc].
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With these considerations we are now ready to solve the coupled pair of radial and
angular ODEs (2.16)—(2.17) subject to their boundary conditions, to find the coupled pair
of eigenvalues A and w. Numerically, we will find the QNMs using one of two methods.
The first makes use of the fact that this is an eigenvalue problem which can be solved
using Mathematica’s built-in routine Eigensystem. More details of this method and the
discretization scheme can be found in [67]. The second method uses the Newton-Raphson
root-finding algorithm to solve a eigenvalue problem, and is explained in [68]. The advantage
of the first method is that it gives many QNMs simultaneously. The second method computes
only a single mode at a time, and only when a seed is known that is sufficiently close to the
true answer. However, this method is much faster when the size of the numerical grid and
numerical precision increases, and can be used to push the numerics to extreme regions of
the parameter space. We will use mostly the latter but the former also proves useful in our
solution scanning of the RNdS case (where the angular equation is independent of w).

In section 3 we also solve our eigenvalue problem analytically using perturbation methods.
These analytical analyses have strong limitations since they provide good approximations
only in narrow windows of the parameter space. But they will prove useful to: 1) test our
numerics, 2) provide good seeds for the Newton-Raphson method and 3) help identify from
first principles the distinct families of QNMs that are present in our system.

2.3.3 Criterion for the violation of Christodoulou’s SCC in KINdS

The behaviour of perturbations at the Cauchy horizon depends on the decay rate of per-
turbations along the event horizon [19]. For asymptotically de Sitter black holes it has
been established that perturbations decay exponentially along the event horizon [21-26]. It
follows that for de Sitter black holes, for linearized matter or gravitational perturbations,
the outcome of the blueshift /redshift competition depends on whether the ratio between the
spectral gap and the Cauchy horizon surface gravity is above or below a critical value [19],
where the spectral gap is defined as the magnitude of the imaginary part of the least damped
QNM of the black hole. More precisely, we define

Im(w)

K—

B=— (2.22)
and then whether SCC does or does not hold depends on whether the minimum value of S,
across all QNMs, is above or below a critical value. For RNdS and Kerr-dS black holes, it
was shown that this critical value is § = 1/2, for perturbations of various spins [2, 19, 27, 29].
Since these two solutions are limiting solutions of KNS, this suggests that the very same
critical value of § holds for scalar field perturbations in KNdS. It is however important to
explicitly verify this is indeed the case and we do so in this subsection.

Our aim is to carefully study the behaviour of the scalar QNMs at the ‘right’ component
C’HJFE of the Cauchy horizon (see figure 1), which corresponds to r = r_.? We must choose
our coordinates carefully. From our boundary condition analysis of section 2.3.2, QNMs are

9There is physical motivation to focus on CH; and not on C'H’L". If the black hole has been formed by
gravitational collapse, CHI could be partially or entirely blocked by the effective radius of the body, as it
happens to the event horizon in the Penrose diagram for the gravitational collapse of a spherically symmetric
star [3]. This will never happen to CH};.
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analytic functions of (¢,r,x,¢) in region I with ry < r < r.. To cross the event horizon,
we must use ingoing EF coordinates (2.6). Once we are in region II (i.e. in r_ <r < ry),
the coordinate v is not smooth at CH%. Hence, we convert back into Boyer-Lindquist
coordinates (¢,7,6,¢) and then to outgoing EF coordinates (u,r,z,¢") as defined in (2.7).
After all the required coordinate changes, in (u,r,z, ¢") coordinates the scalar field in region
IT is described by

U = e e §(2)x(r), (2.23)

for some function (7). As in section 2.3.2, we perform a Frobenius analysis about the ‘right’
Cauchy horizon CHE to find the two independent behaviours

v — e*iw“eimd’”S(x)R(l)(T), (2.24)
W = emiwnemd” g () (r — p_)ilwmmA-—a® )/ @) (), (2.25)

with R1-2) denoting smooth non-vanishing functions at r = r_. For a general complex
frequency w, notice that U@ is not smooth at » = r_. In addition to that, there is no
additional condition that forces either of the behaviours to vanish. Thus, as any scalar QNM
solution is given by a linear combination of these two behaviours near C’HE, its regularity
will be dictated by W),

From (2.24) one sees that U2 ~ (r —r_)P, for p = i(w — mQ_ — q®_)/k_. Taking the
derivative, we have that 9,02 ~ (r —r_)P~L. This is locally square integrable if and only
if 2(5—1) > —1, with 8 = Re(p). But both imQ_/kx_ and iq®_/k_ are purely imaginary.
Therefore, for the scalar QNM solution to be locally square integrable (i.e. a weak solution)
at the Cauchy horizon, we must have

>, (2.26)

as we wished to show.

If we can find a QNM with § < 1/2 then the scalar field cannot be extended across the
Cauchy horizon as a weak solution and so Christodoulou’s formulation of SCC is respected.
One just needs one such QNM since generic initial data will contain it. On the other hand, if
for a particular KNdS solution all of its QNMs have g > 1/2 then SCC is violated, indicating
a breakdown of predictability. Since the behaviour of perturbations at the Cauchy horizon is
determined by the slowest decaying QNM, in this case, any scalar perturbation arising from
smooth initial data on ¥ can be extended across C”HE as a weak solution of the equation of
motion, so the Christodoulou’s SCC is violated for smooth initial data.

In the following sections, our aim is to scan the full 3-dimensional KNdS parameter
space and for each KNdS black hole determine its least damped QNM frequency, and thus
B. Comparing it with the critical value of 1/2 will determine whether SCC holds for such
a black hole.
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3 Families of quasinormal modes and their analytical approximations

The QNMs for RNdS and weakly charged KNdS can be grouped into three distinct families:
the de Sitter (dS) modes, the photon sphere (PS) modes and the near-horizon (NH) modes!® [1,
2,27, 29, 31, 56, 57, 69-82]. The identification of each family can be established by solving the
QNM problem in specific regions (neighbourhood of ‘boundaries/corners’) of the parameter
space, where we can find analytic expressions for the QNM frequencies in some approximation.
We then try to follow this family as we change the parameters of the solution to extend their
classification to the full parameter space. Especially near-extremality and for large values of O,
this task is often less trivial due to a phenomenon known as eigenvalue repulsion [31, 40, 56, 57].
The classification is sometimes also harder for very small black holes, because dS mode curves
tend to split into two branches and then each branch can merge with a third branch.

In subsection 3.1, we provide the analytic expression for the dS modes, which correspond
to the QNMs found analytically in the dS spacetime boundary (y4+ — 0,R — 0,0 — 0) of
the KNdS parameter space [66]. In subsection 3.2, we analytically capture the PS modes
in the eikonal limit m = ¢ — oo, a.k.a. the geometric optics approximation (where ¢ is the
wave quantum number that gives the number of nodes along the angular eigenfunction of
the problem), by studying the properties of unstable circular null geodesics in the KNdS
background (this is effectively a leading order WKB expansion in 1/m). Finally, the NH modes
can be found in the near-extremal limit R — 1 after a careful study of the Klein-Gordon
equation in the near-horizon geometry of KNdS, which we carry out in subsection 3.3.

Away from these ‘boundaries/corners’ of the parameter space, i.e. at an arbitrary point of
parameter space, the task of classifying a given QNM unambiguously as a dS, PS or NH mode
is far from trivial. It is particularly difficult for large R and large ©, but not exclusively. As
we will see in later subsections, this is because the imaginary part of the three families QNM
can intersect, repulse and interact in non-trivial ways throughout the parameter space of
KNdS. This had been observed and well documented previously in asymptotically flat black
holes [31, 40, 56, 57] and in rotating de Sitter black holes [31] (where repulsions can also occur
with the dS family of modes). To classify the three families of QNMs, in practice we start
by doing it in the RNdS limit where the three families can be clearly distinguished [2, 29].
Then, as we move in the KNdS parameter space away from its RNdS limit we carefully follow
the evolution of each family while being extra cautious with the eigenvalue repulsions (or
even with branch splitting/merging) that can occur. Ultimately, for the SCC problem, this
classification is not fundamental as long as we always identify the least damped QNM for
each KNdS black hole, which is an easier task than the classification problem.

3.1 de Sitter modes

In the limit (M — 0,Q — 0,a — 0) or (y+ — 0,R — 0,0 — 0), KNdS reduces to the pure
dS spacetime. Then, we can analytically solve (2.16) and impose outgoing conditions at the
cosmological horizon and regularity conditions at the origin, as pure dS does not have an

OA fourth family of modes known as the near-Nariai modes, associated to the Nariai limit 7 — 7, is
often brought up in the literature. Our numerical computations show that these turn out to be a subset of PS
modes, in agreement with [29]. Therefore, we do not consider them to be a separate family.
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event horizon. As a result, in d = 4 we obtain the two sets of dS mode frequencies [83]

4 2
E—I—Qn—i—i(li\/ —g)] with n=0,1,... (3.1)

Here the non-negative integer ¢ is the orbital quantum number that effectively counts the

WasTe = —1

number of zeroes of the angular wavefunction and n is the radial overtone quantum number,
which counts the zeroes of the radial wavefunction (modes with ¢ =0 and £ =n = 0 and
thus wys = 0 are pure gauge). Turning on the black hole parameters, we typically find that
for |m| = £ > 0 the dS frequencies depend weakly on the black hole parameters (while for
m = ¢ = 0 there is the potential for complicated interactions due to eigenvalue repulsions,
discussed later). More importantly for our SCC study, from our analyses we conclude that
dS family of QNMs is subdominant except for KNdS black holes with small y,. Hence, we
will mostly focus on the other two families of QNMs.

3.2 Photon sphere modes

In the eikonal limit |m| = ¢ — oo, with m and ¢ the azimuthal and orbital quantum numbers,
there is a family of QNMs known as photon sphere (PS) modes. These can be obtained by
either performing a leading order WKB analysis of the QNM problem, or as we do here,
using the photon sphere correspondence. This correspondence has been carefully studied in
d = 4 both numerically and analytically [1, 2, 27, 84-87] and, at the leading WKB order,
it is independent of the spin of the perturbation.

The photon sphere correspondence relates the PS frequencies to the dynamics of unstable
circular null geodesics in the equatorial plane via

1
weik:mQK—i<n+2> AL, n=20,1,2,... (3.2)

where Qg is the Kepler frequency of the geodesics, A, is the principal Lyapunov exponent
and n the overtone number. The principal Lyapunov exponent A, is the rate at which a
null geodesic congruence increases its cross-section under infinitesimal radial deformations.
The solutions to (3.2) come in pairs, constituted by a co-rotating mode with Qk > 0 and a
counter-rotating mode with Qg < 0. In the RNdS limit, the co-rotating and counter-rotating
PS modes have equal imaginary parts and their real parts only differ by a sign. However,
away from RNdS (O # 0), the co-rotating PS modes dominate within the family, i.e. they
have a smaller |Im(w,;)|. In this subsection we apply (3.2) to provide an analytic expression
for the PS modes in the large |m| = ¢ limit.

