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STRONG COSMIC CENSORSHIP IN THE PRESENCE OF MATTER:
THE DECISIVE EFFECT OF HORIZON OSCILLATIONS ON
THE BLACK HOLE INTERIOR GEOMETRY

CHRISTOPH KEHLE AND MAXIME VAN DE MOORTEL

Motivated by the strong cosmic censorship conjecture in the presence of matter, we study the Einstein
equations coupled with a charged/massive scalar field with spherically symmetric characteristic data
relaxing to a Reissner—Nordstrom event horizon. Contrary to the vacuum case, the relaxation rate is
conjectured to be slow (nonintegrable), opening the possibility that the matter fields and the metric
coefficients blow up in amplitude at the Cauchy horizon, not just in energy. We show that whether this
blow-up in amplitude occurs or not depends on a novel oscillation condition on the event horizon which
determines whether or not a resonance is excited dynamically:

« If the oscillation condition is satisfied, then the resonance is not excited and we show boundedness
and continuous extendibility of the matter fields and the metric across the Cauchy horizon.

« If the oscillation condition is violated, then by the combined effect of slow decay and the resonance
being excited, we show that the massive uncharged scalar field blows up in amplitude.
In a companion paper, we will show that in that case a novel null contraction singularity forms at the
Cauchy horizon, across which the metric is not continuously extendible in the usual sense.

Heuristic arguments in the physics literature indicate that the oscillation condition should be satisfied
generically on the event horizon. If these heuristics are true, then our result falsifies the C°-formulation of
strong cosmic censorship by means of oscillation.

1. Introduction

Is general relativity a deterministic theory? This fundamental question can only be addressed in the
context of the initial value problem for the Einstein equations (see (1-1)), which govern the dynamics of
spacetime in general relativity. Well-posedness for the initial value problem was established in [Choquet-
Bruhat and Geroch 1969] (see also [Foures-Bruhat 1952]), proving that any suitably regular Cauchy data
admit a unique maximal future development, the so-called maximal globally hyperbolic development
(MGHD). With this dynamical formulation at hand, general relativity can be considered deterministic if
the MGHD of generic Cauchy data for the Einstein equations is inextendible. The genericity stipulation is
clearly necessary because the MGHD of Kerr Cauchy data [1963] (rotating black holes) and of Reissner—
Nordstrom Cauchy data [Reissner 1916; Nordstrom 1918] (their charged analogs) admit a future boundary,
the Cauchy horizon, across which the metric is smoothly extendible. Heuristics of Penrose [1968] however
suggest the instability of the Kerr/Reissner—Nordstrom Cauchy horizons and these led him to his famous
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strong cosmic censorship conjecture [Penrose 1974] supporting the idea of determinism in general relativity.
The most definitive and perhaps most desirable formulation of Penrose’s strong cosmic censorship is the
conjecture that the metric coefficients cannot be extended as continuous functions, namely:

Conjecture 1 (C-formulation of strong cosmic censorship). The MGHD of generic asymptotically flat
Cauchy data is inextendible as a continuous Lorentzian metric (we say the metric is C°-inextendible).

Conjecture 1 is related to the expectation that physical observers approaching the boundary of the
MGHD of generic Cauchy data are destroyed. If Conjecture 1 is false, then one may still be able to prove
a weaker version of inextendibility, but this would correspond to a weaker version of determinism.

Conjecture 1 is false in the absence of matter. In the celebrated work [Dafermos and Luk 2017], it is
proved that, in vacuum, small perturbations of Kerr still admit a Cauchy horizon across which the spacetime
is C*-extendible — thus falsifying Conjecture 1 in the absence of matter. The key ingredient to their proof
is an integrable inverse polynomial rate assumption for the decay of perturbations along the event horizon.
Note, however, that a weaker H'-formulation is still expected to hold [Christodoulou 2009; Dafermos
and Luk 2017; Van de Moortel 2021]. If true, this would restore determinism at least in a weaker sense.

Can Conjecture 1 be salvaged in the presence of matter? In the present paper, we consider a nonvacuum
model: the Einstein-Maxwell-Klein—-Gordon (1-1)—(1-5) system in spherical symmetry governing the
dynamics of gravitation coupled to a charged/massive scalar field. Arguments in the physics literature
[Hod and Piran 1998; Koyama and Tomimatsu 2001; Konoplya and Zhidenko 2013; Burko and Khanna
2004; Oren and Piran 2003] suggest that perturbations of the exterior of Reissner—Nordstrom in this
model settle down merely at a slow, nonintegrable rate (at least for massive and/or strongly charged
perturbations), which is in stark contrast to the perturbations of Kerr in the vacuum case. As such, the
methods of [Dafermos and Luk 2017] manifestly do not apply and the slow decay of perturbations may
even raise hopes that for generic Cauchy data the metric is C°-inextendible and thus, Conjecture 1 would
be true after all for this matter model.

The question of C'-extendibility across a future null boundary C?H;+. At first, it may appear that the
slow decay in the above matter model in fact opens the possibility of a more drastic scenario where the
singularity is everywhere spacelike inside the black hole. Notwithstanding, it was proven in [Van de
Moortel 2018] that for this model black holes are bound to the future by a null boundary CH;+ # & as
depicted in Figure 1. We will continue using the term “Cauchy horizon” for CH;+ by analogy with the
Cauchy horizon of Reissner—Nordstrém, although the spacetime may or may not be C°-extendible across
the null boundary C?H;+. Therefore, although the future boundary is null and in particular not spacelike,
the question of C%-extendibility of the spacetime across CH;+, i.e., Conjecture 1, remains open. This is
the question that we shall now address.

Summary of our results. As we will show, the question of Conjecture 1 becomes unexpectedly subtle: In
addition to the decay rates of perturbations on the exterior, it turns out that the validity of Conjecture 1
depends crucially on Fourier support properties of late-time perturbations due to a scattering resonance
associated to the Cauchy horizon CH;+. In our main Theorem I (i) we identify an oscillation condition
on perturbations along the event horizon H™: If the oscillation condition is satisfied by the perturbation,
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. Cauchy horizon CH,;+ exists with
! possibly C?-singular metric

I+

slowly decaying data ¢4+

Figure 1. A Cauchy horizon CH;+ exists for slowly decaying perturbations ¢x+ as
proven in [Van de Moortel 2018]; see Theorem A.

we show boundedness and continuous extendibility of the matter fields and the metric across the Cauchy
horizon CH,;+ despite the obstruction created by slow decay. On the other hand, in Theorem I (ii) we
show that if the oscillation condition is violated on the event horizon H™, the resonance is excited and the
uncharged scalar field blows up in amplitude, namely |¢| — +oo at the Cauchy horizon CH,;+.

Heuristic and numerical arguments in the physics literature [Hod and Piran 1998; Koyama and
Tomimatsu 2001; Konoplya and Zhidenko 2013; Burko and Khanna 2004; Oren and Piran 2003] suggest
that the oscillation condition is indeed satisfied on H* for generic perturbations of the black hole exterior.
Assuming this, our result Theorem II falsifies the C°-formulation of strong cosmic censorship by means
of oscillation.

In Theorem III, we show that for both oscillating and nonoscillating perturbations,! the scalar field blows
up in the Wlf)’cl -norm at the Cauchy horizon CH;+, i.e., f |Dy¢| dv = 400 schematically. This W'! blow-
up is in contrast to the vacuum case where the analogous statement is false [Dafermos and Luk 2017]. This
shows that for both oscillating and nonoscillating perturbations, the Cauchy horizon CH,;+ is more singular
in the presence of matter than in vacuum. Moreover, the blow-up of the scalar field in W' ! indicates
that our result cannot be captured using only physical space techniques which have been used previously.

Finally, in our companion paper [Kehle and Van de Moortel > 2024] we will prove Theorem IV, which
shows that blow-up in amplitude of the scalar field indeed gives rise to a C-inextendibility statement on
the metric within a spherically symmetric class. Theorem IV, in conjunction with Theorem I (ii), provides
the first example of a dynamically formed singularity leading to a C°-inextendibility statement of the
metric across a null spacetime boundary (albeit within a restricted spherically symmetric class). Whether

this statement can be upgraded to the full C°-inextendibility of the spacetime remains open.”

Similarities with the A < 0 case. In the asymptotically AdS case (A < 0), solutions to the linear wave
equation on AdS black holes also decay at a slow, nonintegrable rate [Holzegel and Smulevici 2014].
It turns out that in this context, oscillations also play a crucial role [Kehle 2020b; 2022] in addressing

1Up to a genericity condition in the charged scalar field case, which we can get rid of in the uncharged case; see Theorem III.

2Unrestricted Co—inextendibility results (even for spacelike singularities) are known to be notoriously difficult to show; see,
e.g., [Sbierski 2018] for the proof of C O-inextendibility of the Schwarzschild solution across the spacelike singularity {r = 0}.
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the question of the validity of the linear analog of Conjecture 1. The slow inverse logarithmic decay in
the A < 0 case however arises from the superposition of infinitely many high ¢ angular modes. This is
different from the present problem for A =0, where the slow decay is inverse-polynomial (see Section 1A)
and already occurs in spherical symmetry.

Outline of the Introduction. In Section 1A we introduce the Einstein-Maxwell-Klein—Gordon system
and give a more detailed overview of our new results addressing the issue of strong cosmic censorship
within this matter model in spherical symmetry. Further, we present a first version of our main theorems.
In Section 1B we outline the important differences between the EMKG model and other models regarding
the existence of a Cauchy horizon and the continuous extendibility of the metric. In Section 1C we
mention previous results on the dynamical formation of weak null singularities at the Cauchy horizon,
which we compare to the new singularities that dynamically form in our setting. In Section 1D we present
previous results on scattering inside Reissner—Nordstrom black holes which are important for our proof.
In Section 1E we elaborate on the interior of black holes with A < 0, in which oscillations turn out to
play an important role as well. In Section 1F we briefly discuss the strategy of the proof.

1A. Main results: first versions.

1A1. The EMKG system and existence of a Cauchy horizon for slowly decaying scalar fields.