First, we find the circular null geodesics in the equatorial plane. The Lagrangian
describing geodesics in KNdS is given by £ = —% Japi®@®, where x = (t, 7,0, ¢) are geodesic
coordinates that depend on an affine parameter n and dots denote differentiation with respect
to 1. Geodesics confined to the equatorial plane 6(n) = 7/2 are described by the Lagrangian

po 1P Ali—ad) — (al = (P + a?))’ 33)

24 22 (1+%§)2
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Since 0y and Jy4 are Killing vectors, the conjugate momenta associated to the ¢ and ¢
directions are the conserved charges

E = —m, Ly =my. (3.4)
Substituting these into the equatorial Lagrangian (3.3), the equation of motion for null
equatorial geodesics (£ = 0) takes the form of a one-dimensional radial motion in an effective

potential Vg (r,b):

E? a’ 2
7(n)? = Vig(r, b), Vet (r,b) = = (1 + L2> {(a(a —b)+72)?% = (a —b)%2A,(r)| (3.5)

where we have defined the impact parameter b = Lg/E. The circular geodesics have orbit
radius » = ry and impact parameter b = by such that

V;{{(TS, bS) — 0, 8r ‘/Yeff(r, b)|T:T37b:bs — O. (3'6)

Solving the first equation in (3.6) gives the two solutions

2
r
br=a+ —Fe. 3.7
s a+\/A(rs) (37)
Inserting this into the second equation in (3.6) yields a condition for rg, given by
+da\/ A (rE) = 1 AL(E) — 4A (), (3.8)
where r¥ corresponds to the solution with b¥, respectively. Using that b = L,/E and

equations (3.6)—(3.8), the two solutions for the Kepler angular velocity Qk are
=% =3 (3.9)

with QE and () corresponding the co-rotating and counter-rotating modes, respectively.
Finally, substituting equations (3.6)—(3.9) into (3.2), the eikonal approximation |m| = ¢ — oo
of the photon sphere modes is given by

wik:”i_i<1+n> |a® — abi + (r5)”|
b3 2 L(144) ()25 (a — )| (3.10)

x \/L2[a? — (b)2 + 6(r)2] + (a — bF)2[a® + 6(rF)?].

where n = 0,1,2,... again denotes the overtone.

,16,



We find that this eikonal frequency (derived using a first principles analysis that is
effectively the leading order contribution of a 1/m WKB analysis) provides a very good
approximation for the imaginary part of the frequency (relevant for the discussion of SCC)
even for values as small as m = £ = 10 and, in the Kerr-dS limit, that its accuracy keeps
increasing to excellent levels as m = ¢ grows up to 50 [29]. There is a phenomenological
analysis that provides an even better approximation for the real part (not relevant for SCC)
of the frequency [1]. In appendix A.1 we describe this distinction and also test the validity
of both approximations.

The eikonal approximation (3.10) is independent of the spin of the perturbation (higher
order WKB corrections do depend on the spin). Consequently, the approximation (3.10) is
also a good approximation to eikonal limit of linear gravito-electromagnetic perturbations. It
also turns out to describe well the eikonal limit of massive scalar field modes and [1] reports
it is even a good eikonal approximation for charged scalars if one does the replacement
mOx — mQk + gP(rs) in the real part of (3.2) (where ry is the radius of the scalar orbit).
These observations will be useful later when discussing our SCC results for massless scalars
and educated extrapolations for other perturbation sectors.

3.3 Near-horizon modes and the near-horizon geometry

Taking the near-extremal limit r_ — r; (i.e. R — 1), we can utilise analytical methods to
compute another family of QNMs known as the near-horizon (NH) modes. The frequencies w
of these modes saturate the superradiant bound as we approach extremality: w — mQ4 +qP
as r— — ry. Their nomenclature stems from the fact that wavefunctions are, near-extremality,
highly peaked near the event horizon r = r,. We confirmed this was the case in KNdS when
analysing the associated numerical wavefunctions. Although in the following sections we will
present numerical QNM results and discuss SCC only for neutral massless scalar fields, for
the sake of completeness, the analysis of this subsection will consider scalar fields with mass
w and charge ¢ that are not necessarily zero (this will be useful in the Conclusions).

In subsection 3.3.1, we study the near-horizon limit of near-extremal KNdS (NHEKNdS),
to set up the analytical computation of the NH modes. As we will cover, the associated
AdS, Breitenlohner-Freedman (BF) bound appears naturally in the expressions for the NH
frequencies and turns out to play a fundamental role in determining whether SCC is respected
or not. Furthermore, the BF bound also establishes a boundary between a region of the
parameter space where we can clearly distinguish the PS and NH families and another where
we cannot (due to eigenvalue repulsions), as it has been previously observed in rotating
black holes [31, 40].

In pure AdSs (with radius Lags), it is well-known that scalar field perturbations are
normalizable even if their squared mass &2 is negative, provided that it obeys the BF bound
E2L3 45 > —1/4 [88, 89]. Conversely, if £2 does not obey the BF bound, then the scalar field
on AdSs is not stable. The near-horizon geometry of KNdS can be locally expressed as a
product of AdSy times a compact space [90]. As a result, the near-horizon limit of (2.15)
reduces to the Klein-Gordon equation of a scalar field on pure AdSs space (with a Maxwell
field) with effective mass pes and effective charge gesr, which can give important information
about the system [90]. In particular, we apply this analysis to NHEKNdAS.
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After having laid out the groundwork, we analytically capture the NH family of modes in
subsection 3.3.2 by performing a matched asymptotic expansion. To achieve so, we solve the
Klein-Gordon equation in the near-horizon region of near-extremal KNdS and then match
it with a vanishing far-region (since the wavefunctions are very peaked near the horizon
close to extremality). The validity of this poor-man matching asymptotic expansion will
be assessed via a comparison with the exact numerical data.

3.3.1 Near-horizon geometry

To find the near-horizon geometry, we start with the KNdS metric (2.1) at extremality
r_ — r4. Then, we zoom into the event horizon by applying the following coordinate and
gauge transformations

r—ry +e€R, t—>€, ¢—>¢3+Q$‘t§ Aaﬁ—@fthT, (3.11)
and then taking the near-horizon limit ¢ — 0. Here Q%" and ®* are defined in (2.13)
and (2.14) respectively. To ease notation, we will often drop the subscript ‘ext” when it is
clear that the expressions should be evaluated at extremality.

Notice that the gauge transformation of A is required to yield a finite Maxwell potential
in the near-horizon limit. Explicitly, substituting (3.11) in (2.1) and taking ¢ — 0 yields
the near-horizon geometry of extremal KNdS

2
2% A(ry)RdT dR?
s, = < nal ’”(Z+) . = (3.12)
1) 2(1+ %) (> +12) R
by Ag(a® +7r2)2sin%0 [ - 2r,RQ ?
+id62+ o(a +r+)281121 3 %dT 7 (3.13)
0 E+ (1 + %) a i
with the shifted gauge field
5 2 _ 12 cos20 - 3
A= @ > <r+ 2a CZS RdAT + ary Sin29d¢> . (3.14)
>N (1 + %) a?+ 13

Here ¥y = Y(ry,6), with ¥ defined in (2.3). The (T, R) part of the near-horizon metric
is AdSs, with Ricci scalar

2 ) 2%,

RiCC(Q) = y LAdS(Q) = A”(T_'_). (315)

-
Lias

Note that the AdSy length scale Laqgg is #-dependent. To simplify the near-horizon geome-
try (3.12), we pull out an overall factor of L% 45 in front of the AdSs component by rescaling
the radial coordinate R, and make the definitions

- (a®+r2)2 o ~ dry a?
R=—""0QR 0= 14+ — Q4. 3.16
2ary ’ Al'(ry) + L? + ( )



These make the AdSy structure of the near-horizon metric (3.12) manifest in (7, R, 6, @)
coordinates:

dR> > 2 2V2 A, sin20 , - ~ 2
052, = I3 (—RQdT2+ }13%2 ) +id92+ (a® +r7) 9281;1 (d¢+QRdT> ;
2] a-
NS (1 + Lz) (3.17)
B L2 Q v
A= s [(02 2 cor?0) Rar + 202 2 sin? 0]
Sy Q

in agreement with [61, 91, 92]. This is a solution of the d = 4 Einstein-Maxwell equations with
A > 0. The geometry of the metric degenerates to precisely AdSs x S in the (extremal) RNdS
a — 0 limit. In the asymptotically flat limit L — oo, this coincides with the near-horizon
extremal KN metric studied in [40]. Its isometry group SL(2,R) x U(1) has been carefully
studied in the context of the Kerr/CFT correspondence [93]. For other symmetries and
properties of NHEKNdAS we refer the reader to [61, 91, 92].

To find the Klein-Gordon equation on the near-horizon geometry (3.17), we apply the
same coordinate transformations (3.11) and (3.16) to the radial and angular components
of the Klein-Gordon equation (2.16)—(2.17) on the full KNdS geometry.!’? To eliminate
divergent terms when taking the near-horizon limit ¢ — 0, the frequency must approach the
superradiant frequency for a charged and rotating black hole

w — mOT + g + €@, (3.18)

where again QF and @ are given explicitly in (2.13) and (2.14). The resulting radial
equation on the near-horizon geometry is

d , (A +7r2u?)L?
dR <R2X (R)) B { (re — r_,_)—(irrc +3ry)

@ 2mQyry(a® + L?) q(1 —2a04)QL? ’ _
_ [R (re —r4)(re +3ry)  (re—r4)(re + 3r+)] }X(R) =0 (3.19)

While it is convenient to express the near-horizon radial equation in terms of L, the third
expression from (2.9) evaluated at extremality yields L? = a® + 2 + 2r.ry + 37‘3_, i.e. Lis
not independent of r.,r;,a. Here, the separation constant A is defined by the near-horizon
limit of the angular part of the Klein-Gordon equation (2.17), i.e.

di((l - xQ)Ag;S/(x)) - [a%;z/ﬂ -

X
9 a? 21—x2 m 2

(3.20)

In the asymptotically flat limit, (3.19) and (3.20) match with (A.3a) and (A.3b) in [40].12
To provide a physical interpretation for (3.19), we rewrite it as the Klein-Gordon equation

" Equivalently, one can compute the Klein-Gordon equation directly using the near-horizon solution (3.17).
2For an exact match, we need the redefinition A — A — (2r3 + a?)m?Q3.
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for a massive charged scalar on pure AdSs

O+ 13?2
(re =14 )(re + 3r+)L?&dS

(V- z'qeffAeff(R))2 U= v, (3.21)

where V is the covariant derivative on pure AdSy with metric

dsiaq, = L2 4o | —R?dT? dR* 3.22
SAdS, = LiAds + ) (3.22)
and we have made the identifications
12 N2 .2 ~
qr = g, TN =) e A (R) = —RdT. (3.23)

r(re =) (re +3ry)

We can observe that, after the near-horizon limit procedure, the scalar field acquires an
effective charge and effective mass, which are non-zero even in the case of p = ¢ = 0.
Hence (3.19) is the radial Klein-Gordon equation in the near-horizon background for a scalar
that has effective charge geg and effective mass peg (where we will identify the latter soon).

As we approach the boundary of the near-horizon geometry R — oo, solutions of the
near-horizon radial equation (3.19) decay as x ~ R~?%, where the 2-dimensional conformal
dimensions AL are given by

1
+oyit Az Lias, (3.24)

(A +rip?)L? (L? +a?)(a® — %) A\
— q>+ — mf .
Te —14)(re +3r4) ry(re — 14)(re + 3r4)

Ap =

DN | =

p2gLigs = ( (3.25)

For these solutions to be normalisable, i.e. to have finite energy, they must not oscillate
at infinity. This requirement is satisfied by demanding that AL is real, giving the AdS»
BF bound of the near-horizon geometry

1
peglias > e (3.26)

Defining the constant

_ 1 (3.27)

5 = (a2 + L2)? [q®4(r2 —a?) + 2mQ+r_2‘_)}2 L2 (A +r2p?)
B 13 (re —r4)2(re + 3r4)? (re =ry)(re+3ry) 47

we have the important relation

1
14 4pgLAgg = —46° & 6% = —5\/ 1+ 4p2e L2 45 (3.28)

Thus the BF bound (3.26) is equivalent to the bound 62 < 0. In the asymptotically flat
limit, this 0 matches the ones defined in [40, 71, 86].

In the coming subsection, we will see § naturally appearing in the analytic expression
of the NH modes, hence establishing a connection between the NH modes and the near-
horizon BF bound. Recall that a violation of the BF bound should signal an instability of
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the NHEKNAS geometry, which does not necessarily imply an instability of the full KNdS
geometry.'? Nonetheless, a BF bound violation might signal a transition boundary of the
physical properties of the system. Indeed, as we exemplify in subsection 4.1, the analytic
properties of the QNM spectrum change near 62 = 0, going from the §2 < 0 region in
parameter space where we can clearly distinguish the PS and NH families, to the region
62 > 0 where both families are entangled and cannot be precisely distinguished apart.

3.3.2 Near-horizon modes and matched asymptotic expansion

The near-horizon (NH) QNMs can be found by performing a matched asymptotic expansion
(MAE). We divide the spacetime into two regions: one near the event horizon, and another
that is far away from it, all the way up to the cosmological horizon. In the near-region,
the Klein-Gordon equation simplifies and we can solve it explicitly, up to some integration
constants. For the far-region, we cannot solve the Klein-Gordon equation analytically (for
asymptotically flat RN, Kerr and KN this can be done but not for KNdS or even Kerr-dS).
To make some progress we must necessarily adopt a poor-man strategy where we start with
the fundamental assumption that, near extremality, the wavefunction is localized very close
to the event horizon (confirmed by an inspection of the exact numerical wavefunction) and
then simply take the far-region solution to be the trivially vanishing one (which also trivially
satisfies the boundary condition at the cosmological horizon).

The near and far-region solutions must agree in an overlap region and we use this to fix
the integration constants that were left free in the near-horizon region (after imposing the
boundary condition at the event horizon) and the frequency w. This poor-man matching
yields an analytical expression for NH modes near-extremality. Although this analysis has
little control on the approximations made, it turns out that yields a very good approximation
(if not excellent) for the frequency of NH modes near-extremality when we compare it with
the exact numerical results. Ultimately, it is this fact that justifies performing it. The
matched asymptotic expansion technique has been used successfully to similar QNM problems
in [27, 40, 69, 71-73, 95].

To start the matching asymptotic expansion, we define an extremal parameter o and
a radial parameter y by

c=1- T—_, Y= -

-1 2
- -1 (3.29)

such that o — 0 at extremality (r— — r4), and y € [0,7./r4+ — 1] in the exterior of the black
hole region. Supported by past QNM studies near-extremality (including for the RNdS and
Kerr-dS limits of KNdS), we now make the assumption that the frequency of the NH modes
approaches the superradiant bound at extremality, w — mQ?ﬁ‘t + qcbﬁf‘t. Altogether, the
frequency of NH modes should have the following perturbative expansion around extremality

w = mOQX 4 ¢ + odw + O(0?). (3.30)

Our mission is to find the off-extremality frequency correction dw. As in the previous
subsection, we drop the ‘ext’ superscript for notational simplicity. Define the near-region

Y3For an in-depth discussion in the case of the Kerr spacetime, we refer the reader to [90, 94].
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to be 0 < y < 1 and the far-region to be o0 < y < r./ry — 1. Since we take the expansion
parameter to be 0 < 1, these two regions overlap in the matching region 0 < y < 1.

To find the solution in the near-region 0 < y < 1, we have to be cautious doing the
perturbative expansion in ¢ < 1 because it can be as small as the radial coordinate y.
This is closely related to the fact that the far-region (y > o) solution breaks down when
y/o ~ O(1). This suggests that, to proceed with the near-region analysis, we should work
with the new radial coordinate

z (3.31)

Y
o )
so that the near-region corresponds to z < ¢~!. This amounts to absorbing a power of o
into our new radial coordinate z, a fundamental step to yield a good MAE result. In terms
of the original radial variable r, we have z = (r — ry)/(r4y — r_). Inserting (3.30) and (3.31)

into the radial Klein-Gordon equation (2.16), to leading order in o it reduces to

d

2 7”2 2
£<Z(1 + Z)X/near(z)) — Xnear(Z){ LA(N +rip”)

(re =) (e + 3ry)

re(a® + L?) & a?\ 17
+ AT 0 T30 KQmm +qPy (1 Ti)) z+ (1 + Ti) 5w] } =0.

This turns out to be an hypergeometric ODE. To see this is indeed the case, we do the
field redefinition

(3.32)

Xnear(2) = 24 (1 4 2)BF(-2) (3.33)
where ) P
A (a® + L*)(a” +1%) 5,
T+(TC—T+)(TC+3T+) (3 34)
B (a® 4+ L?)(2mQir? — q®4(a® —r2) — (r2 + a?)dw) '
=1 s
i (re = r4)(re + 3r4)
and introduce the new radial variable z = —z. Altogether, this turns (3.32) into the
hypergeometric differential equation
z(1-2)F"(2) + [c — (a4 + a— + 1)Z] F'(2) — ara_F(z) = 0, (3.35)
with
1. 2i(a? + L?)(a® +12) mr? q(a®? —r?)
=_=+is - - — P, = 3.36
=5 =t + ry(re —ry)(re +3ry) \a® + 12 T2 + r?) +ow), (3.36)

2i(a® + L?)(a® 4+ r2)
r4(re = r4)(re + 3ry)

c=1-—

5w, (3.37)

and 0 defined in (3.27). We can now work out the general solution to the near-region
equation (3.32). It is

Xnear(2) = €1 z%(c_l)(l + z)%(“*Jra*_C)gFl(a_, ay,c,—2)

+ co z_%(c_l)(l + z)%(“*"'“*_c)gFl(a_ —c+lyay —c+1,2—¢,—2), (3.38)
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where 9 F1 (o, 3,7, x) is the hypergeometric function [96] and ¢y, co are arbitrary constants.
Imposing the ingoing boundary condition from (2.20) at the event horizon z = 0 requires
setting co = 0, i.e.

Xnear(2) = clz%(c_l)(l + z)%(“*+a+_6)2F1(a,, ay,C,—2). (3.39)

The constant ¢; as well as the frequency correction dw are at this point still not determined.
They are fixed matching the large z behaviour of the near-region solution (3.39), namely

Nclz—%%\/mF(W —a4)l'(c) (1 _ap(l4+ay—o)1 . 0(2—2)>

Xoear| 5.1 I'(c—ay)(az) (1—a_+ay) 2z

+ 612’_%_% 1+4/J‘§ffL2AdSF(a+ —a)l'(c) ( — a_(1+a_—c)
T(c—a )T(as)

1 -2
(I1+a_ —ay) ;—I—O(z )>’
(3.40)
with the small y = oz behaviour of the far-region solution in the overlapping region o < y < 1.
To get (3.40) we have used (3.36) and (3.28) to rewrite the exponents of z.

Formally, at this point, we should: 1) solve the radial Klein-Gordon equation (2.16) in the
far-region y > o to find Xfar, 2) impose the outgoing QNM boundary condition (2.20) at the
cosmological horizon y = r./r; — 1, and finally 3) take the small radius expansion of X, to
match it with (3.40) in the overlapping region ¢ < y < 1 to fix ¢; and dw. Such a procedure
has been completed successfully in asymptotically-flat spacetimes, including in Kerr and
Kerr-Newman [29, 31, 40, 71]. However, in asymptotically de Sitter spacetimes the far-region
equation turns out to be much more difficult (if not impossible) to solve analytically. To make
some progress we must thus adopt a poor-man strategy where we make use of the fact that
we do have exact numerical results for the NH modes. An inspection of the numerical NH
wavefunctions shows that, near extremality, they are highly peaked near the event horizon and
exponentially decay to zero very quickly as we move away from the event horizon. Therefore,
for a leading approximation one sets Yg,, ~ 0 and matches (3.40) with a vanishing far-region
solution. This is a very ‘rough’ matching but its validity will be approved a posteriori when
we compare the MAE frequency approximation with the exact numerical frequency.

Without further delays we perform the matching of (3.40) with a trivial far-region.
An inspection of the exponents of z in (3.40) indicates that we have to proceed differently
depending on whether 1 + 4,ugﬂpL%dS is positive or negative.

For 1 + 4u2;L% 45 > 0, or equivalently 62 < 0 as defined in (3.27), we match the near-
region wavefunction (3.40) with a vanishing far-region wavefunction (for the aforementioned
reasons). It follows that to have a finite solution in the limit z — oo the first term in (3.40)
must vanish. The gamma function has poles at negative integers, so we find that the first
term vanishes if we impose the condition a_ = —n, where n € N is a radial overtone. This
is effectively a condition to solve for dw that quantizes the frequency correction as

2 _ .2
r a®—r (re—ry)(re+3ry) (. /1
dw” ~ —— [2mQ) —qP + _2° = J
v 2(a? +1%) TR T AT i a’?+ L? et

ext

(3.41)

where ¢ is defined in (3.27). This expression can be written in terms of the dimensionless
polar parameters (y1, ©) using the relations (2.11)—(2.12) evaluated at extremality. For fixed
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(y+,0), we can equivalently express the requirement 1 + 4/@5[%(18 >0 as

4. <§<4qf (3.42)

where § = ¢/r. and

2m (ffl + yi(l + 2y, ) sin? @)

y L2 <IA/2 — (14 2y ) sin? @)
(1 =y )(1+3y4) (i2 + (14 2y4) sin® 9) . 402 (A + p2y2)

2y LT+ 2y; (ﬁz — (14 2y ) sin? @) cos © (1 —y)(1+3y4)

tan ©

qc:_

(3.43)

with /i = pu/r. and L = L/r. evaluated at extremality. As a check of our computation, in the
RNdS limit © — 0, this coincides with the expression provided in [28].

When 1+ 4,ugﬁL2AdS < 0, or equivalently 62 > 0, both terms in (3.39) decay whilst also
exhibiting an oscillatory behaviour. Consequently, there is no longer the physical need to
impose the vanishing of either term, so we must demand a distinct z — oo behaviour. We
follow the steps of [28, 97, 98] and seek travelling waves that are purely outgoing with respect to
the phase velocity. This corresponds to waves that have a positive phase velocity with respect
to Re(w). More concretely, for 1 + 4N2HL2AdS < 0, the two oscillatory solutions at large r are:

1. r ay(c—ay —1)ryo
2 12
Ve (1), 00 (/11 LR o (m(j) T ). G

where the upper (lower) signs correspond to the first (second) term in (3.40). The r-dependent

phase velocity of these two travelling wave solutions are

_ h I i . A4
v (1) ()’ with &k (r) Z‘I’i = (3.45)
Using (3.44), this yields
2r R
T () RN — ew) (3.46)

VIT+ 4p2e L3 4

Therefore, requiring outgoing travelling waves (vph(7) > 0) we must eliminate the second term

in (3.40) vanish. We achieve this by imposing a4 = —n for n € Ny, which gives the condition
2 _ .2
T a®—r (re —r4)(re+3ry) (. (1
SwS ~——T  12mQyr, — q® + e il=+n)—94
2(a? +1%) l T 45 ry a? + L2 2 ot
(3.47)

In summary, collecting both cases, the frequencies that emerge from the MAE analysis are:

dw>, for g€ {q.,qf} ie 62<0

O(c?), (3.48)
dw<, for§¢ {q - ,qF} ie. 62>0

Waag inXt + q@ft 40 {

with dw> given in (3.41), dw< given in (3.47) and ¢ defined in (3.43).
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Keeping in mind the regime of validity of the MAE result and associated approximations,
we can make some comments with regards to SCC. Using the fact the leading order expansion
of the surface gravity at the Cauchy horizon x_ (and also of k) is

ry(re —ry)(re +3r4)

~ @)+ o) (3.49)

we find that the prediction for 8 based on the matched asymptotic expansion wyag is simply

1 Imé + O for 2 < 0
IBMAE - {2 + " + o + (U) o (350)

$+n+0(0) for 62> 0

For the dominant overtone n = 0, when 62 > 0 then Byar exactly approaches the critical value
of 1/2. However, when 62 < 0, Byar goes above 1/2. This is the zeroth-order term for Byag,
hence even if fyar = 1/2 at extremality, it is possible that Sy approaches 1/2 from above.

In section 4, we will use (3.48) to identify the NH family of QNMs in our numerical data.
In addition, we carefully verify the accuracy of this MAE approximation and compare it to
previous work in appendix A.2. Finally, in appendix A.3 we specialize to the case m = /¢ =10
and ¢ = p = 0, and show how the corresponding NH modes do not enforce SCC at extremality.