The EMKG model in spherical symmetry. We study the Einstein equations coupled to a charged massive
scalar field: the Einstein—-Maxwell-Klein—Gordon (EMKG) model in spherical symmetry

Ricyy(8) — SR()guw = TEM +TKC, (1-1)

Tt =2(8% FauFpu — 1 F Fapgyun), (1-2)

TKG =2(N(DwpDyp) — 28 Dap Dpp + m? |91 guv) (1-3)
VIFu = Ti@Dip—Dig). F=dA. (1-4)
¢"'D,Dyp =m>¢, D, =V,+iqA, (1-5)

for a quintuplet (M, g, F, A, ¢), where (M, g) is a (3+1)-dimensional Lorentzian manifold, ¢ is a
complex-valued scalar field, A is a real-valued 1-form, and F is a real-valued 2-form. Here g € R and
m > 0 are fixed constants representing respectively the charge and the mass of the scalar field. The EMKG
model describes self-gravitating matter and provides a setting for studying spherical gravitational collapse
of charged and massive matter if gy # 0 and m? # 0 (see the discussion in Section 1C3). This model
has attracted much attention in the literature [An and Lim 2022; Bizon and Wasserman 2000; Dias et al.
2019; Kommemi 2013; Gajic and Luk 2019; Van de Moortel 2018; 2019; 2021; 2022]; see also [ Yang
and Yu 2019; Lindblad and Sterbenz 2006; Klainerman and Machedon 1994; Krieger et al. 2015; Oh and
Tataru 2016; Rodnianski and Tao 2004] for work on the flat Minkowski background.

Setting of the problem. Consider the maximal globally hyperbolic development of suitably regular
spherically symmetric Cauchy data prescribed on an asymptotically flat initial hypersurface ¥ as depicted
in Figure 1. General results for the EMKG model in spherical symmetry [Kommemi 2013] allow us to
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define null infinity Z+ — a conformal boundary where idealized far away observers live, and the black
hole interior region as the complement of the causal past of ZT. If the black hole interior is nonempty, we
also define the event horizon H ™ as the past boundary of the black hole interior which separates the black
hole interior from the black hole exterior.

In the current paper we will only be interested in the dynamics of the black hole interior. In particular,
instead of studying the Cauchy problem with data on X, we will prescribe the scalar field ¢ and the metric
on an ingoing cone Cj, and on an outgoing cone %" emulating the event horizon of an already-formed
black hole. This setting corresponds to a characteristic initial value problem with data imposed on H*UCjy;
see Figure 1. Our study of this characteristic initial value problem will be entirely self-contained. We will
however continue to depict ¥ on Figure 1 and subsequent figures for completeness. Our assumptions on
the characteristic initial data on H*UCj, will be made in accordance with the conjectured late-time tails on
the event horizon H* arising from generic Cauchy data on asymptotically flat ; see the discussion below.

Conjectured late-time asymptotics on the event horizon 1 and contrast with the vacuum case. Heuris-
tic arguments regarding the black hole exterior in the physics literature (see [Hod and Piran 1998; Koyama
and Tomimatsu 2001; Konoplya and Zhidenko 2013; Burko and Khanna 2004; Oren and Piran 2003])
indicate that (spherically symmetric) dynamical black holes arising from Cauchy data on ¥ for the
EMKG model relax to Reissner—Nordstrém along the event horizon H ' at a slow,? nonintegrable rate

v*S

s € (%, 1] for large v, in a standard Eddington—Finkelstein coordinate v. This is in contrast to the
faster and integrable rate s > 1 proved in the uncharged massless case m? = gg = 0 [Dafermos and
Rodnianski 2005], or assumed in vacuum in [Dafermos and Luk 2017] (see (1-21)). This fast, integrable

rate v°

, § > 1 in vacuum is indeed sufficient to prove the existence of a Cauchy horizon CH,;+, across
which the spacetime is continuously extendible: this led to a falsification of Conjecture 1 in vacuum
without symmetry assumptions [Dafermos and Luk 2017] (or for spherically symmetric models as in

[Dafermos 2003; Van de Moortel 2018]); see Section 1B2.

Existence of a Cauchy horizon CH.;+ for slowly decaying scalar fields. Returning to the EMKG model,
the first step in addressing Conjecture 1 is to understand whether, for slowly decaying characteristic data
on the event horizon H¥, the future boundary inside the black hole is null (a Cauchy horizon) or spacelike.
In view of the slow decay on the event horizon H*, the spacelike singularity scenario is plausible and
indeed desirable (if it were true, then Conjecture 1 would likely be valid). Despite the obstruction created
by the slow decay of event horizon perturbations, it turns out however that the black hole future boundary
has a nonempty null component CH;+ # & emanating from i, see Figure 1, and is not everywhere
spacelike as one might have hoped:

Theorem A ([Van de Moortel 2018], rough version; precise version recalled in Section 4A). Consider
spherically symmetric characteristic initial data for (1-1)—(1-5) on the event horizon H* (and on an
ingoing cone). Assume the following slow decay upper bound on the scalar field ¢+ on the event horizon
HT = [vg, +00) as

|2+ (W) < Cov™,  [Dyy+| < Cov™* (1-6)

3Precisely, these slow rates hold conjecturally for a massive (m? # 0) scalar field and/or strongly charged (|qoe| > %) one.
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for all v > v in a standard Eddington—Finkelstein-type v-coordinate on H* = [vg, +00) for some Coy > 0
and some decay rate s > %

Then the spacetime is bound to the future by an ingoing null boundary CH;+ % & (the Cauchy horizon)
foliated by spheres of positive radius and emanating from i ™, and the Penrose diagram is given by the

dark gray region in Figure 1.

Since by Theorem A the black hole future boundary is not everywhere spacelike and has a null
component CH;+ # &, one may at first expect continuous extendibility across C?H;+. It turns out however
that the spacetime of Theorem A may or may not be continuously extendible across CH;+. This is perhaps
unexpected, since all previous instances of black hole spacetimes with a null future boundary component
are at least continuously extendible across that component [Dafermos and Luk 2017; Dafermos 2003;
Luk and Oh 2019a]. Thus, Theorem A is not sufficient to fully address Conjecture 1 and the question of
continuous extendibility across the null boundary CH;+ has remained open.

The slow rate s > % assumed in Theorem A is indeed too slow to prove the C%-extendibility of spacetime
across the Cauchy horizon CH;+ using the same method as [Dafermos and Luk 2017] in vacuum. The
method of [Dafermos and Luk 2017] requires the faster integrable decay assumption s > 1 and does
not extend to the nonintegrable case s < 1, a failure that may even raise the attractive possibility that
Conjecture 1 is true after all for the EMKG matter model. This could mean that determinism is in better

shape in the presence of matter!

1A2. Theorem I: event horizon oscillations are decisive for the C° extendibility of the metric. Our main
result however shows that the situation is more subtle than one may first think: assuming that the scalar
field ¢ oscillates sufficiently on the event horizon H ™, we show in Theorem 1 (i) that ¢ is uniformly
bounded in the black hole interior and the metric is continuously extendible. The event horizon oscillation
assumption is sharp in the following sense: conversely assuming that the scalar field ¢ does not oscillate
sufficiently on the event horizon %", we show in Theorem 1(ii) that ¢ blows up in amplitude at the
Cauchy horizon CH,;+. It turns out that the oscillation condition on the event horizon A, i.e., the main
assumption of Theorem I (i), is conjecturally satisfied for generic Cauchy data on an asymptotically flat X,
and thus, the hope that determinism is in better shape in the presence of matter in the end does not come
true! (See Section 1A3.)

Theorems I (i) and I (ii) show that uniform boundedness or blow-up of the matter fields unexpectedly
relies on fine properties of the scalar field ¢ on the event horizon H™ in both physical and Fourier space.
At the heart of our novel oscillation condition lies the resonant frequency

a)res(Ma e9 q0) = a)—(M9 ev QO)_w+(M: e9 C]O)9 (1_7)
where

qoe qo¢
wy =wi(M,e, qy) =

- = —M9 ’ ::—7 YN
- =w-(M.e.q0) r—(M,e) ri(M,e)

for asymptotic black hole parameters 0 < |e| < M.
In what follows we will give rough versions of Theorems I (i) and I (ii). For the precise versions we
refer the reader to Sections 4B and 4C.
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Theorem I (i) (boundedness (rough version; precise version in Section 4B)). Consider spherically symmet-
ric characteristic initial data for (1-1)—(1-5) on the event horizon H* (and on an ingoing cone). Assume
the following slow decay upper bound on the scalar field ¢3;+ on the event horizon Ht = [vg, +00) as

g3+ (V) < Cv™°,  |Dygpy+| <Cv™° (1-8)

for all v > vy in a standard Eddington—Finkelstein-type v-coordinate on H™ = [vg, +00), for vg > 1
sufficiently large and for some C > 0 and some (nonintegrable) decay rate

§<s§1. (1-9)

N

By Theorem A, the spacetime, i.e., the dark gray region in Figure 1, is bound to the future by a null
boundary CH;+ # & (the Cauchy horizon). Then, in the gauge A, = 0, the following hold true:

o If o+ satisfies the qualitative oscillation condition on H* = [vg, +00), i.e., if for all O (v'=%) functions

lim sup
v—+00

< 400, (1-10)

v
f s (v)ei@sr(+0C 2D g
vo

then the scalar field ¢ is uniformly bounded in amplitude up to and including the Cauchy horizon CH;+.
o If ¢oy+ satisfies the strong qualitative oscillation condition on H+ = [vg, +00), i.e., if for all O (v'~%)
functions

lim
—+00

exists and is finite, (1-11)

]
/ ¢?—(+ (v)eia)resv(1+0(v1,zs)) dv
vo

then additionally the metric g and the scalar field ¢ are continuously extendible across the Cauchy horizon
CH;+.

o If ¢y+ satisfies the quantitative oscillation condition on H* = [vg, +00), i.e., if there exist E > 0,
€ > 1 — s such that for all O(v'~2%) functions

lim
V—>+00

v
/ brpr ()OO Gy < By for all vy > vy, (1-12)
vy

then, additionally the Maxwell field contraction F,,, F*' is uniformly bounded in amplitude and contin-
uously extendible across the Cauchy horizon CH;+.

We refer to Figure 2 for an illustration of Theorem I (i).
In the uncharged case g9 = 0, where ws = 0, we show that the qualitative oscillation condition (1-10)
is sharp to obtain boundedness.

Theorem I (ii) (blow-up (rough version; precise version in Section 4C)). Consider spherically symmetric
characteristic initial data for (1-1)—(1-5) on the event horizon H™ (and on an ingoing cone). Assume the
following slow decay upper bound on the scalar field on the event horizon H' (i.e., ¢+ satisfies (1-8)
where s satisfies (1-9)). Assume additionally qo = 0 and let m> > 0 be generic.
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‘/_\

spacetime is (highly nonuniquely)
C-extendible across Cauchy horizon CH;+

slowly decaying data ¢;+ with
oscillation condition satisfied

Figure 2. Theorem I(i): if the strong qualitative oscillation condition is satisfied, then
the spacetime is C°-extendible across the Cauchy horizon CH,-.

Then, ¢ blows up in amplitude at every point on the Cauchy horizon CH;+

limsup |¢p(u,v)| =400 (1-13)
(u,0)—>CH;+
if and only if
0]
lim sup / ¢+ (v) dv| = +o00, (1-14)
v——+o00 |Jvg

i.e., if and only if ¢4+ violates the qualitative oscillation condition (1-10).

Further, in the case where the scalar field ¢ blows up at the Cauchy horizon CH;+ as in (1-13), a null
contraction singularity forms at the Cauchy horizon CH;+ as stated in Theorem IV and proved in [Kehle
and Van de Moortel > 2024].

We refer to Figure 3 for an illustration of Theorem I (ii).

. null contraction singularity at
I Cauchy horizon CH;+: metric is C°-singular

m

slowly decaying uncharged data ¢+
with oscillation condition violated

Figure 3. Theorem I (ii): If the oscillation condition is violated in the uncharged case,
then a novel null contraction singularity forms at the Cauchy horizon CH;+ and the metric
is CO-singular at CH,+.
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Theorem I (ii) also shows that it is impossible to prove boundedness of the scalar field ¢ only under
the assumptions of Theorem A. This motivates a posteriori the introduction of the oscillation condi-
tions (1-10), (1-11), (1-12), which are thus necessary to obtain boundedness and C° extendibility as
claimed in Theorem I(i). Anticipating Section 1AS5, we note that it is also impossible to prove the
continuous extendibility of the metric in the usual sense only under the assumptions of Theorem A, by
Theorem IV.

For concreteness, we will now give explicit examples of profiles ¢4+ which satisfy (respectively
violate) the oscillation condition (1-10), (1-11), (1-12) from above.

Example. For any fixed @ # wres the profile ¢g+ := e '®Yv~* satisfies the quantitative oscillation
condition (1-12).

Nonexample. The profile ¢+ := eV~ violates the oscillation condition (1-10).

1A3. Theorem II: the C°-formulation of strong cosmic censorship is false.

Slow decay on ‘H™ for generic Cauchy data on . We now return to Conjecture 1, which is formulated
in terms of generic Cauchy data on an asymptotically flat X. First, the scalar field ¢ on the event
horizon H* is indeed expected to decay slowly for generic Cauchy data on X; i.e., ¢+ satisfies (1-8)
only for s < 1, at least for almost every pair of parameters (m?, gq) (see Conjecture 2). This slow decay
makes Theorems 1 (i) and I (ii) decisive to the study of Cauchy data on X as above, since the validity
of Conjecture 1 now crucially depends on whether generic Cauchy data on X give rise to solutions for
which the (slowly decaying) scalar field ¢ on the event horizon H* satisfies or violates the oscillation
condition (1-10) (or (1-11), its stronger analog).

Oscillations on ‘H™ for generic Cauchy data on X. As it turns out, ¢y;+ is expected to satisfy the (even
stronger) quantitative oscillation condition (1-12) for generic regular Cauchy data on X. This expectation
is based on works in the physics literature relying on heuristic analysis [Hod and Piran 1998; Konoplya
and Zhidenko 2013; Koyama and Tomimatsu 2001; 2002] or numerics [Burko and Khanna 2004; Oren and
Piran 2003] giving precise asymptotic tails on the event horizon H*. We formulate this as the following
conjecture, where ¢+ is the scalar field ¢ restricted to the event horizon H' = [vg, +00), v is an
Eddington—Finkelstein-type coordinate (see the gauge choice later defined in (3-6)), and electromagnetic
gauge A, = 0 (see (2-26)):

Conjecture 2. Let (M, g, F, A, ¢) be a black hole solution of the system (1-1)—(1-5) arising from generic,
spherically symmetric smooth Cauchy data on an asymptotically flat . Then, the black hole exterior
settles down to a Reissner—Nordstrom exterior with asymptotic mass M and asymptotic charge e satisfying
0 < |e] < M. Moreover, the scalar field has the following late-time asymptotics on the event horizon
HT = [vg, +00):

(1) In the massive uncharged case, i.e., m? >0, qo=0,

B3+ (V) = C(m - M, D) sin(mv + werr(v)) - v/ + ere (1-15)
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for fast decaying ey (i.e., Perr satisfies (1-8) for s > 1), a constant C(m - M, D) # 0 depending on m - M
and the initial data D, and a sublinear growing phase

Werr (V) = —37’"(2nM)2/3v1/3 +w(m-M).
(2) In the massless charged case, i.e., m* =0, qo # 0,
b+ () = Cr(qoe, D) - 906/ =170 gy (1-16)

where Cy(qoe, D) #0 is a constant depending on goe and the initial data D, §(qoe) :=+/1 —4(qoe)? € C,
and ¢eyy is fast decaying (i.e., ¢er satisfies (1-8) for s > 1).

(3) In the massive charged case, i.e., m? > 0, qo # 0,
Pr+ (V) = C(M -m, D) - €9V sin(mv + werr (v)) - /% + err, (1-17)

where all the quantities are as above and generically |qoe| # r—|m|.

Falsification of Conjecture 1 assuming Conjecture 2. We will show that the conjectured profiles in
(1-15), (1-16) and (1-17) indeed satisfy the quantitative oscillation (1-12). Thus, as a corollary of our
main result Theorem I (i) we obtain a conditional, but otherwise definitive resolution of Conjecture 1:

Theorem II (rough version; precise version in Section 4D). If ¢4+ is as in Conjecture 2, then the metric g
and the scalar field ¢ are continuously extendible across the Cauchy horizon CH;+.

In particular, if Conjecture 2 is true, then Conjecture 1 is false for the Einstein-Maxwell-Klein—-Gordon
system in spherical symmetry.

We refer to Section 4D for the precise statement of Theorem II.

The conjectured decay rates for ¢p;+ in Conjecture 2 are nonintegrable; i.e., ¢+ satisfies (1-8) with s
in the range (1-9), except for the massless charged case with |gpe| < % We also recall that nonintegrable
decay of ¢4+ is insufficient to prove continuous extendibility for g and ¢ by means of decay and indeed
even leads to the blow-up of |¢| as shown in Theorem I (ii) in the case where the oscillation condition
(1-10) is violated. In that sense, under the assumption of Conjecture 2, Theorem II shows that C-strong
cosmic censorship for the EMKG model is false only by virtue of the oscillations of the scalar field ¢ on
the event horizon H™.

Lack of oscillations for nongeneric Cauchy data on . Having addressed the generic case in Conjecture 2,
there remains still the possibility that there exist (nongeneric) Cauchy data for which the scalar field ¢4+
on the event horizon H " does not satisfy the (qualitative) oscillation condition (1-10). Indeed, on the
basis of certain scattering arguments [Angelopoulos et al. 2020; Dafermos et al. 2018; Masaood 2022]

we conjecture.

Conjecture 3. For any suitable finite-energy profile ¢n+ there exist sufficiently regular Cauchy data on ¥
for the EMKG system in spherical symmetry giving rise to a dynamical black hole for which the scalar
field along the event horizon is given by ¢y +.

4We also note that Conjecture 3 is not specific to the EMKG system in spherical symmetry: similar conjectures can be made
for a rather general class of models; see for instance [Angelopoulos et al. 2020; Dafermos et al. 2018].
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In particular, if Conjecture 3 is true, this means that there exist Cauchy data on ¥ for which the scalar
field ¢+ on the event horizon H ™ obeys (1-8) for s > %, but violates the oscillation condition (1-10); thus
by Theorem I (ii), the scalar field ¢ blows up in amplitude at the Cauchy horizon CH;+ (if go = 0). Such
(nongeneric) Cauchy data will be important in Section 1AS5 as they will constitute examples of null contrac-
tion singularities at CH;+; see Theorem IV. Finding the precise regularity (see [Dafermos and Shlapentokh-
Rothman 2018; Dias et al. 2018b]) of such Cauchy data on X is also part of the resolution of Conjecture 3.

1A4. Theorem ITII: W''-blow-up along outgoing cones — a complete contrast with the vacuum case. We
remarked before that the falsification of the C°-formulation of strong cosmic censorship in vacuum [Dafer-
mos and Luk 2017] —the vacuum analog of Theorem II outside spherical symmetry — crucially relies on
integrable decay along the event horizon ™ for perturbations and their derivatives (see (1-21)). Indeed, in
their work, Dafermos and Luk propagate this integrable decay towards i ™ with suitable weighted energy
estimates into the black hole interior. This integrable decay for outgoing derivatives is then used to show
that the metric is actually W !-!-extendible along outgoing null cones, i.e., with locally integrable Christoffel
symbols. Note that this W !-!-extendibility result of the metric is strictly stronger than the C°-extendibility
which subsequently follows by integrating. Mutatis mutandis, this robust physical space method of
showing the stronger W!-!-extendibility result as an intermediate step has been applied in various previous
contexts to show C%-extendibility; see, e.g., [Dafermos 2003; 2005a; Luk and Oh 2019a; Dafermos and
Luk 2017], exploiting the null structure of the Einstein equations: in fact, this was the only known method

to prove C-extendibility so far. For the EMKG model, however, only in the case m?