4 A survey of the KNdS QNM spectrum and its features

In the previous section we identified, from first principles, the three families of modes that
we expect to be present in the QNM spectra of KNdS. The analytical studies of the previous
section are thus very useful but have significant limitations: they are only valid in narrow
windows (i.e. in a neighbourhood of ‘boundaries/corners’) of the parameter space and often
provide just very crude approximate values (unless proven otherwise) once we drive away
from the specific background about which we do the expansion. This is not enough because,
for the discussion of Christodoulou’s formulation of SCC, we need to identify accurately
the least damped QNM at each point of the parameter space of KNdS. Therefore, onwards
we use numerical methods to exactly solve the eigenvalue problem that identifies the QNM
frequencies (and coupled angular eigenvalues) of KNdS for the three families of QNM.

A priori, we could simply use Mathematica’s built-in routine Eigensystem to simultane-
ously find the tower of eigenfrequencies for each KINdS black hole and then pick the least
damped mode relevant for SCC. However, scanning the full parameter space using this
method would be a slow and computationally costly procedure. Alternatively, we can use
the analytical approximations of the previous section to identify the QNM of each of the 3
families on a ‘boundary/corner’ of the parameter space and use this as a seed to find the exact
numerical solution using a Newton-Raphson root-finding algorithm. Once we have this first
solution for each of the three QNM families, we can then use it to follow the evolution along
the KNdS parameter space of the frequencies of each QNM family, at relatively low cost. Typ-
ically, we will use the latter method although we sometimes also use the former to find initial
seeds for the latter (or as sanity checks to make sure we are not missing other modes). Before
presenting the SCC results in section 5, we must discuss key properties of the QNM spectra
that are fundamental to precisely identifying the least damped modes which govern SCC.
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Recall that to scan the full parameter space of KNdS in an efficient and systematic
way it is very convenient to use the ‘spherical polar parametrization’ {y4+, R, 0} of KNdS
introduced in (2.10). In this parametrization, y4 € [0, 1] denotes the off-Nariai measure,
R € [0,1] denotes the off-extremality measure, and © € [0, 5] measures the ratio of charge
to angular momentum. With this parametrization, we can go from the RNdS limit (a =0
or © = 0) to the Kerr-dS limit (QQ = 0 or © = 7/2) while keeping both the off-extremality
and off-Nariai measures fixed. Moreover, the extremal limit (r— — 74) corresponds to
R — 1 whilst holding y4 and O fixed and the Nariai limit (ry — r.) corresponds to y4+ — 1
while keeping R and © fixed. This perfect cubic parameter grid is easier to scan (while
keeping track of our ‘distance’ to relevant boundaries of the parameter space) than, e.g. the
{M/L,Q/L,a/L} grid displayed in figure 2.

Onwards, we restrict our attention to neutral (¢ = 0) and massless (u = 0) scalar field
perturbations. With the aim of explaining the corresponding QNM spectrum of KNdS in
depth and to illustrate the analyses we performed ‘behind the scenes’, we comment on various
plots in which we keep y4 and R fixed and explore how the QNM families change as © varies.
In general, for a given ¢ (which counts the number of zeros of the angular eigenfunction), the
equatorial m = ¢ modes turn out to be the least damped modes (see e.g. [31, 99, 100]), and
we expect that the same is true in KNdS. Since the ¢t — ¢ symmetry (discussed in section 2.3.1)
allows us to restrict considerations to m > 0, we focus our discussion on the modes with
m = £ > 0. It is important to retain this fact in future discussions. The qualitative features
of the m = ¢ > 0 QNM spectra are similar for different non-vanishing ¢’s but they differ
from the m = £ = 0 case. Therefore, in subsection 4.1 we describe key properties of the
m = £ = 1 QNM spectra as a representative example of the m = ¢ > 0 class, while in
subsection 4.2 we discuss the m = £ = 0 case.

4.1 QNMs with m = £ # 0 and eigenvalue repulsion

We first look at the QNMs with m = ¢ = 1. In particular, near extremality, where the
most interesting and relevant behaviours are. Key properties in this regime are illustrated
in figure 3 for fixed y+ = 0.5 and R = 0.99 (recall that extremality occurs at R = 1). In
both the RNdS limit (© = arctan(a/Q) = 0) and the Kerr-dS limit (© = 7/2), we find
agreement with the QNM literature [2, 29]. In this and future figures, we use the following
convention: modes are designated as dS, NH or PS modes according to their classification
in the RNdS limit. As we increase the rotation © > 0, these modes may not always have a
unique classification. This has been discussed in great detail in Kerr-Newman [40, 56, 57] and
so we do not elaborate on it further here. Close to the (near-extremal) RNdS limit (© = 0),
the near-horizon (NH; blue diamonds) modes dominate the spectra. At the opposite Kerr-dS
limit (© = 7/2), the dominant mode is the photon sphere (PS; orange disks) mode. Here and
henceforward, stating that a particular mode dominates the QNM spectra means that it is the
one with smallest |Im(wr.)|. In figures 3 (and 4) we do not display the third family of QNMs,
namely the de Sitter (dS) family, because it is significantly more damped (i.e. it has much
lower Im(wr.)) that the other two families in this region of KNdS black holes near extremality.

In figure 3, we also display the red line that looks very much horizontal (but it is
not, i.e. it changes slightly with ©; see right panel). This curve describes the critical SCC
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Figure 3. Imaginary part of the frequency (in units of the cosmological horizon length 7.) of the
n =0 NH (blue diamonds), n = 1 NH (light blue diamonds) and n = 0 PS (orange disks) modes for
q = 1 = 0 linear scalar perturbations with m = ¢ =1 on KNdS with R = 0.99,y, = 1/2 as a function
of © = arctan(a/Q). The n =0 (n = 1) MAE approximation wyag of the NH modes is described by a
dot-dashed purple (light purple) curve. The n = 0 (n = 1) eikonal approximation we;. of the PS modes
are given by a green (light green) dashed curve. The red curve is the critical curve Im(wr.) = =Sk
with 8. = 1/2 relevant for the SCC discussion, and the n = 0 PS curve is above it for © > 0.87. The
thin vertical dark yellow line at © = ©, ~ 0.73 describes the © where 62 = 0, with 2 < 0 for smaller
© values and 62 > 0 for larger ©. The right panel is a zoom of the left panel, in a range of Im(wr,)
where we better see the orange PS mode (and green eikonal curve) crossing the red curve.

curve Im(wr.) = —fB.6_ with S, = 1/2 and k_ defined in (2.4). From the discussion of
subsection 2.3.3 it follows that modes above this red curve have § < 1/2 and thus they
enforce Christodoulou’s formulation of SCC. This is thus the case for fast rotating charged
black holes with sufficiently large © in figure 3. Indeed, we see that the least damped orange
disk PS curve is above this critical SCC red curve for © 2 0.87 (at y+ = 0.5, R = 0.99)
and all the way up to the Kerr-dS limit (© = 7/2).

On the other hand, for smaller values, © < 0.87, figure 3 shows that the least damped
mode (be it a PS or NH mode) is now below the critical SCC red curve. This means that
for black holes with © < 0.87 (including RNdS with © = 0) and y;+ = 0.5,R = 0.99, the
m = £ = 1 modes do not enforce SCC. To determine whether SCC is respected in that region
we need to confirm that there is no QNM with another value of {m, ¢} which enforces SCC
(by having § < %) Furthermore, to discuss the validity of SCC in the full KNdS parameter
space we have to repeat these procedures for all values of y; € (0,1], R € (0, 1] and {m, ¢}.
We postpone the discussion of the outcome of this survey till section 5.

Information relevant to the discussion of interactions between NH and PS families of
modes and their classification can also be obtained from figure 3. In particular, such figure
allows us to compare our numerical results with the analytical eikonal (wf, ) and matched
asymptotic expansion (wyagp) frequencies computed in sections 3.2 and 3.3 respectively, which
helps to identify their family class.

Recall that near extremality the NH modes are expected to be well described by the
MAE frequency (3.48) (in the present case with ¢ = p = 0): this is the purple dot-dashed line

140f course to find whether the least damped modes have 8 below or above 8. = 1/2 it can be more
convenient to simply plot 8 instead of Im(wr.) for all the QNM families and see if the dominant one is below

or above the critical curve g = %
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(n = 0 overtone) and light purple dot-dashed line (n = 1) in figure 3. On the other hand, the
eikonal frequency (3.10), which is expected to be valid only in the strict m = ¢ — oo limit, is
represented by the dark green (n = 0) and light green (n = 1) dashed lines. We conclude
that in the RNdS limit (© = 0), the MAE (purple dot-dashed line) and eikonal (green dashed
line) approximations are really accurate (even though the eikonal approximation should not
be valid for such low m = ¢ = 1!), and we can clearly identify the NH and PS modes based
on the MAE and eikonal approximations.

However, as © increases the NH and PS modes trade dominance (around © ~ 0.52). At
the value © = O, ~ 0.73, which corresponds to 62 = 0 as defined in (3.27), we can observe
that the (co-rotating) eikonal (wZ, ) and MAE (wyag) approximations essentially merge in
the n = 0 overtone case (and for slightly higher © the n = 1 w}, and n = 1 wy,p curves
also merge). For © 2 O, the dominant n = 0 PS mode (orange disk) curve is essentially
on top of both the n = 0 eikonal and n = 0 MAE curves, while the n = 0 NH mode (blue
diamonds) is on top of the n =1 eikonal and n = 1 MAE approximations. This illustrates
why we can precisely classify modes as PS and NH in the RNdS limit but not necessarily
away from it. Additionally, it provides an example of how the 2-dimensional BF bound
violation — pinpointed by 62 = 0 — signals a change in the properties of the QNM spectra.
Strictly speaking, beyond the rough guide of ©. where the BF bound starts being violated,
we lose the distinction between the n = 0 PS and n = 0 NH families and the system is
effectively better described by a single PS-NH family with its two first overtones n = 0
and n = 1 displayed. We refrain ourselves from a more detailed description of this aspect
here: the reader interested on a very exhaustive discussion of these matters is invited to
read [40, 56, 57] which describe a similar system in the Kerr-Newman case (the quantitative
values are of course different for A = 0 but the properties are otherwise qualitatively similar)
and [31] for rotating dS black holes.

Moving on to figure 4, the series of plots in this figure illustrate another important
characteristic of the m = £ =1, n = 0 QNM spectra of KNdS. Namely, we can observe
how the interaction between the PS and NH families can become even more involved as we
approach extremality further, R — 1. As it occurs in KN spacetime [40, 56, 57] and dS Myers-
Perry [31], we often observe the phenomenon of eigenvalue repulsion when scanning the QNM
spectra throughout the KNdS parameter space (typically when approaching extremality). In
figure 4, all plots describe KNdS black holes with y; = 0.5. From the top to the bottom we
then increase the off-extremality parameter R. Concretely, the top row is for R = 0.994, the
middle row is for R = 0.995 and the bottom row is for R = 0.996. The plots on the right
column are simply a zoom-in of the left column plots in regions of interest.

For R = 0.994 (top row), the PS (orange disks) and NH (blue diamonds) families
‘intersect’’® near © ~ 0.6, trading dominance for higher © values. The top right plot is a
zoom of the top left plot around the © ~ 0.6 where the ‘intersection’ occurs. Increasing the
R value by a small amount to R = 0.995 (middle row), changes the ‘intersection’ into an

5 Every single time we state that two QNM curves ‘intersect’, we mean that the imaginary part of their
frequencies, Im(wr.), does intersect but, it is important to emphasize, the curves describing the real part of
the frequencies (not shown) do not intersect [31, 40, 56, 57]. To always keep this property in mind, we will
put quotation marks whenever we use the word intersect.
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Figure 4. Imaginary part of the frequency for ¢ = g = 0 linear scalar perturbations with m =¢ =1
on KNdS with y; = 1/2 as a function of © = arctan(a/Q) for three different values of R (top to
bottom). Left column: constant R = 0.994 (top), R = 0.995 (middle) and R = 0.996 (bottom). Right
column: zoomed in plots near the ‘intersection’ or eigenvalue repulsion regions for constant R = 0.994
(top), R = 0.995 (middle) and R = 0.996 (bottom). The colour code is the same as in figure 3 but
this time we just display the n = 0 overtone modes.
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etgenvalue repulsion between the PS and NH modes. Instead of ‘crossing past’ each other,
now the PS and NH curve ‘repel’ each other around ©® ~ 0.6 and no longer trade dominance
for higher © values. Finally, even closer to extremality, for R = 0.996 (bottom row) we can
see that the repulsion between the PS and NH n = 0 modes is not so sharp as before but,
again, the two families do not ‘intersect’ (like for the middle plot).

We emphasize again that although we have only discussed key aspects of m = ¢ =1
modes (illustrating the challenges in finding them and in identifying the least damped mode,
a.k.a. spectral gap), the discussion in this subsection applies qualitatively for all m = ¢ > 0
modes. It is also in qualitative agreement with previous findings in Kerr-Newman or Kerr-dS
black holes [31, 40, 56, 57] which justifies not presenting an exhaustive list of plots. Also
note that the existence of eigenvalue repulsions are not reported in detail in the study [1]
of the QNM spectra of the KNdS family with constant AM? (although a reference to their
existence seems to be mentioned in footnote 3 of [1]). Eigenvalue repulsions like the ones
illustrated in figure 4 are typically observed if one approaches extremality sufficiently close
and if O is larger than ~ O..

We now comment on the special case of m = ¢ = 0 which is qualitatively different
from the m = £ > 0 case.

4.2 QNMs with m = £ = 0 and eigenvalue splitting

In this section we look at the m = ¢ = 0 sector of QNMs, as the spectrum presents a distinct
behaviour when compared to that of m = ¢ # 0 (and they also have to be considered in the
SCC discussion of section 5). To start with, the m = £ = 0 spectrum is never dominated by
PS modes. Nevertheless, the m = £ = 0 QNM spectrum can also be very intricate although
for distinct reasons from the m = ¢ % 0 case. This intricacy in the KNdS spectrum can be
understood to emerge from non-trivial features already present in the spectrum of m = /¢ =10
RNdS black holes (© = 0). For this reason, we first look into the QNM spectrum of RNdS.
Some relevant features are visible in figure 5, which uses RNdS black holes with R = 0.95
to illustrate common properties to other elements of the RNdS family. We plot both the
imaginary (left column) and real (right column) part of the frequencies as a function of y .
For the sake of clarity, we do not represent the purely imaginary modes (blue diamonds)
in the real part plots. The bottom plots are simply a zoom in of the top plot in a region
with non-trivial features. We plot two families of modes: the orange disks are the PS modes
(with complex frequencies)'¢ while the blue diamonds, in this figure only, represent purely
imaginary modes (i.e. with Re(wr.) = 0) in RNdS (they acquire a real part when © > 0).
The intricate interactions within the QNM spectrum only allow us to specify the distinction
between NH and dS modes in some specific cases as discussed next.

In figure 5 we start by noticing that the two least damped modes for RNdS with ¢y, < 0.71
are two blue diamond curves with purely imaginary frequencies. Both are well described by the
purple and light-purple dot-dashed curves given by the n = 0,1 MAE approximation (3.48).
Hence we could be naively tempted to classify both of them as NH modes. This is indeed

0We have checked that this family is continuously connected to the m = £ = 1 PS family by performing
the (unphysical) marching in non-integer m from m = 0 till m = 1. Note that the eikonal approximation is
certainly not expected to hold for m = ¢ = 0.
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Figure 5. Imaginary (left panels) and real (right panels) parts of the frequency as a function of the
off-Nariai parameter y4 for (¢ = =0) m =£ =0 QNMs in RNdS (© = 0) with fixed off-extremality
parameter R = 0.95. The orange disks represent n = 0 PS modes with complex frequencies and we
also display the first two purely imaginary dominant modes with blue diamonds (since they have
Re(wr.) = 0 we simply do not display them in the right panels for the sake of clarity). The purely
imaginary modes are initially closely followed by the MAE frequencies with n = 0 (purple dot-dashed
curve) and n = 1 (lighter dot-dashed lines). The second row gives zoom plots of the top panel in the
regions where interesting splittings and/or mergers happen. Here, the inset plots are further zooms
around the region y; € [0.87,0.9].

the case for the n = 0 family (upper curve). However, if we take the n = 1 blue diamond
with y; = 0.1 and R = 0.95 in figure 5 and march the R parameter down to R = 0.1, we
conclude that here this mode is undoubtedly a dS QNM (discussed in section 3.1). This fact
highlights the important remark above: given a QNM with m = ¢ = 0 in an arbitrary point
of the KNdS parameter space, we typically cannot claim whether it belongs to the NH, PS or
even the dS families. We will refrain from adding further discussions about intricate features
that are not relevant for the ultimate aim of finding the least damped mode.

Next, starting at y+ = 0.1 in the left panels of figure 5, we follow the orange disk
PS family (with n = 0) to larger values of y,. We see this is a single complex frequency
family of modes till y; ~ 0.71. But here an interesting phenomenon occurs: the n = 0
PS families splits into two purely imaginary frequency families of modes (see zoom in plot
around the splitting region in the left-bottom plot). Then, for y; 2 0.71 the lower blue
diamond branch remains purely imaginary until y; ~ 0.925 (not shown, it has a splitting
at this value of yy), while the upper blue diamond branch merges, at y; ~ 0.735, with
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the purely imaginary blue curve followed closely by the n = 1 MAE curve (that is above it
for y; < 0.735). The merged blue diamond curves with purely imaginary frequencies then
continue for larger y4 (2 0.735) as a orange disk branch with complex frequency (which itself
splits then around y4 ~ 0.88 into two families of purely imaginary modes as best seen in
the inset plot of the bottom-left panel; not shown, they both continue as purely imaginary
curves till at least y+ = 0.999). Notice that when a complex family splits into two purely
imaginary families or two purely imaginary families merge into a complex one, the number
of degrees of freedom of the system are conserved. For a detailed discussion of this type
of behaviour, we refer the reader to [31, 56, 57].

Given the intricate features already observed in the RNdS QNM spectra, it is with no
surprise that similar, but much enhanced, intricate features are observed when we move to
the KNS black holes with © > 0. We navigated through these carefully having in mind
that our mission was to always capture the least damped QNM with m = ¢ = 0 for each
(y4+,R,0O) point in the parameter space of KNdS.

As illustrated above for © = 0, although the QNM spectra of KNdS in the m = /¢ =10
sector can be very involved, it is also true that in many regions of the KNdS space it can
look relatively simple. This is the case for the y; = 0.5, R = 0.95 KNdS displayed on the
left plot of figure 6. To obtain this plot and its colour code, we have continuously traced
back each of the modes to their corresponding family in RNdS (© = 0), as for y+ = 0.5 and
R = 0.95 there is no splitting or merging of the three dominant modes (of the type observed
in figure 5). Hence, the QNM classification is unambiguous in this particular case. On the
other hand, in the right plot of figure 6 which is still for KNdS with R = 0.95 but this time
with y+ = 0.9, we only display the dominant NH mode and the corresponding n = 0 MAE
approximation, as the subdominant QINM spectrum is quite complicated. That this is the
case can be understood looking again to the RNdS spectrum of figure 5 around y4 = 0.9:
before this yy, several mergers and splittings have already occurred.

In both cases of figure 6, despite being relatively far from extremality, we see that the
NH modes (blue diamonds) dominate the QNM spectra, i.e. they have the lowest |Im(wr.)]
for any ©. This is in sharp contrast with the m = ¢ = 1 case (cf. figure 3) where away
from extremality the PS mode becomes the dominant mode above a critical value of ©. In
figure 6 we also display the red line that looks very much horizontal (but it changes slightly
with ©). It describes the critical SCC curve Im(wr.) = —f.k— with . = 1/2. From the
discussion of subsection 2.3.3 it follows that modes above this red curve have § < 1/2 and
thus they enforce SCC. The right plot of figure 6 with y+ = 0.9 provides an example where
the dominant NH mode enforces the SCC for all © values. Notice however, that in the left
plot of figure 6 with y4 = 0.5, even though the NH family dominates the spectrum, it no
longer enforces SCC. These examples highlight that NH modes are particularly important in
the special sector of m = £ = 0 perturbations. Moreover, they also illustrate that m = ¢ =0
modes also have to be considered in the SCC discussion of section 5. In this context, in
appendix A.3 we perform an analytic study of the NH modes at the specific limit of extremal
(R = 1) KNdS with m = ¢ = 0, and we rule out the possibility of NH modes enforcing
SCC in this very precise slice.

After this survey of the properties of the m = £ = 0 QNMs of KNdS, without further delay
we can state the main conclusion of our analysis in this subsection. We did not find any mode
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Figure 6. Imaginary part of the frequency as a function of © = arctan(a/Q) for ¢ = p = 0 linear
scalar perturbations with m = ¢ = 0 on KNdS with R = 0.95, with two different values of y4: y+ = 0.5
(left plot) and y4 = 0.9 (right plot). Left plot: for y; = 1/2, we show the n = 0 NH (blue diamonds),
n = 1 NH (lighter blue diamonds) and n = 0 PS (orange disks) modes. The n =0 (n = 1) MAE
approximation wyag to the NH modes is given by a dot-dashed purple (lighter purple) curve. The red
curve is the critical curve Im(wr.) = —f.£_ with 5. = 1/2 relevant for the SCC discussion. Right

plot: for y; = 0.9 and with the same colour coding, we show that the dominant (blue diamond) NH

mode enforces SCC for all © since its curve is above the critical red curve Im(wr.) = *%Ii_ .

with m = £ = 0 crossing the 8 = 1/2 threshold at a point of 3-dimensional parameter space
closer to RNdS (i.e. with smaller dimensionless rotation for a given dimensionless charge)
than where the eikonal approximation for m = ¢ — oo will ultimately enforce SCC (see next
section 5). Therefore, after accounting for all sectors of perturbations and with the caveat of
considering only y4 > 0.1, the eikonal approximation boundary with § = 1/2 that we will
present in the next section will turn out to be the one that signals the transition boundary
between regions in the KNdS parameter space that violate SCC (including near-extremal
RNdS) and regions that respect it (including Kerr-dS).

5 Strong Cosmic Censorship in KNdS

Recalling the discussion of section 2.3.3, if for a given KNdS black hole we can find a QNM
with f = —Im(w)/k— < 1/2 then the scalar field we are probing cannot be extended across
the Cauchy horizon as a weak solution of the system and so Christodoulou’s formulation
of SCC is respected. We just needs one such QNM since generic initial data will contain
it. On the other hand, if for a particular KNdS solution all its QNMs have § > 1/2 then
Christodoulou’s formulation of SCC is violated.

In the previous two sections we have outlined the strategy and some challenges we
had to face to scan the full 3-dimensional KNdS parameter space to determine the least
damped QNM frequency (a.k.a. spectral gap) for each KNdS black hole, and thus compute
B = —Im(w)/k—. In this section we present our conclusions and, for each KNdS black hole,
we compare (3 with the critical value of 1/2 to determine if Christodoulou’s formulation of
SCC does or does not hold for such a black hole.