=0, |qoe| < 3
do perturbations along the event horizon H* decay at an integrable rate. For such integrable rates, the
analog of Theorem II was shown already [Van de Moortel 2018] using the aforementioned physical space

method and proving W' !-extendibility as an intermediate step (schematically [ 13yg] dv < 00):

Theorem [Van de Moortel 2018]. Consider spherically symmetric characteristic initial data for (1-1)—
(1-5) on the event horizon H™ (and on an ingoing cone). Let the scalar field ¢+ decay fast on the
event horizon H™ (i.e., py+ satisfies (1-8) for s > 1). Then ¢ is uniformly bounded in amplitude and
inWhl ie.,
+00

sup |¢|(u, v) < 400, sup/ |Dyop|(u, v) dv < +o00. (1-18)

(u,v) u Vo
Moreover the metric g admits a W1 extension g across the Cauchy horizon CH;+ and g is C°-admissible
(Definition 2.1). In particular, g is C-extendible.

Note that the W'-!-extendibility method provides a so-called C°-admissible extension, which is a con-
tinuous extension also admitting null coordinates (a slightly stronger result than general C°-extendibility).

Apart from the massless case m? = 0 with |gge| < %, the scalar field ¢ on the event horizon H* is
expected to be nonintegrable along the event horizon H* (Conjecture 2) and as such, the robust physical
space methods of [Dafermos and Luk 2017; Luk and Oh 2019a; Dafermos 2003; Van de Moortel 2018]
showing the intermediate and stronger WIL’Cl -extendibility fail.

We show in Theorem III below that indeed for a generic nonintegrable scalar field ¢34+ on the event
horizon H™, the scalar field ¢ blows up in Wh! (i.e., f | Dy¢| dv = 00) at the Cauchy horizon CH,;+.
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This is yet another manifestation of the fact that the C%-extendibility result for the nonintegrable
perturbations is unexpectedly subtle and crucially relies on the precise oscillations of the perturbation on
the event horizon H ™. In this sense, our result cannot be captured solely in physical space — making our
mixed physical space-Fourier space approach seemingly necessary.

We now give a rough version of Theorem III and refer to Section 4E for the precise formulation.

Theorem III (W' !'-blow-up along outgoing cones (rough version; precise version in Section 4E)).
Consider spherically symmetric characteristic initial data for (1-1)—(1-5) on the event horizon H' =
[vo, +00) (and on an ingoing cone). Then the following hold true:

o Consider arbitrary qo € R, m? > 0.
Then, for generic ¢+ satisfying (1-8) and (1-9), the scalar field ¢ blows up in Wllo’c1 at the Cauchy
horizon CH;+; i.e., for all u
+00
/ | Dy |(u, v) dv = +00. (1-19)
vo
o Consider either the small charge case (i.e., 0 < |qoe| < €(M, e, m?) for e(M, e, m*) > 0 sufficiently
small, m* > 0) or the uncharged case gy =0 for almost every mass m* € R-.
Then, for all nonintegrable ¢+ ¢ L' satisfying (1-8) and (1-9), the scalar field ¢ blows up in wl!

loc
along outgoing cones at the Cauchy horizon CH;+: i.e., for all u

+00
/ Dy (u, v) dv = +00. (1-20)

vo

Theorem III shows that the Cauchy horizon CH;+ is already more singular in the slowly decaying case
(i.e., ¢x+ obeys (1-8) for s < 1) than in the fast decaying case (i.e., ¢+ obeys (1-8) for s > 1) as the
comparison with (1-18) illustrates.

Assuming that Conjecture 2 is true, as part of our novel Theorem III, we also show that the W!! blow-up
of ¢ given by (1-19) also occurs for generic and regular Cauchy data (for almost all parameters (go, m?)).

Further Theorem III strongly suggests that generically the metric itself is also W' !-inextendible, i.e.,
does not admit locally integrable Christoffel symbols in any coordinate system. If true, this statement would
be in dramatic contrast with the vacuum perturbations of Kerr considered in [Dafermos and Luk 2017] and
the weak null singularities from [Luk 2018] (both enjoying the analog of fast decay on the event horizon H*;
see Section 1B2) in which the metric is shown to be W!-!-extendible across the Cauchy horizon CH,;+.
Extending Theorem III to a full W'-!-inextendibility result on the metric is however a difficult (albeit
very interesting) open problem due to the geometric nature of such a statement; see [Dafermos and Luk
2017; Luk 2018; Sbierski 2018; 2022; Kehle and Van de Moortel > 2024] for related discussions.

1AS5. Theorem 1V: the null contraction singularity at the Cauchy horizon CH;+ for perturbations violating
the oscillation condition. By Theorem I (ii), if go = 0, then any scalar field ¢4+ that violates on oscillation
condition (1-10) on the event horizon H™* gives rise to ¢ that blows up in amplitude at the Cauchy
horizon CH;+. A natural question then emerges: how does this blow up of the matter field translate
geometrically, i.e., does the metric admit a singularity?
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This question is answered in the affirmative in our companion paper [Kehle and Van de Moortel
> 2024]: We show that the metric admits a novel type of C°-singularity at the Cauchy horizon CH,+
that we call a null contraction singularity. The main result of [Kehle and Van de Moortel > 2024] is
conditional: we show that the metric admits a null contraction singularity if |¢| blows up at the Cauchy
horizon. Combining this result with Theorem I (ii) (if go = 0) shows that a null contraction singularity is
formed dynamically for a scalar field ¢+ violating the oscillation condition (1-10) on H*.

We emphasize that the null contraction singularity is a C°-singularity and different (in particular
stronger) from the usual blue-shift instability [Dafermos and Shlapentokh-Rothman 2018] for derivatives,
which additionally occurs at the Cauchy horizon of dynamical EMKG black holes and triggers the blow up
of curvature and of the Hawking mass (mass inflation); see [ Van de Moortel 2018; 2021] and the discussion
in Section 1C. Specifically, the null contraction singularity has the following novel characteristics.

Theorem IV [Kehle and Van de Moortel > 2024]. Consider spherically symmetric characteristic initial
data for (1-1)—(1-5) on the event horizon H™ (and on an ingoing cone). Let the scalar field ¢y+ decay
slowly on the event horizon H* (i.e., ¢+ satisfies (1-8), (1-9)). Assume additionally that ¢ blows up in
amplitude at the Cauchy horizon CH;+, i.e., assume that lim SUP (1, v) > CH, + || (1, v) = +o00.

Then the metric g admits a null contraction singularity in the following sense:

(a) The metric does not admit any C O_admissible extension (as defined in Definition 2.1) across the
Cauchy horizon CH;+.

(b) The affine parameter time on ingoing null geodesics (with uniform but otherwise arbitrary normaliza-
tion) between two radial causal curves with distinct endpoint at the Cauchy horizon CH;+ tends to
zero as the Cauchy horizon CH;+ is approached.

(c) The angular tidal deformations of radial ingoing null geodesics (with uniform but otherwise arbitrary
normalization) become arbitrarily large near the Cauchy horizon CH;+.

For the precise definitions of the terms employed in the statement of Theorem IV we refer the reader
to [Kehle and Van de Moortel > 2024]. Note that the null contraction singularity is named in reference to
statement (b), the most emblematic: physically, it means that the (suitably renormalized) affine parameter
time in the ingoing null direction between two observers tends to zero as both observers approach the
Cauchy horizon CH;+.

Theorem IV is the first instance of a null contraction singularity: statements (a)—(c) have only been
shown to occur in the context of matter fields blowing up at the Cauchy horizon CH,;+, as we prove
in [Kehle and Van de Moortel > 2024]. In particular, statements (a)—(c) are all false on the exact
Reissner—Nordstrom interior or on the spacetimes of Theorem I (i) for which ¢ is bounded.

In view of Theorem I (ii), we note that there exists a large class of characteristic data on H U Ci,
giving rise to a null contraction singularity at C#,;+; see Figure 3. Moreover, assuming Conjecture 3,
we also note that there exist Cauchy data on asymptotically flat ¥ which give rise to a null contraction
singularity at C?H,;+.

Finally, we note that statement (a) of Theorem IV is, to the best of the authors’ knowledge, the first
CY-inextendibility result across a null boundary (in our case the Cauchy horizon C?#,;+). The geometric
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statement (a) strongly suggests that the oscillation condition (1-10) is indeed crucial to falsify Conjecture 1.
Note however that Theorem I'V only proves the impossibility to extend the metric in a spherically symmetric
CY-class (also used in [Moschidis 2017]), where C° double null coordinates exist. It would be interesting
to investigate whether statement (a) can be promoted to a full C’-inextendibility statement. However
such statements are notoriously difficult to obtain: even in the more singular case where the black hole
boundary is spacelike,’ the C%-extendibility of the metric has only been proved for the Schwarzschild
black hole [Sbierski 2018].

1B. Cauchy horizons in other models: a comparison with our results. Having introduced our main
results on the EMKG model (1-1)—(1-5) in Section 1A, we will now mention selected results on the
existence/regularity of Cauchy horizons and Conjecture 1 for different models, which will appear to be
in dramatic contrast with the previous Theorem A and our new results given in Theorems I (i), I (ii), III
and IV on the EMKG model in spherical symmetry.

1B1. Spherically symmetric models with no Maxwell field: absence of a Cauchy horizon. Before turning
to models admitting Cauchy horizons emanating from i, it is useful to recall that there exist models for
which such Cauchy horizons do not form. An example of such a model is given by the Einstein-scalar-field
system (i.e., (1-1)—-(1-5) with F =0, m? = 0) in spherical symmetry. This model was studied in the
seminal series [Christodoulou 1991; 1993; 1999] where it is shown that the MGHD of generic spherically
symmetric data is bound to the future by a spacelike boundary S = {r=0} (in particular, there exists no null
component of the boundary) and observers approaching S = {r=0} experience infinite tidal deformations.
From [Christodoulou 1991], it follows that Conjecture 1 is true for the Einstein-scalar-field system in
spherical symmetry in the sense that there exists no spherically symmetric C°-extension of the metric.

1B2. Stability of the Cauchy horizon and the downfall of Conjecture 1 for massless fields and in vacuum.

The Einstein—-Maxwell-uncharged-scalar-field in spherical symmetry. Christodoulou’s spherically
symmetric spacetimes however fail to capture the repulsive effect that angular momentum exerts on the
geometry in nonspherical collapse. One way to model this repulsive effect while remaining in the realm of
spherical symmetry is to add a Maxwell field to the Einstein-scalar-field equations: The electromagnetic
force then plays the role of angular momentum in nonspherical collapse [Dafermos 2004]. The resulting
Einstein—-Maxwell-uncharged-scalar-field system, i.e., (1-1)—(1-5) with m? = go =0, admits a (spherically
symmetric) stationary charged black hole, the Reissner—Nordstrom metric (for which ¢ = 0) whose
MGHD is bound to the future by a smooth Cauchy horizon CH;+; see Figure 4.

Falsification of Conjecture 1 for the Einstein—-Maxwell-uncharged-scalar-field model in spherical

6

symmetry. The interior dynamics® near it for the Einstein-Maxwell-uncharged-scalar-field model were

studied in the pioneering work [Dafermos 2003; 2005a], which proved that the interior of the black hole
admits a Cauchy horizon CH;+ across which the metric is continuously extendible, under the crucial

SA spacelike singularity is indeed widely associated to C O-inextendibility, and viewed as a stronger singularity than a Cauchy
horizon, notably because of the blow-up of tidal deformations experienced on timelike geodesics [Dafermos and Luk 2017;
Sbierski 2018; 2022].

SFor a discussion of the dynamics far away from i+

in the context of gravitational collapse, see Section 1C3.
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Figure 4. Penrose diagram of the subextremal Reissner—Nordstrom spacetime.

assumption of integrable decay of the scalar field on the event horizon H ™. Integrable decay for the
scalar field on the event horizon H™ (i.e., ¢+ satisfies (1-8) for s > 1) was later proved for sufficiently
regular Cauchy data of [Dafermos and Rodnianski 2005]; therefore Conjecture 1 is false for the Einstein—
Maxwell-uncharged-scalar-field model in spherical symmetry [Dafermos 2003; 2005a; Dafermos and
Rodnianski 2005] by means of fast decay s > 1.

Moreover, for this spherically symmetric model, Dafermos [2014] characterized entirely the black hole
future boundary for any small, two-ended perturbation of Reissner—Nordstrom. He indeed showed that the
resulting dynamical black hole has no spacelike singularity: its maximal globally hyperbolic development
is bound to the future by a null bifurcate Cauchy horizon CH;+, and has the Penrose diagram of Figure 4.

Falsification of Conjecture 1 for the vacuum Einstein equations without symmetry. As we already
mentioned in Section 1A, Conjecture 1 was also falsified in vacuum with no symmetry assumption in the
celebrated work [Dafermos and Luk 2017]. In this case as well, the crucial assumption in [Dafermos
and Luk 2017] is the fast decay of metric perturbations along the event horizon, i.e., schematically in a
standard choice of v-coordinate

||vs_1/2(g—gK)||Lz(H+) <e forsomes > 1, (1-21)

where g is the Kerr metric and € > 0 is small. Note that (1-21) shows |g — gk |(v) < v™* (at least along
a sequence) and in that sense (1-21) is indeed the analog for g — gk of fast decay of the scalar field, i.e.,
(1-8) for s > 1.

The linear analog of (1-21) for the black hole exterior stability problem around Kerr has been established
in [Dafermos et al. 2016; Shlapentokh-Rothman and Teixeira da Costa 2023]; see also the recent nonlinear
work [Dafermos et al. 2021]. If (1-21) (and related estimates) are shown for the full Einstein equations in
a neighborhood of Kerr, then the result of [Dafermos and Luk 2017] unconditionally falsifies Conjecture 1
in vacuum, by means of fast decay s > 1.

1C. Weak null singularities at the Cauchy horizon and a weaker formulation of strong cosmic censor-
ship. In this section, we mention briefly other types of singularities at the Cauchy horizon CH,+, and
how they compare with the new singularities at the Cauchy horizon CH;+ from Theorems III and IV.

1C1. Weak null singularities and blue-shift instability. As discussed earlier, our new results exhibit
the first examples of Cauchy horizons C#;+ singular at the C° level (for nonoscillating scalar fields
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at #*) and the W' ! level (for all slowly decaying scalar fields at H*). This new singularity at the
Cauchy horizon CH;+ is very different from the well-known weak null singularity at CH,;+ [Luk 2018;
Van de Moortel 2023; Ori and Flanagan 1996; Brady et al. 1998; Burko and Ori 1998; Ori 1999],
which corresponds to blow-up in the energy class (i.e., H' norm) at C#;+ due to the celebrated blue-
shift instability [Penrose 1968; McNamara 1978]. Blow-up in energy (i.e., H' norm in nondegenerate
coordinate) at the Cauchy horizon of Kerr and Reissner—Nordstrom has indeed been proven to occur for
the linear wave equation in [Dafermos and Shlapentokh-Rothman 2018; Luk and Sbierski 2016; Luk
and Oh 2017]. Based on the blue-shift instability, Christodoulou suggested an alternative formulation of
strong cosmic censorship that is weaker than Conjecture 1. Specifically, he conjectured in [Christodoulou
2009] that for generic asymptotically flat Cauchy data, the metric is H'-inextendible i.e., admits no
extension with square-integrable Christoffel symbols; see also [Chrusciel 1991; Dafermos and Luk 2017].
More generally, we say that the Cauchy horizon CH;+ is a weak null singularity if already the metric is
C?-inextendible across C?#,;+, a property which is generally obtained from the blow-up of some curvature
component in an appropriate frame [Van de Moortel 2021; Luk and Oh 2019a; Kommemi 2013].

1C2. Dynamical formation of weak null singularities and known inextendibility results. While examples
of weak null singularities have been constructed in vacuum [Luk 2018], their dynamical formation from
an “open set” of data with no symmetry assumption is still an open problem. Nevertheless, for the EMKG
model in spherical symmetry, it was proven [Van de Moortel 2018; 2021] that the Cauchy horizon CH;+ of
Theorem A is weakly singular, i.e., the metric is C>-inextendible across the Cauchy horizon C?#,+, under
the assumptions of Theorem A and additional lower bounds on the scalar field consistent with Conjecture 2.
In the uncharged massless model go = m? = 0 of Section 1B2, the same result was previously proven
unconditionally in [Luk and Oh 2019a; 2019b] for generic asymptotically flat two-ended Cauchy data.
Both for the EMKG and the gy = m? = 0 model, the above CZ-inextendibility result was improved to a
C%!-inextendibility statement in [Sbierski 2022].

1C3. Weak null singularities in gravitational collapse. We conclude this section by a brief discussion
of the influence of a weak null singularity on the black hole geometry away from i*. To study this
question in the framework of gravitational collapse (i.e., one-ended spacetimes with a center I" as in
Figure 5), we cannot study the Einstein—-Maxwell-uncharged-scalar-field model of Section 1B2 because
of a well-known [Kommemi 2013; Van de Moortel 2023] topological obstruction caused by the scalar
field being uncharged, i.e., gg = 0, forcing the initial data X to be two-ended [Dafermos 2014]. However
in the EMKG model, where go # 0, there is no such obstruction and one can study the one-ended global
geometry of the black hole interior with a weak null singularity, even in spherical symmetry [Kommemi
2013]. The main known result in this context is that the weak null singularity CH;+ breaks down [Van de
Moortel 2023] before reaching the center: Consequently a so-called first singularity br is formed at the
center I', as depicted in Figure 5. This is in complete contrast with the two-ended case where the future
boundary is entirely null [Dafermos 2014] for a large class of spacetimes as we discussed in Section 1B2.
In the conjecturally generic case where br is not a so-called locally naked singularity [Van de Moortel
2023; Kommemi 2013; Dafermos 2005b; Christodoulou 1999], then the breakdown of the weak null
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Figure 5. Conjectured Penrose diagram of a generic EMKG black hole with weakly
singular CH;+ [Van de Moortel 2023].

singularity CH;+ proven [Van de Moortel 2023] implies that a stronger singularity S = {r=0} takes over
and connects the weak null singularity CH;+ to the center I' as depicted in Figure 5.

1D. Scattering resonances associated to the Reissner—Nordstrom Cauchy horizon. We now turn to
another result which is not directly concerned with the stability/instability of the Cauchy horizon but turns
out to be important for the proofs of our main theorems: the finite-energy scattering theory for the linear
wave equation on the interior of Reissner—Nordstrom developed in [Kehle and Shlapentokh-Rothman
2019]. A key insight to the result in that work was the absence of scattering resonances associated to the
Killing generator of the Cauchy horizon, which is an exceptional feature of the massless and uncharged
wave equation on exact Reissner—Nordstrom. Indeed, for the massive wave equation with generic masses
m? € R.g — D(M, e) or for the charged equation, the scattering resonances are present and there does
not exist an analogous scattering theory [Kehle and Shlapentokh-Rothman 2019]. As we will show, these
scattering resonances are also the key sources of blow-up in amplitude of ¢ at the Cauchy horizon if the
scalar field along the event horizon is nonoscillating and slowly decaying and thus, sufficiently resonant. In
view of this, for the blow-up statement of Theorem I (ii) these exceptional masses for which the scattering
resonances are absent have to be excluded. Refer also to [Mokdad 2022; Héfner et al. 2021] for a scattering
theory of the Dirac equation on the interior of Reissner—Nordstrom and to [Bachelot 1994; Dimock and
Kay 1987; Dafermos et al. 2018; Masaood 2022; Alford 2020] for scattering theories on the exterior.