Our general strategy to address the problem is the following. The eikonal, m = ¢ — oo,
approximation (3.10) of the PS modes has [e < 1/2 for a large portion of the parameter
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space of KNdS. In such cases, we can state that — if and only if we confirm this to be indeed a
good approximation — in these regions there is at least one QNM with 5 < 1/2 that enforces
Christodoulou’s formulation of SCC (since generic initial data will include m = ¢ > 1 modes).
Actually, this is precisely the family of modes that enforces SCC in the whole parameter
space of the Kerr-dS limit of KNdS [29]. So this indeed seems to be our best starting point.
However, to make such a claim we first need to verify that the eikonal frequency (3.10) indeed
provides a good approximation for large m = £ modes. For this reason, we first verify that
the exact numerical PS modes with m = ¢ = 10 (the highest value we considered) agree
well with the eikonal approximation (3.10), w.., and also establish the region of the KNdS
parameter space where these numerical PS modes (and the eikonal approximation) enforce
SCC. Then, in regions of the parameter space where SCC is not enforced by the PS modes,
we need to check if there is some other family of QNMs with g < 1/2.

We scan the entire KNdS parameter space using the ‘spherical polar parametrization’
{y+,R,0} of KNdS introduced in (2.10). Recall that the range of these parameters is
y+ € (0,1], R € (0,1] and © € [0, T]. We typically use a numerical grid of 100 points along
each axis to do our scans (with additional points near the extremal and Schwarzschild-dS
limits, or whenever necessary). A first outcome of our analysis is that, in general, the
numerical PS modes are in (very) good agreement with the eikonal approximation, even
for angular harmonic quantum numbers as low as m = ¢ = 10 (it becomes increasingly
harder to get numerical modes with higher m). We also find that the m = ¢ numerical data
approaches the eikonal frequencies, as it should, as m = £ increases. These two properties
are illustrated in figures 7 and 8.

In figure 7 we give the contour or density plots of 8 for m = ¢ = 10 PS modes that we
obtain numerically (onwards, let us call it fpg) as a function of © and R for three different
values of yy, namely y4 = 0.1 (top-left panel), y4 = 0.5 (top-right panel) and y; = 0.9
(bottom panel). The darker (blue) regions describe small values of fpg while the lighter
(yellow) regions describe large fpsg values. In the these plots, the red line (around the top
left corner) describes solutions where we have fpg = 1/2 (for m = ¢ = 10). On the other
hand, the dashed green line describes the eikonal fex = —Im(wei)/k— = 1/2 curve with
wei given by (3.10). We see that the red m = ¢ = 10 critical curve is always below the
m = ¢ — oo dashed curve but they are quite close to each other (with the approximation
being typically better for larger y; and smaller © and R). These series of plots in figure 7 for
y+ = 0.1,0.5,0.9 also show that the SCC conclusions can depend significantly on y; = r4 /7.
For example, in the near-Nariai limit y4 ~ 1 the PS modes enforce SCC almost for all KNdS
independently of their R and © (bottom plot). For smaller y; (top plots) one finds that
B > 1/2 in a relatively wide region ‘centred’ around (© = 0, R = 1). In particular, this means
that PS modes do not enforce Christodoulou’s formulation of SCC for extremal RNdS as is
well established [2] (neither for weakly rotating KNdS near-extremality).

Moving now to the left panel of figure 8, this plot complements the understanding
gathered in the previous figure. Indeed, this time we instead fix our attention on a KNdS
family with constant R = 0.95 (so near-extremality) and we provide the Spg contour plot for
m = £ =10 PS modes as a function of © and y;. Again we identify the Spg = 1/2 boundary
red curve of m = ¢ = 10 modes (left and right panels) and we see that it approaches from the
right the eikonal e = 1/2 green-dashed boundary. In the left plot of figure 8 we further
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Figure 7. Contour plots of fpg for exact numerical m = ¢ = 10 PS modes as a function of
{R,© = arctan(a/Q)} for KNdS families with fixed y; = 0.1 (top-left panel), y; = 0.5 (top-right
panel) and y; = 0.9 (bottom panel). In each plot, the critical curve with fpg = % is the red curve
(around the top left corner), and the dashed green line identifies the eikonal prediction Bej = %

see that, to the right of the Spg = 1/2 red curve, one has fpg < 1/2 which means that SCC
holds for KNdS black holes in that region. This includes the Kerr-dS family (0 = 7/2), as is
well established [29], but also weakly (or moderately weakly) charged KNdS black holes.
As the reader can infer from an inspection of figure 8, it becomes significantly harder
to study modes for small y; < 0.1. For this reason our scanning of the KNdS parameter
in these regions was sparser. Consequently, our conclusions are less solid in these regions
and thus we do not fill them in figure 8. Nevertheless, we have done a detailed analyses of
specific families of KNdS solutions in these regimes to be confident that we are not missing
relevant physics as we now discuss. For very small y (at least smaller than 0.1 to give a safe
upper bound) it is often the case that, for a given m = ¢, de Sitter modes are the dominant
modes but only for very small ©. As © grows, dS modes start interacting with NH and PS
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Figure 8. Left panel: density plot of fpg for PS modes with m = ¢ = 10 as a function of © and
y+ for a KNdS slice of constant R = 0.95, i.e. a near-extremal KNdS family. Right panel: critical
B =1/2 curves at R = 0.95 for different values of m = ¢. Left to right, we have the S = 1/2 critical
boundary in the eikonal approximation (green dashed line), followed by the numerical fps = 1/2
curve for m = £ = 10 (red solid line), m = ¢ = 2 (magenta solid line), m = ¢ =1 (brown solid line)
and finally the Sng = 1/2 curve for m = £ = 0 (blue solid line) modes. As we increase the value of
m = {, we observe that the Sps = 1/2 boundary curve for m = ¢ modes increasingly converges to the
Beix = 1/2 curve of the eikonal approximation, which corresponds to m = ¢ — oc.

modes, presenting splittings and mergers as illustrated in figure 5, so their distinction gets
blurred. Still, there are very small regions where they can dominate and simultaneously have
Bas < 1/2. We do not have enough data to include these detailed regions (necessarily with
y+ < 0.1) with the required level of accuracy in figure 8 (neither in the later plot of figure 9).

So far we have been focusing our attention on PS modes with m = £ = 10, as these values
provide a middle ground. Indeed, these are large enough so that we can gather evidence that
the eikonal m = ¢ — oo frequency is indeed a good approximation to the exact numerical
data, but at the same time they present sufficiently small m to allow for a numerically search
of the exact modes. What happens with m = £ # 107 For some value of © high enough
(at fixed y+ and R) we find that it is always PS modes with sufficiently high m = ¢ that
end up enforcing the SCC. Thus, it is useful to identify the Spg = 1/2 boundary surface
for each m = ¢ QNM family. This can be seen in the right panel of figure 8 where, for a
near-extremal KNdS family with constant R = 0.95, we plot the fpgs = 1/2 boundary curve
for m = ¢ =1 (brown curve), m = ¢ = 2 (blue curve), and m = ¢ = 10 (red line already
displayed in the left panel). One has Sps > 1/2 to the left of each of these m = ¢ boundary
curves, which means that as we go through these boundary curves from the right one to
the left one (i.e. for increasingly higher m = ¢) we see that we reduce the area (volume
if we also vary R) inside the shell, containing small extremal RNdS, where SCC can be
violated. The right panel of figure 8 provides further evidence for an important property: as
we increase m = ¢ from 1,--- , 10 we see that the associated critical Spg = 1/2 boundaries
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approach monotonically the S = 1/2 boundary described by the green-dashed curve on
the left. Although we have not attempted to explicitly confirm that critical curves indeed
keep increasingly approaching the eikonal surface from the right for even larger m = ¢, we
are confident they do so for an extra reason. This is because, for the particular Kerr-dS
family, this exercise was completed up to m = ¢ = 50 and confirms the above expectation [29].
This should extend to all other KNdS black holes.

This means that eikonal PS modes with very large m = ¢ are the ones that end up
enforcing SCC in the widest range of KNdS black holes (e.g. all the region to the right of the
black dashed curve in the right plot). The reader might question whether this statement might
not be in contradiction with the properties observed e.g. in figure 4 for m = ¢ = 1 modes
(the qualitative features are similar for other m = ¢ > 0 and, in particular, m = ¢ = 10).
Indeed for moderately large R (top panel of figure 4) the PS modes are the least damped
modes for sufficiently large ©. In contrast, the situation changes drastically as we approach
further extremality, i.e. for larger R (middle and bottom plots in figure 4) due to eigenvalue
repulsions: the blue diamond NH modes now become the least damped modes relevant for
SCC. The key point here is that this is for a specific m = £ QNM family. But arbitrarily
large m = £ PS modes, i.e. in the eikonal limit m = ¢ — oo, always have, for sufficiently large
©, the least damped frequency when compared with any frequency of finite m = £ modes
(be they PS or NH modes). This is clearly illustrated in the plots of figure 4 where we see
that the m = £ — oo green-dashed eikonal curve is indeed above the m = ¢ = 1 orange PS
and blue NH curves. This is true only for sufficiently large ©; in particular, it is certainly
true for ©’s larger than the one where the eikonal green-dashed curve crosses the critical red
curve with Im(wr.) = —fr_ with 8 = 1/2 also displayed in figure 4. Black holes with ©
larger than this special intersection point have Sex < 1/2 and thus preserve SCC. For KNdS
black holes with smaller ©, i.e. to the left of this intersection point, the eikonal PS modes
are no longer necessarily the least damped modes. For a small window of intermediate ©
the PS modes are still the dominant modes while for smaller ® the NH modes become the
dominant modes. But in both cases, one has f > 1/2 and thus SCC is violated.

What remains is to establish that there are no other modes which could enforce SCC
when the eikonal PS modes do not do so. We are particularly interested in KNdS solutions
around small extremal RNdS as we know that extremal RNdS violates SCC when g is not
too large (i.e. not close to y; = 1). We have already explained that within the PS family
of modes, the eikonal critical 5 = % boundary supersedes the ones of any finite m = £ > 0
PS QNM family so we do not have to worry with these. On the other hand, the de Sitter
(dS) QNM family of modes is typically very much more damped than the PS and NH modes,
except for very small y; (at least smaller than 0.1 to give a safe upper bound) where it can
often dominate when © is very small. There is even a very small region where they dominate
and simultaneously have 45 < 1/2. However, since our scanning of the y; < 0.1 region was
much less sparser, the accuracy of our results and thus conclusions are less solid in this region
and we do not fill it in figure 8. To complement this discussion, we invite the reader to see
figure 2 of [1] for a detailed analysis of a particular KNdS family with constant AM? that
identifies the small region where dS modes can dominate and have 8 > 1/2 (although [1] is
for a particular massive scalar field, it illustrates the relevant features).

We are left with the NH modes. Above, we have already discussed that although these
modes can sometimes be less damped than PS modes for particular m = £ # 0 modes, they
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Figure 9. Left panel: density plot of fpg for exact numerical PS modes with m = £ = 10 across the
three-dimensional KNdS parameter space {y,,R,© = arctan(a/Q)} in the critical region where SBpg
crosses the critical value of 1/2 (red ‘spherical-like’ surface) for m = ¢ = 10. One has fpg > 1/2 in
the interior of this red surface. We display contour plots in the vertical plane with © = 0 (RNdS
black holes) and in the horizontal plane with R = 0.98 (very close to extremal KNdS). Right panel:
same parameter space region and critical red surface with fps = 1/2 of m = ¢ = 10 as in the left
panel but this time we also display the critical eikonal (m = ¢ — o0) green ‘spherical-like’ surface
with Seix = 1/2 (inside the red surface).

are always more damped than the eikonal m = £ — oo modes. Hence, we do not have to
worry with m = £ # 0 NH modes. The only potentially dangerous modes that we have not yet
discussed are the m = £ = 0 modes. As found in section 4, the QNM spectra for m = ¢ =0 is
qualitatively very distinct from the m = ¢ > 0 case since we found that, more often than not,
m = { = 0 NH modes are less damped modes than m = ¢ =0 PS and dS modes. Moreover,
for certain values of (y4,R) the NH modes can actually enforce SCC for all ©, as shown for
y+ = 0.9 and R = 0.95 in the right plot of figure 6. As scanning the entire KNdS parameter
space for m = ¢ = 0 modes is computationally costly due to the splittings/mergers between
families of modes reported in section 4.2, we focused our attention on the dangerous region
near extremality, i.e. for R > 0.90. Then, we found the dominant mode for each of the PS,
dS and NH families for y; € [0.1,0.9] and © € [0, 7/2], by obtaining them first in RNdS limit
and then marching along ©. Using the dominant eigenvalue at each point inside this slice, we
identified the critical 5 = 1/2 for the m = ¢ = 0 modes. For the particular case of R = 0.95,
this Sxg = 1/2 boundary is the blue curve displayed in the right panel of figure 8, with
fnu < % above this curve. It is well to the right/top of the eikonal PS green dashed curve.
That is to say, the m = ¢ = 0 NH modes do not enforce SCC in any region which was not
already enforced by the eikonal PS modes. This is also the case for other values of R > 0.9.