1E. Connection to the linear analog of Conjecture 1 for negative cosmological constant A < 0. In the
discussion above we have studied the Einstein equations with cosmological constant A = 0. Analogously,
for A # 0, the Reissner—Nordstrom—(anti-)de Sitter and Kerr—(anti-)de Sitter spacetimes admit a smooth
Cauchy horizon and the issue of strong cosmic censorship analogously arises in this setting. In particular,
the case A < 0O has some similarities with our case in the sense that linear perturbations also only
decay at a nonintegrable (inverse logarithmic for A < 0) rate due to a stable trapping phenomenon
[Holzegel and Smulevici 2013; 2014; Holzegel et al. 2020]. A difference to our result is however that
only perturbations consisting of a superposition of infinitely many high £ angular modes decay slowly
and thus, the problem for A < 0 cannot be reasonably studied in spherical symmetry. Nevertheless, as in
our case, this nonintegrable rate of decay might raise hopes that, in the case of negative cosmological
constant A < 0, Conjecture 1 holds true.
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On the one hand, for Reissner—Nordstrom—AdS, since stable trapping is a high-frequency phenomenon
and uniform boundedness (on the linear level) is associated to zero-frequency scattering resonances of the
Cauchy horizon, it was shown in [Kehle 2020b] that these difficulties decouple on Reissner—Nordstrom—
AdS. (This decoupling can be seen as the analog of the fact that the oscillation condition of (1-10) is
satisfied.) As a consequence of this frequency decoupling, it is shown in [Kehle 2020b] that, despite
slow nonintegrable decay on the exterior, linear perturbations remain uniformly bounded and extend
continuously across the Reissner—Nordstrom—AdS Cauchy horizon. This falsifies the linear analog of
Conjecture 1 for Reissner—Nordstrém—AdS.

On the other hand, for Kerr—AdS, in view of the rotation of the black hole, frequency mixing occurs
and trapped high-frequency perturbations on the exterior can at the same time be low-frequency when
frequency is measured with respect to the Killing generator of the Cauchy horizon. In [Kehle 2020a;
2022] it is shown that this frequency mixing gives rise to a resonance phenomenon and an associated
small divisors problem. In particular, for a set of Baire-generic Kerr—AdS black hole parameters, which
are associated to a Diophantine condition, it is shown that linear perturbations ¢ blow up in amplitude
at the Cauchy horizon. This shows that the linear analog of Conjecture 1 holds true for Baire-generic
Kerr—AdS black holes.

There is yet another possible scenario in which the exteriors of AdS black holes are nonlinearly unstable
(see [Moschidis 2017; 2020; 2023; Bizon and Rostworowski 2011]) and the question of strong cosmic
censorship would be thrown even more open.

Let us finally also briefly mention the case of positive cosmological constant A > 0, where perturbations
on the exterior of Reissner—Nordstrom/Kerr—de Sitter decay at an exponential rate as proved in [Dyatlov
2011; Mavrogiannis 2023] for the linear wave equation and in [Hintz and Vasy 2018] for the vacuum
Einstein equations. In view of this rapid decay, the theorem of [Dafermos and Luk 2017] manifestly
also applies and thus, Conjecture 1 is false for A > 0. However, in view of this exponential decay, even
weaker formulations such as the H'-formulation of strong cosmic censorship mentioned in Section 1C
may fail. We refer to [Dafermos 2014; Hintz and Vasy 2017; Dias et al. 2018a; 2018b; 2019; Dafermos
and Shlapentokh-Rothman 2018; Costa et al. 2018; Costa and Franzen 2017; Mo et al. 2018; Hollands
et al. 2020; Cardoso et al. 2018] for details.

1F. Summary of the strategy of the proof. We now turn to an outline of our proof and begin with the
obstructions and difficulties encountered when attempting to prove boundedness of the scalar field at the
Cauchy horizon CH;+ and continuous extendibility of the metric.

 The physical space estimates used to show CH;+ # & in the proof of Theorem A, under the assumption
of a slowly decaying ¢3+ on H™, i.e., obeying (1-8) and (1-9), are consistent with the blow-up of the
scalar field ¢ at the Cauchy horizon CH,;+ and the failure of 9,¢ to be integrable in v. As our new result
shows, these estimates from [Van de Moortel 2018] are sharp by Theorem III and blow-up in amplitude
indeed occurs for some perturbations by Theorem I (ii).

o The estimates of the proof of Theorem A however suggest that, if d,¢ oscillates infinitely towards
the Cauchy horizon CH;+ then ¢ is bounded (see Section 4F1): the hope would be that, although 9,¢
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is not Lebesgue—integrable (ie., f UJ(:OO |0,¢| dv = 4-00), it has a semiconvergent Riemann integral (i.e.,
limg_ 4 0o ‘ /, U'; 0y dv’ < 400 exists). A natural approach is then to attempt to propagate the event horizon
oscillations (1-10) satisfied by ¢4+ towards the Cauchy horizon CH;+ in a suitable sense and deduce
the boundedness of ¢. However, this is not easy to show in physical space and prompts a Fourier space
approach for the linearized equation.

» A complete understanding of the linearized problem is however insufficient in itself to prove the
boundedness of ¢ since the nonlinear terms cannot be treated purely perturbatively in view of the slow
decay. Consequently the precise structure of these nonlinear terms has to be understood and plays an
important role in the argument (in contrast to the fast decay case s > 1) (see Section 4F3).

» Even once ¢ is proven to be bounded in amplitude, there is no clear mechanism yielding the continuous
extendibility of the metric, contrary to the fast decay case s > 1 in which the mechanism is given by the
integrability of the Christoffel symbols [Dafermos and Luk 2017; Luk and Oh 2019a] in a suitable sense
(see Section 4F4 for a discussion).

Strategy. To address and overcome these difficulties in order to prove our main theorems as stated in
Section 1A, we proceed as follows:

(1) We take advantage on the one hand of the previous result of Theorem A, the future black hole
boundary is null, i.e., CH;+ # & and the Penrose diagram is given by Figure 1, and on the other hand of
the nonlinear estimates (see Section 4F1) that were already proven in [Van de Moortel 2018] for slowly
decaying ¢p+.

(2) We consider the massive/charged linear wave equation ggy DRN DRN¢p: = m*¢ on a fixed Reissner—
Nordstrom background grn, which we view as the linearization of the EMKG system (1-1)—(1-5). Using
Fourier methods and a scattering approach, we prove uniform boundedness (respectively blow-up in
amplitude) of ¢ at the Cauchy horizon CH,;+ for an oscillating scalar field ¢+ obeying (1-10) at H
(respectively nonoscillating ¢+, i.e., ¢+ violates (1-10) at HT); see Section 4F2.

(3) Independently of step (2), we prove nonlinear difference estimates on g — grn. Although these
estimates are, in a sense, weaker’ than the nonlinear estimates of step (1), they are crucial in our proof
that, for all slowly decaying ¢+, the linear solution ¢ is bounded if and only if the nonlinear ¢ is
bounded (at least in the gg = 0 case). In the charged gg # 0 case, we follow a similar logic but additional
difficulties arise from the nonlinear backreaction of the Maxwell field. This step will be discussed in
Section 4F3.

(4) With the boundedness of ¢ at hand from the previous step, we prove the continuous extendibility of
the metric for oscillating perturbations ¢+ satisfying (1-11). For the proof, we introduce a crucial new
quantity T (see (4-38)) exploiting the exact algebraic® structure of the nonlinear terms in the Einstein
equations; see Section 4F4.

"n the sense that these estimates alone are insufficient to show that CH;+ # @ as proven in [Van de Moortel 2018] (see
Theorem A).

8In contrast, when the decay is integrable as in vacuum, the null structure of the Einstein equations is sufficient [Dafermos
and Luk 2017; Luk and Oh 2019a].
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The proofs of Theorems I (i) and I(ii) are finally obtained by combining steps (1), (2), (3), and (4).
Theorem II follows immediately. The proof of Theorem III is also derived from the strategy given by the
same steps (1)—(4); see the last paragraphs in Section 4F4. We refer to Section 4F for a more detailed
outline of the strategy of the proof.

1G. Outline of the paper. In Section 2, we set out notation, definitions and the geometric setting for the
solutions of (1-1)—(1-5) under spherical symmetry. In Section 3, for any arbitrary slowly decaying scalar
field g3+, we construct and set up spherically symmetric characteristic data on the event horizon H*
and an ingoing cone such that the scalar field is given by ¢+ on H ™. In Section 4, we give the precise
formulations of our main results Theorems I (i), I (ii), II, III and their assumptions. We end this section with
a detailed outline of our proof in Section 4F. In Section 5, we develop the linear theory and show our main
linear results in Section 5D. In Section 6, we develop the nonlinear theory and show the boundedness of the
scalar field for the coupled (1-1)—(1-5) and the continuous extendibility of the metric. We first outline in
Section 6A the estimates proved in [Van de Moortel 2018], which will be useful for the nonlinear EMKG
system. Then in Section 6B, we establish the main estimates necessary for the continuous extendibility
of the metric. In Section 6C, we prove difference estimates which we combine in Section 6D with the
linear estimates from Section 5 to prove our main results Theorems 1 (i), 1 (ii), II, and III.

2. Preliminaries

2A. The Reissner—Nordstrom interior. Reissner—Nordstrom black holes constitute a 2-parameter family
of spherically symmetric spacetimes, indexed by charge and mass (e, M), which satisfy the Einstein—
Maxwell system ((1-1)—(1-5) with ¢ = 0) in spherical symmetry. We are interested in the interiors of
subextremal Reissner—Nordstrom black holes satisfying O < |e| < M. To define these spacetimes, we first set

2 2M &2
Q2 (rn) = — (1= ==+ =), @-1)
RN  IpN

which is nonnegative between the zeros given by
r+(M,e) =M—|—\/M2——e2> 0,
r-(M,e)=M —+/M?—e2>0.
Now, we define the smooth manifold ./\o/lRN as a 4-dimensional smooth manifold diffeomorphic to R2 x S2.

Up to the well-known degeneracy of the spherical coordinates on S?, let (rrn, t, 6, @) € (r—, r) x Rx S?
be a global chart. In that chart we define the smooth Lorentzian metric ggny and Maxwell 2-form Fry

ERN 1= — Qg dran 4 Qi d? 4 iy (d6? 4 sin® 6 dg?), (2-2)
Fry = dARN = % dr Adr. (2-3)
We time-orient the Lorentzian manifold such that vector field —Vrgry is future-directed. Further, we
define the tortoise coordinate r* by dr* = —QEI%I drrn or more explicitly by
% _ 1 _ 1 _ i
r*=r*(rexn) = RN + K. log(ry —rrn) + K log(rrny —7-), (2-4)
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where K (M, e), K_(M, e) are the surface gravities associated to the event/Cauchy horizon defined as

1 e? ry—7r_ 1 e? r——rg
KiM,e)=—|M—-— )= s—>0, K-M,e)=_——|\M—-——|= s— <0. (2-5)
2ry r+ 4ry 2r* r_ 4r2

We further introduce the null coordinates (i, v, 0, ¢) € R x R x S? on Mgy as
v=r*(r)+t, u=r*@r)—t, 0=0, @=o¢. (2-6)

In this coordinate system the metric ggn has the form

QZ
gRN = —%(du ® dv+dv® du) + ray[do* +sin(6)* dg?]. (2-7)

Now, we attach the (right) event horizon H ™, the past/future bifurcation sphere B_, B, , the left event
horizon #*L, the (right) Cauchy horizon CH,+, and the left Cauchy horizon CH!'Z to our manifold,
formally defined as

HT ={u=—o00,veR]}, C’Hlf:{u:+oo,ve[R?}, B_ ={u=—00,v=—00},
HPE={v=—00,ueR}, CH;+ ={v=+oo,ucR}, B ={u=+oo,v=-400}.

A word of caution. In the linear theory of Section 5 we will indeed denote by H* the Reissner-Nordstrom
event horizon {u = —o0, v € R}. However, in the other parts of the paper we denote by H* the dynamical
event horizon {# = —o0, v > vp} in the nonlinear part of Section 6 (see also the set-up of the characteristic
data in Section 3 and the main theorems stated in Section 4). We do similarly for the Cauchy horizon CH,;+.
We also note that the left event and the left Cauchy horizon only play a minor role in the linear part of
Section 5 and we often omit “right” when referring to H* and CH,;~.
The metric grn extends smoothly to the boundary and the resulting spacetime is a time-oriented
Lorentzian manifold (MRgy, grn) With corners — the Reissner—Nordstrom interior. We remark that
QZRN r_fjhr Ce,M€4K+r* — Ce,M62K+(u+v)’ QZRN ~ C;’M64K,r* — Cé’M€2K7(u+v) (2-8)

r—r_

for some C, » > 0, C, ;, > 0. Further, we introduce regular coordinates (U, v) on Mpy UHT as
dU = %lezN(u’ vo)du, U(—00)=0, v=v (2-9)

and note that ™ = {U = 0}. Here vy = vo(M, e, Dy, s) will be determined in Proposition 3.2 later. In
these coordinates we have obtained a different lapse function (QIZQN) H= (lezN) g (U, v)=—-2grn(0y, 0y)
and the metric reads

92
SRN = _%(w ® dv +dv ® dU) + rax[d6? + sin(9)? dg?]. (2-10)

Of course we can invert the coordinate change (2-9) and obtain
u=u(lU), v=wv. (2-11)

We also remark that 7 := 9; in (rrn, ¢, 8, ¢)-coordinates is a Killing vector field which extends smoothly
to (MRN, grRN)-
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2B. Class of spacetimes, null coordinates, mass, charge.

Spherically symmetric solution to the EMKG system. A smooth spherically symmetric solution of
the EMGK system is described by a quintuplet (M, g, F, A, ¢), where (M, g) is a smooth (3+1)-
dimensional Lorentzian manifold, ¢ is a smooth complex-valued scalar field, A is a smooth real-valued
1-form, and F is a smooth real-valued 2-form satisfying (1-1)—(1-5) and admitting a free SO(3) action on
(M, g) which acts by isometry with spacelike 2-dimensional orbits (homeomorphic to S$?) and which
additionally leaves F, A and ¢ invariant.’ In this case, the quotient Q = M/ SO(3) is a 2-dimensional
manifold with projection IT : M — Q taking a point of M into its spherical orbit. As SO(3) acts by
isometry, Q inherits a natural metric, which we call go. The metric on M is then given by the warped
product g = go + r? dos2, where r = /Area(H*l(p))/(4n) for p € Q is the area radius of the orbit
and dogp is the standard metric on the sphere. The Lorentzian metric go over the smooth 2-dimensional

manifold Q can be written in null coordinates (u, v) as a conformally flat metric

2
go = —%(du@dv-l—dv@du) (2-12)
such that (in mild abuse of notation) we have upstairs
Q? 2
g=—7(du®dv+dv®du)+r dog:. (2-13)
On (Q, go), we now define the Hawking mass as
pi=5(1—go(Vr. V), (2-14)
as well as x and ¢ as
—02
K= 5.7 € RU{%o0}, (2-15)
u
—02
L= 297 € RU {Z£o0}. (2-16)
v

Electromagnetic fields on Q. In what follows, we will abuse notation and denote by F' the 2-form over Q
that is the push-forward by IT of the electromagnetic 2-form originally on M, and similarly for A and ¢.
In view of the SO(3) symmetry of the potential A we have (see [Kommemi 2013]) that F has the form

F = gQzalu Adv, (2-17)
2r?
where Q is a scalar function called the electric charge. From F = dA we also obtain
. iqo QR
[Du. Dyl = igoFu = 125
2r
Now we introduce the modified Hawking mass @ that involves the charge Q:
2
w::,o—i—Q—. (2-18)
2r

9Note that we assume that the SO(3) action is free, i.e., free of fixed points “r = 0” as we are interested in the region near it

i.e., away from r = 0.
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An elementary computation relating geometric quantities (on the left) to coordinate-dependent ones (on
the right) gives

20 —4drdyr —K? 20 Q7
r Q2 % r + r2 ( )
We also define the quantity
1 0?
2K = - - =, (2-20)
r r

and notice that, if o = M and Q = e, then 2K (r1) = 2K . Further, we introduce the following notation,
first used by Christodoulou:

Finally, note that (1-4)—(1-5) are invariant under electromagnetic gauge transformations (see Section 2C)
and two solutions (¢, A) which differ by a gauge transformation represent the same physical behavior.
An equivalent formulation to express this gauge freedom is to consider electromagnetism as a U (1)
gauge theory with principal U (1)-bundle 7 : P — M: the charged scalar field is a global section of
the associated complex line bundle P x, C through the representation p such that ¢ corresponds to an
equivariant C-valued map on P, i.e., ¢ (pg) = p(g)~'¢. The representation p : U (1) — GL(1, C) models
the coupling of the scalar field and electromagnetic field. We refer to [Kommemi 2013, Section 1.1] and
stick to our equivalent and more concrete formulation of the EMKG system.

C'-admissible spacetimes and extensions. Lastly, we define the notion of a C%-admissible extension of
the metric (inspired from [Moschidis 2017, Definition A.3]). For the sake of brevity and concreteness we
will give neither the most geometric nor the most general formulation and we refer to [Moschidis 2017;
Kehle and Van de Moortel > 2024] for further details.

Definition 2.1. We call (M, g) an admissible C spherically symmetric spacetime if the following hold:

(1) MisaC I_manifold diffeomorphic to Q x S? for an open domain Q C RZ.

(2) g is an admissible C? spherically symmetric Lorentzian metric in the sense that for a diffeomorphism
®: M — Q x S? there exist C!-coordinates (u, v) on @ in which the metric ®*(g) on Q x S? can
be written as

2
<I>*<g)=—%(du®dv+dv®du)+r2g§2, (2-21)

where gg> is the standard round metric on S? and Q%,7%: Q — (0, +00) are continuous.

(3) If (i1, D) is another C'-coordinate system such that (2-21) holds with Q2 in place of Q2 thenii =U (u)
and 0 = V (v) for some unique and strictly monotonic C'-functions U, V.

Remark 2.2. The pair (u, v) as above is called a null coordinate system. In the case where the metric g
is locally Lipschitz such null coordinates always exist. Since we merely consider C° metrics, in our
definition of admissible C° metric we additionally impose the existence and uniqueness (up to rescaling)
of such null coordinates.
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Definition 2.3. Let (M, g) and (M, ) be time-oriented admissible C° spherically symmetric spacetimes.
We say that (M, ) is an admissible C? spherically symmetric future extension if

(1) there exists a C! embedding i : M — M which is also a time-orientation-preserving isometry,
(2) there exists p € M=—i (M) which is to the future of i (M).
2C. Electromagnetic gauge choices. As remarked above, for a fixed metric g, the Maxwell-Klein—
Gordon system of equations (1-4)—(1-5) is invariant under the gauge transform
p—>p=e"0 ¢, (2-22)
A— A=A+df, (2-23)

where f is a smooth real-valued function. Notice that for D :=V + A we have
D¢ =e '/ Dg.