The discussions so far were illustrated for particular families of KNdS where we were fixing
either y4 or R to use reader-friendly 2-dimensional plots. But we can now extend the analysis
to the full 3-dimensional parameter space of KNdS in the ‘spherical polar parametrization’
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(0,94, R). This is shown in figure 9. Recall that the off-extremality parameter R € [0, 1] is
such that the horizontal plane with R = 1 in this figure describes extremal KNdS black holes,
y4+ = r4/re € [0,1] is the off-Nariai parameter, and © = arctan(a/Q) € [0,7/2] runs along
KNdS from the RNdS family with © = 0 and the Kerr-dS family with © = x/2. The left
panel of figure 9 shows the Spg density plot for m = ¢ = 10 in the RNdS vertical plane with
© = 0 and in the horizontal plane describing near-extremal KNdS with R = 0.98.17 In each
of these two planes with the contours, we identify the red curves with fpg = 1/2 that are the
intersections of these two planes with the critical m = ¢ = 10 Spg = 1/2 red ‘spherical-like’
surface also shown. Outside this ‘spherical-like’ red surface one has fpg < 1/2 and thus SCC
certainly holds for such black holes (including in the Kerr-dS limit). In the right panel of
figure 9, we display the very same plot on the left but this time we remove all information
except the red spherical-like surface describing m = ¢ = 10, fpg = 1/2 modes and we add the
eikonal, m = ¢ — 0o, Beik = 1/2 green surface. The latter green surface is slightly to the left
of the former red surface (i.e. as m = ¢ grows, the associated fpg = 1/2 surface increasingly
approaches this eikonal Bk = 1/2 green surface), in agreement with the constant R slice
shown in the right panel of figure 8. From exercises like the ones described in the analysis
presented in previous paragraphs, we are confident that we have gathered strong numerical
evidence to state that the eikonal Se = 1/2 green surface is ultimately the relevant surface
(strictly speaking for y4 > 0.1) to discuss SCC in KNdS black holes and the identification
of this surface is the main outcome of our manuscript. Namely, outside this eikonal green
surface one has 3 < % and thus SCC holds for KNdS in that region (including Kerr-dS [29]),
while KNdS inside this eikonal surface have 8 > % and thus SCC may be violated (this

2
includes the case of near-extremal RNdS away from the Nariai yy = 1 limit [27]).

6 Conclusions and discussions

Christodoulou’s formulation of Strong Cosmic Censorship (SCC) holds for Kerr-de Sitter
black holes but is violated by Reissner-Nordstrom-de Sitter black holes. There must then
be a boundary in the parameter space of Kerr-Newman-de Sitter (KNdS) black holes that
marks the transition between solutions that respect and violate SCC. For massless scalar field
perturbations, we did a detailed full scan of the 3-dimensional parameter space of KNdS and
identified this surface boundary. For r; /r. > 0.1, this is given by the eikonal photon sphere
green surface in figure 9. This is roughly “a quarter of a spherical-like boundary” centred
around small extremal RNdS black holes and Christodoulou’s SCC is violated for KNdS
solutions inside it and is preserved for KNdS black holes outside it. Our study complements
and extends the one of [1] which identified the transition curve (lying in our boundary
surface) for a particular 2-parameter sub-family of Kerr-Newman-de Sitter black holes with
AM? = 0.02. To complete our study of SCC in KNdS we necessarily had to perform a detailed
investigation of QNMs in KNdS. The QNM spectrum of KNdS has a very rich structure
with three main families (the photon sphere, near-horizon and de Sitter families) although it

7 Our scanning of the R > 0.98 region was much sparser, and thus the accuracy of our results and conclusions
are less solid in this region and we do not fill it in figure 9; but we found strong evidence that the density plot
of the R = 0.98 plane extrapolates with the same features for higher R.
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is not often easy to identify unambiguously each of them due to eigenvalue repulsion and
splitting/merger phenomena that we also discussed with some detail.

In this paper we only considered scalar field perturbations. In our analytical discussions
of section 3 we included a mass p and charge g for the scalar field but all our numerical results
reported in section 4 and in section 5 are only for p = 0 and ¢ = 0. We now comment on
how our numerical findings for the neutral massless scalar field and our analytical expressions
for modes with generic pu, g, combined with known past results in the RNdS and Kerr-dS
cases and the data for the particular KNdS family with constant AM? in [1], can be used to
produce educated expectations for the discussion of SCC in KNdS for other perturbations.

Let us start with massive scalar perturbations. As mentioned in footnote 4, the behaviour
of perturbations at the Cauchy horizon in 3-dimensional anti-de Sitter black holes (namely,
the BTZ black hole) turns out to also be determined by the slowest decaying QNM (with their
exponential decay), very much like in de Sitter black holes. In particular, this means that
the least damped QNM (spectral gap) divided by the Cauchy horizon surface gravity is also
the relevant quantity to discuss SCC in BTZ [48]. Since [48] did a detailed discussion of SCC
for massive scalar fields in BTZ and their qualitative findings concerning the dependence on
the mass of the scalar field should extend to de Sitter, we borrow their relevant conclusions.
Combining them with our analytical MAE analysis of massive modes in KNdS we can produce
reasonable expectations. Ref. [48] found that scalar fields in BTZ can violate SCC and this
violation can be made arbitrarily worse by increasing the mass of the scalar field u. In
the sense that massive scalar perturbations are extendible across the Cauchy horizon with
arbitrarily large degree of differentiability (i.e. as C* with large k) if we are sufficiently close
to extremality and we increase p to have 8 > k. Our matched asymptotic expansion (3.50)
for KNdS modes indeed displays such a mass-dependence: by increasing the mass p we can
make 62 (defined in (3.27)) arbitrarily negative, and therefore By > k if we have sufficiently
large p. We thus expect that this also occurs for massive scalar perturbations in KNdS away
from the near-extremal MAFE regime we studied in section 3.3 but only an actual numerical
computation of the modes can confirm this is indeed the case. The expectation is that
the eikonal green surface with S = 1/2 in figure 9 also provides the transition boundary
relevant for the discussion of SCC in the massive sector. This is because: 1) this eikonal
transition surface, in the region near to extremal KNdS black holes, is also described by
the MAE analysis for m = ¢ > 1 modes, and 2) [1] reports (for a particular scalar mass)
that the photon sphere frequencies of massive scalar QNMs, like the massless ones, also
approach the eikonal limit (recall that the latter uses null circular orbits so it could have
been irrelevant for massive fields).

Consider now charged scalar fields. For RNdS, it was shown that although charge tends
to weaken the SCC violation, the fact is that there is always a neighbourhood of RNdS
near extremality in which SCC is violated by perturbations arising from smooth initial data
even for arbitrarily large scalar field charge ¢ [28]. This violation was missed in the analysis
of [33, 34] because these references did not consider sufficiently near-extremal black holes
where important wiggles around 3 = 1/2, so relevant for the final discussion, do appear [28].
These wiggles are also observed in the particular KNdS family with constant AM? analysed
in [1]. Altogether, we expect that charged scalar fields in KNdS will behave very much
like in RNdS at least for very small rotation and most possibly beyond this (but only an
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actual computation can confirm this). Hence, charged scalar fields should not rescue SCC
for KNdS black holes: even when the charge of the field is large, there should always be a
tiny neighbourhood of extremality in which SCC is violated.

Finally, consider gravito-electromagnetic perturbations. In Kerr-dS, this sector of pertur-
bations, like the scalar field perturbations, also preserves Christodoulou’s SCC [29]. However,
in RNdS it was found that in this gravito-electromagnetic sector not only is the Christodoulou
formulation of SCC violated (like in the scalar field sector) but so is the C? formulation of
SCC [27] (in contrast to the scalar field sector). Recall that a violation of the C? formulation
of SCC is even more worrying than a violation of the Christodoulou formulation since it
implies that the solution can be extended across the Cauchy horizon as a twice differentiable
solution: tidal forces and curvature invariants are thus both finite at the Cauchy horizon. In
fact, the gravito-electromagnetic sector of perturbations in RNdS have an even more dramatic
violation of SCC. Indeed, there are solutions that can be extended beyond the Cauchy
horizon C’;'-[j[2 as a solution of class C* (the metric and Maxwell potential perturbations are
C*), where k can be made arbitrarily large, for sufficiently near-extremal and large RNdS (in
units of the cosmological radius) [27]. This is because there are near-extremal RNdS black
holes with gravito-electromagnetic perturbations with 8 > k and arbitrarily large k. All these
features are expected to be present when we turn on a small rotation, i.e. for weakly rotating
KNdS black holes. The question, that only an exact computation could address, is how far
these features extend relative to the eikonal green surface in figure 9. On the other hand, the
eikonal approximation that describes the eikonal surface is the leading order contribution of
a WKB expansion in 1/m that is independent of the spin of the perturbations. That is to
say, it is the same for scalar field perturbations and for gravito-electromagnetic perturbations
and accurate (when compared with high m = ¢ numerical data) in both cases as explicitly
verified in the RNdS [27] and Kerr-dS [29] cases. Thus, it seems natural to expect that it
is also a good approximation for gravito-electromagnetic perturbations in KNdS. If this is
indeed the case, the eikonal fex = 1/2 green boundary surface in figure 9 should also provide
the critical 8 = 1/2 boundary to discuss the validity of Christodoulou’s SCC in the context
of gravito-electromagnetic extendibility beyond the Cauchy horizon.

A Further details and comparisons with previous work

A.1 The eikonal approximation and comparison with [1]

To confirm the accuracy of our eikonal approximation for photon sphere modes with m = ¢ —
00, we performed an in-depth study, throughout the parameter space of KNdS, of the analytic
approximation w, provided in (3.10). Additionally, we compared our eikonal approximation
for the PS modes with the one provided in [1].

Before diving into the numerical results, we take a detour to compare the explicit
expressions. In [1], the eikonal PS modes are analytically captured by the expression

1
w[:ll:]:Ei—i<n—|—2) |AL|, forn=0,1,2... (A1)

where

Ly a4 /A (rY) [ am + sign(m) (¢ + 1/2) Ar(rsi)'

+
E :?

= @
b5 (rF)2 + a2 + ay/ AL (rd) (rf)? + a2 £ a\ /A (rF)
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Figure 10. Comparison at R = 0.5, y; = 0.5, m = £ fixed and along © = arctan(a/Q) of the
dominant PS family frequencies (orange circles) against analytic approximations. We have the eikonal
approximation wg, from (3.10) (green dashed line) and the analytical approximation of PS modes
(red dashed line) from [1]. Left column: imaginary part of the frequencies for m = ¢ = 10 (top) and
m = ¢ =2 (bottom). Right column: real part of the frequencies for m = ¢ = 10 (top) and m = ¢ =2
(bottom). These all correspond to g = 1 = 0 linear scalar perturbations on KNdS.

A first observation is that the Lyapunov exponent from [1] coincides with ours in (3.10),
hence we use the same symbol |[Ar|. This imaginary part of the frequency is the only
contribution relevant for the discussion of SCC. In particular, this fact and the agreement of
the imaginary contribution of (3.10) and (A.1)—(A.2) of [1] means that our SCC conclusions
agree with those of [1] for the range of parameters where there is overlap.

Conversely, for the real parts of (3.10) and (A.1)—(A.2), one concludes that Re(we) #
Re(wyy)). For a good reason. In (3.10), Re(weu) is obtained from a first principles derivation
detailed in section 3.2. On the other, hand Re(wy;)) is obtained from the very same first
principles derivation followed by the phenomenological replacement /correction (A.2) designed
precisely to enhance the accuracy of the improved eikonal approximation (A.1)—(A.2). Here,
we do not lose the opportunity to further assert the accuracy of the improved (A.1)—(A.2) of [1].

First, let us briefly review the phenomenological reason that motivates the replacement
in (A.2). When using the photon sphere correspondence (see section 3.2), we map Ly — m,
as these agree in the eikonal approximation up to leading order. But this is just the leading
term of a formal WKB analysis for |m| = ¢ > 1. To effectively account for the next-to-leading
order WKB correction (without computing it), [1] proposes the transformation (A.2) whereby
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Ly is mapped to m in the contribution where it does not multiply a, but it is mapped
to £(£ 4 1/2) in the term where it multiplies a. The motivation is to phenomenologically
match the mappings of L, from [27] when @ = 0 and from [29, 101] when a = 0. The
computation of [101] (but not the one of [27]) includes higher order WKB corrections and
the latter amount to do the transformation (A.2) when a = 0. Consequently, the real parts
of (3.10) and (A.1)-(A.2) differ by

/A () (A3)
2 ((rsi)2 + a\/Ar(rf) + a2> 7

which does not depend on m, only on the point of the KNdS parameter space we are

Re(w[jf] - wik) =

interested in.

Let us now explicitly quantify the improvement in the accuracy of Re(wﬁ]) with respect
to Re(w®). This is done in figure 10 for a KNdS family with R = 0.5 and y, = 0.5 ranging
from the RNdS limit (© = 0) till the Kerr-dS solution (© = 7/2). We display the exact
numerical co-rotating (+) PS modes (orange disks) for m = ¢ = 10 (top panel) and for
m = ¢ = 2 (bottom). Of course, the 1/m WKB corrections should be significant in the
latter. In this figure, the left (right) panel plots the imaginary (real) part of the frequency.
Recall that Im(w,) = Im(wﬁ]) and this is represented by the green dashed curve in the left
plots. On the other hand, Re(w},) (green dashed curve) differs from Re(w['i) (red dashed
curve) in the right plots. The plots speak for themselves. The eikonal approximation for
the imaginary part of the frequency (that we use heavily in our SCC discussion of section 5
and associated plots) is accurate for values as low as m = ¢ = 10 (top left plot) but is
remarkably good even for m = ¢ = 2 (bottom-left plot). On the other hand, by design,
Re(wa[]) (dashed red curve) is a better approximation than Re(wZ ) (green dashed curve)
already for m = ¢ = 10 (top right plot) and even more so for m = £ = 2 (bottom-right plot).
The accuracy of both approximations improves as © — /2. For reference, for m = ¢ = 10
both estimations yield an excellent result, with maximum relative errors of 0.02% for wy;) and
of 4% for w,y. These findings are in agreement with previous computations in the literature,
see e.g. [1, 2, 27-29, 31, 40] and references therein. Our computations also show that the
eikonal approximation for the imaginary part remains a good approximation for generic
values of R and y. But, as figure 8 illustrates it worsens for smaller values of y. Also note
that very near extremality, the eikonal approximation stops describing PS modes and starts
describing instead NH modes as illustrated in figure 4 and its discussion.

It would be interesting to do a WKB computation in 1/m that would give a first principles
derivation of the next-to-leading order WKB correction to the eikonal approximation along
the lines of those done in [40, 101] (see also [57]).

A.2 MAE analysis and comparison with [2]

In this section, we further discuss the accuracy of the MAE approximation wyag in (3.48)
and (3.41) derived in section 3.3.2. We are particularly interested on the RNdS case (and p =
q = 0), and we compare our wyag With a similar analytical approximation wpy presented in [2].
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Consider RNdS black holes (@ = 0, i.e. @ = 0). Ref. [2] presented an analytical
approximation for the frequency of NH modes. It is given by [2]

wig) = —i({+n+ 1)k (A.4)

In figure 11 we display the imaginary part of the frequency for m = ¢ = 2 NH modes for
RNdS in the near-extremal region R € [0.9,0.99] for three different values of y, namely for
y+ = 0.25 (top left plot), y+ = 0.5 (top right plot) and y; = 0.75 (bottom plot). In all these
plots, the blue diamonds describe the numerical exact frequencies, the purple dot-dashed line
is given by wyap in (3.48) and (3.41) and the yellow line is wpy in (A.4). Figure 11 shows
that both our wya.g and wpg] get increasingly more accurate as R — 1. But, overall, wyg
is visibly a better approximation, in particular, off-extremality and also for large values of
y+. Nevertheless, the accuracy of wyag also improves as we decrease y,, with the better
approximation obtained for y4 = 0.25 (top plot).

As detailed in the discussion of figure 4, the MAE frequency wyag of (3.48) and (3.41)
remains an excellent approximation in KNdS, as long as we are sufficiently close to extremality.
So we do not discuss the accuracy of wyag further for KNdS. MAE approximations similar
to ours (or exactly the same as ours in appropriate limits) have also been discussed in
detail in [31, 40, 69, 71, 95].

A.3 NH modes for m = £ = 0 at extremality

In section 3.3.2 we used a matching asymptotic expansion to find an analytic approximation
for the near-horizon frequencies of KNdS black holes close to extremality. It is valid for
m = ¢ > 0 modes. Recall that in order to compute wyap in (3.48) we first need to solve the
angular equation (2.17), evaluated at extremality, to find the separation constant A. This is
straightforward to find numerically. However, in the case of m = ¢ = 0 we simply have A = 0,
as we show analytically in this appendix. Furthermore, using this, we will derive a zeroth-
order approximation for A7=/=0 that is valid exactly at extremality (and only there). This
allows us to conclude that the dominant m = ¢ = 0 NH modes, if captured by the matching
asymptotic expansion, have S75/=0 — 1 at extremality and so do not enforce SCC there.
Firstly, we analytically show that for massless scalar perturbations of extremal KNdS
black holes with m = £ = 0 we must have separation constant A = 0, regardless of the value of

O (i.e. not only in the RNdS limit). Evaluating (2.17) at extremality and with m = 0 we obtain
(1 —2?)(1 + a2?)S"(z) — 2x[1 + a(22? — 1)]S"(x) + AS(x) = 0, (A.5)

where we defined o = a?/L? for convenience and both a and L are evaluated at extremality.
In the RNdS limit @« — 0, (A.5) becomes Legendre’s equation, with A = £(¢ + 1) being
required by regularity. Setting £ = 0 = A = 0, we find that S(xz) = ¢ a constant is the
unique solution regular at x = £1. As we are free to rescale the eigenfunctions, we will set
S(xz) = 1 for the solution to (A.5) in the RNdS limit.

We perturbatively solve (A.5) in powers of a with m = ¢ = 0. Our aim is to show that
A = 0 to arbitrary order in o. We expand A and S(z) as

A= i A, S(z) =1+ i Si(z)al. (A.6)
k=1 j=1
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Figure 11. Imaginary part of the frequency of near-horizon (NH) modes for scalar field QNMs with
qg=p=0and m=+¢=2n =0 for near-extremal RNdS as a function of R € [0.9,0.99] for three
distinct RNdS families with fixed y4, namely y; = 0.25 (top left), y4 = 0.5 (top right) and y; = 0.75
(bottom). The numerical exact NH modes are represented by the blue diamonds, the n = 0 MAE
approximation wyag is described by the purple dot-dashed line and the near-horizon approximation
wig) of [2] by the yellow dot-dashed line.

In these expansions we have used that A\g = £(£ + 1) = 0 and Sp(x) = 1. Additionally, the \j
are constants and we will impose regularity on S;(x) at = 1. After defining S_1(x) =0,
substitution of the ansatz (A.6) in (A.5) yields

S| Y NSp — 225, (x) + (1 — 2%) S (z)—
1=0

n=0

—2z(22% — 1)S),_1(x) +2*(1 —2*)S!_1(2)| =0 (A7)

We now employ strong induction to show that S, (z) = 1 and A\, = 0, for all n orders in
a. The base case is provided by the solution to Legendre’s equation with m = ¢ = 0 in the
RNdS limit. Now let p be a positive integer and suppose that S,(z) =1 and A\, = 0 for all
pe{1,2,...,n—1}. Our aim is to show that S,, = 1 and \,, = 0. Looking at the coefficient
of " in (A.7) and using our induction hypothesis, we obtain

O(a") : Ay — 228, (z) + (1 — )8! (x) = 0.
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Figure 12. Value of 3 for the dominant NH mode (blue diamonds) for R € [0.95,0.9999] for ¢ = =0
linear scalar perturbations with m = £ = 0 on KNdS with © = /4 ~ 0.79, y» = 0.9. The n =0
(n = 1) MAE approximation wyar to the NH modes is given by a dot-dashed purple curve. The red
(vellow) horizontal line indicates 8 = 3 (8 =1).

This is solved by
1 1
Sp(x) =c1 + 5()\” +co)log|l — x| + 5(/\71 —c2)log |l + z|.

Imposing regularity at x = +1 implies that co = A, = 0 and normalising the eigenfunction
Sp(z) to 1 yields ¢; = 1. Hence, for m = ¢ = 0 at extremality, we have proven that A = 0
regardless of the value of a/@, i.e. independent of ©.

We compute 5 for NH modes with m = £ = 0 exactly at extremality using our matching
asymptotic approximation. At extremality with m = ¢ = 0, using the definition of §
from (3.27), we have that

m=t=0 _ 1 | p, (A.8)

This result is in good agreement with our exact numerical NH modes, and an example of this
is given in figure 12, where we plot the dominant NH mode (blue diamonds) with m =¢ =10
at a fixed © = 7/4 ~ 0.79 and y4 = 0.9, as we approach extremality R € [0.95,0.9999]. We
also display the MAE approximation (3.48) (which necessarily has separation constant A =0
as just shown) as a dot-dashed purple curve. The red (yellow) horizontal line indicates 3 = 3
(6 = 1). Starting at the left-hand side of the plot, R ~ 0.95, some of the NH modes have
BNu < %, in agreement with the blue line in the right plot of figure 8 which describes the
dominant m = ¢ = 0 modes with g = % (and also in agreement with the right plot of figure 6).
At the other end, towards the right hand side of figure 12, R ~ 1, the NH mode rather rapidly
approaches 8 — 1, in agreement with (A.8). In RNdS, it has previously been shown that the
dominant m = ¢ = 0 NH modes approach § = 1 in the extremal limit [2]. Our result (A.8),
in conjunction with our numerical results, show that this feature of the m = ¢ = 0 NH modes
extends away from the RNdS limit, for all © even up to the Kerr-dS limit.
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Figure 13. Numerical converge tests of g for KNdS at y; = 0.9, R = 0.95, with m = ¢ = 10 and
distinct © values. These modes were converged for a fixed numerical precision of 100 digits and a
range of resolutions, starting at a minimum of 200 grid points and then linearly scaling up to a 600
grid points. The maximum values were used to compute the reference value Sief.

A.4 Numerical convergence tests

All of our numerical results converge with an error less than or equal to 1072, In figure 13,
we present the results of a numerical convergence test for KNdS with y, = 0.9, R = 0.95
and m = £ = 10. To test convergence, we repeat the computation of the dominant PS mode
at each value of © at fixed precision of 100 digits and increasing grid resolution, following
a linear increase up to 600 grid points. The value of § at the maximum resolution defines
Bret- When using pseudospectral collocation methods, we expect to observe exponential
convergence as the grid resolution increases [68]. Indeed, this is what we find in figure 13,
with the maximum error computed in these tests being |Brer — 3| ~ 10719, given by the first
point of the convergence test with © = 7/2.
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