Therefore the quantities |¢| and | D¢| are gauge-invariant. In Section 6, we will use that these gauge-
invariant quantities satisfy the following estimates which are an immediate consequence of the fundamental
theorem of calculus, see, e.g., [Gajic and Luk 2019, Lemma 2.1]. In any (u, v)-coordinate system and for
u>uyand v > vy,

s 0] < | F G, v>|+/ |Du f1(0s v) du, (2-24)

)] < £, v1)|+/ 1Dy () dV (2-25)

for any sufficiently regular function f(u, v).
Although we will mainly estimate gauge-invariant quantities, to set up the characteristic data it is
useful to fix an electromagnetic gauge. For the analysis of the nonlinear system in Section 6 in double

null coordinates (u, v) we will impose
Av

0. (2-26)

In this gauge, the condition F = dA from (1-4) can be written (in any (u, v)-coordinate system) as

P 05 (2-27)
T g2
To estimate the dynamics of A = A, du in the coupled system it is useful to define a background

electromagnetic field ARN

which is governed by the fixed Maxwell form F = Fgry as in (2-3) on a fixed
Reissner—Nordstrom background with mass and charge (M, e¢). Using coordinates (u, v) as defined in
(2-6) we impose the gauge

ARN =0 (2-28)

such that Fry = dArn becomes

Q2 (u,
9, ARN — _ “hne V) (2-29)

2r2(u, v)
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Moreover, we choose the normalization for ARN to obtain
ARN _ (_i + i) du (2-30)
RN T4
such that the 1-form ARN extends smoothly to the right event horizon #* on Reissner—Nordstrom.
For the linear theory in Section 5 we will work with the ¢-Fourier transform. In that context it is useful
to use a gauge which is different from (2-30) and which is given (see (5-1)) by

A _(e e)dt_<e e)du—dv (2-31)
N ey '+ IRN 2

2D. The Einstein—-Maxwell-Klein—Gordon system in null coordinates. We now express the EMKG

system (1-1)—(1-5) in a double-coordinate system (u, v) on Q using the electromagnetic gauge (2-26).
The unknown functions (r, Q2 A,, 0, ¢) on Q are subject to the system

O L. L, L TP Ly QL TPV PR
r= - — — =——" — ) -
‘e 4r r 43 4 2 4
) , Q2 29rdr QP ,
040y log(27) = =2N(Dy ) + 55 + - — 07, (2-33)
2r2 r? r4
the Raychaudhuri equations
0 (20) = 2 Do 234
o\ —@IDMI, (2-34)
dyr —r
a(@) = 109l (2-35)
the charged and massive Klein—-Gordon equation
0.0 dpr  dur e qoi 2> m*? , o wr .
ydyp = ———— — ———+ ——0¢ — ¢ —igoAu—— —iqoA, 0,9, (2-36)
r r 4r 4 r
and the Maxwell equations
0.0 = —qor*I(@Dud), (2-37)
9,0 = qor’I($d,). (2-38)
Finally, F = dA reads
_ QQZ
WA, = 7 (2-39)
Note that (2-37) and (2-38) can be equivalently formulated introducing the quantity ¢ :=r¢ as
0 Q = —qo3(Y Du), (2-40)
3,0 = qoSW V). (2-41)
Further, (2-32) is equivalent to
_92 92 5 m2r2 ) 5
0y (r 3"”:T+ﬁQ —I—TQ ||~ (2-42)
We can also rewrite (2-36) to control |0,¢| more easily:
Dy Bur dpd  qoi 2 m>Q?

D, 8yp = 0 Jug A 9, (' Jug A dpd) = + o Q¢ — b. (2-43)

4
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We also have (recalling the notation y = r¢)

. u . u
e_lq() 'L‘O Ay au (61610 L’O Ay avw)

Q% durd-¢p Q% m2r m*Q%r qoi Q?
= D, (%)= - 0+ — Q%I — ¢ — Q¢ (2-44)
4r r 473 4 4 4r
and
Q¢ Brdr-¢p Q¢ m2r m*Q2r qoi Q?
(D) = -+ S O+ —— QI - ¢ — Q¢. (245
4r r 4r 4 4 4r
3. Setup of the characteristic data and the oscillation condition
We first fix the arbitrary quantities
subextremal charge and mass parameters 0 < |e| < M, (3-1)
a decay rate % <5<, (3-2)
constants Dy, Dy > 0. (3-3)

These quantities will be kept fixed from now onward.

3A. Characteristic cones Ciy, H't and underlying manifold Q. Our yet-to-be-constructed spacetime
of study will be the future domain of dependence Q% of the characteristic set Cin Up HT C R'*!, where
HY :={U =0, vg <v < +oo} and Cj, := {0 < U < Uy, v = vy}, which meet transversely at the
common boundary point p :={U =0, v = vg}. Here, we use the convention that f € C 1(#*) means that
feC'((vo, 20))NCO([vg, o0)) with the property that 3, f extends continuously to vo=3H*. Analogously,
we define Cl(Qin). Moreover, we say that f € Cl(Qin Uy, HT) if f is continuous on Cj, U, H* and
flu+ € CYHY), flc,, € C'(Cin). In particular, note that if fj € C'(H1) and f, € C1(Ciy) satisfy
f1(p) = f2(p), then they define a function in C! (CinY, H™T). Analogously, we define Ckfork >2. We
define Q7 :={0 < U < Uy, vy <v < +00}. Here vg = vo(M, e, s, D;) > 1 only depends on M, e, s, D;
and U; = Us(M, e, s, Dy, D1) only depends on M, e, s, D, D1 —both of which will be determined in
Proposition 3.2 below.

A new coordinate u. We will make use of other coordinates («, v) on Q" — H™ given by u := u(U),
v = v, where u(U) is the function given through the condition (2-9) and (M, e) are as in (3-1). We also
define ug := u(Uy).

An additional electromagnetic gauge freedom. At this point we recall our global electromagnetic gauge
choice A, =0 in Section 2C. An additional electromagnetic gauge freedom we have is the specification
of Ay (or equivalently A,) on Cj,. We impose that Ay on Cy, = {0 < U < Uy, v = vg} satisfies

Ay (U )—(— ¢ 4 ¢ )d—”(U)—z(— ¢ 4 ¢ )Q_z(U ). (3-4)
VI E T anWv0) | (e ) au T T N\ (U vg) | rp (e, M JTRNE PO

where we used (2-9) for the second identity and thus
e e
+ .
rrn(u, vo) (e, M)

Ay(u, vo) = — (3-5)
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Here, rry is the r-value on Reissner—Nordstrom with parameters (M, e) as given in (3-1) and r (M, e) =

M?+ VM2 — 2.

3B. Coordinate gauge conditions on H* and Cip. On H™ = {U =0, vy < v} we will impose the gauge
condition

ayr(0,
dr® v _ 1 (3-6)
Q40,v) 2
andon Cij, = {0 < U < U, v=vp} we will impose
oyr =—1. (3-7)

3C. Free data ¢ € C1(Cin U, HY) with slow decay on 1 and construction of r, Q, 3, Having set
up the gauges we will now — in addition to the free prescription of 0 < |e| < M in (3-1) —freely prescribe
data for ¢ on Ciy U, HT. We recall (3-2) and (3-3) and define the class of slowly decaying data S£ on
the event horizon H ™ in the following. In order to highlight that the definition does not depend on the
gauge choice for the electromagnetic potential A, we formulate it in a gauge-invariant form (although we
have already fixed the gauge A, = 0 in (2-26) and (3-5)).

Definition 3.1 (set of slowly decaying data S£). We say that ¢+ € C'(H, C) is slowly decaying,
denoted by ¢y+ € SL, if

|3+ 1(v) + [ Dyppr|(v) < Dyv™ (3-8)

for all v € HT, where we recall % < s < 1 was introduced and fixed in (3-2), and D; > 0 was introduced
and fixed in (3-3).

Similarly, on Cj, we will also impose arbitrary (up to the corner condition) data ¢, € C ! (Cjpn) satisfying
| Dy ¢in| < D;. (3-9)

We will now finally conclude the setup of the initial data, where we recall that we freely prescribed
subextremal e, M and the scalar field ¢ on Ci, U), H ™. In particular, using standard results about ODEs

(recall that s > %; actually s > % is sufficient to prove Proposition 3.2) we obtain:

Proposition 3.2. There exist vo(M, e, s, D) > 1 sufficiently large and Us;(M , e, s, D>, D) > 0 sufficiently
small such that the following holds true. Let ¢y~ € SL and ¢y, € C1(Cipn) satisfying (3-9) with ¢+ (p) =
¢in(p) be arbitrary. Then, there exist unique solutions r € C2(§in Up HT), Qp € Cl(gin Up HT) and
QeCl(CiuU » HT) of the ODE system consisting of the Raychaudhuri equation (2-35), equation (2-38),
the equation (2-32) using (3-6) on H™ and the ODE system consisting of (3-7), (2-34) and (2-37) on Ci,
such that

lirf r(0,v)=ry (M,e) =M+ M?+e2, (3-10)
V—>1+00

lim Q(0.v)=e. 3-11)
vV—>—+00

Moreover, H™ is affine complete, i.e., fv—goo Q%i (0, v) dv = +o0.
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This shows that our free data (e, M, ¢) and the gauge conditions give rise to a full set of data
(r, Q, Q%I ¢) on Cin U, HT satisfying the constraint equations.

Further, note that (3-6) implies that

K‘;Lﬁ =1

in view of (2-15).
Remark 3.3. We also associate to (u, v) a lapse function Q? through
, dU
" dy

such that Q2 = —2g(0y, dy) and Q2 = —2g(dy, dy) once the spacetime is constructed.

Q*=Q (3-12)

Remark 3.4. In Theorem III we will introduce generic properties of functions in S£. We remark that
SL is the ball of size D, in the Banach space
SLo:={f eC'H;C): sup(]v’ f|+ [v° Dy f) < +o0}. (3-13)

)

In Theorem III (more precisely in Corollary 5.27) we identify a (exceptional) subspace Hy C SLy of
infinite codimension. We then call functions ¢+ € SL generic if ¢+ € SL — H, where H := HyNSL.

3D. Definitions of the oscillation spaces O, ©', ©”. We now define the subsets O, O’, 0" C SL of
slowly decaying data on the event horizon describing the oscillation conditions. In order to highlight that
the definitions do not depend on the gauge choice for the electromagnetic potential A we formulate them
in a gauge-invariant form (although we have already fixed the gauge A, = 0 in (2-26) and (3-5)).

Definition 3.5 (qualitative oscillation condition O). A function ¢4+ € SL is said to satisfy the qualitative

oscillation condition, denoted by ¢4+ € O, if the qualitative condition

lim sup
v—>—+00

v . v " "
/ ¢H+ (U/)el'(wrcsv/-‘r(]()(fbr(v/))elq() fUO (Av)"HJr (U )dU dv/ < +OO (3_ 14)
Vo

holds for all Dy, > 0 and all functions oy, € C2([vg, +00), R) satisfying
|0br(V)] < Do - (V¥ 1goy +log(1+v) 1,—y), (3-15)
|06 (V)] + [0 (V)] < Dorv' ™ (3-16)
for all v > vy, where we recall that vo(M, e, s, D1) > 1.
We will also denote by NO := SL — O the space of ¢3+ € SL violating (3-14).
Definition 3.6 (strong qualitative oscillation condition O’). A function ¢+ € O is said to satisfy the

strong qualitative oscillation condition, denoted by ¢+ € O, if the limit

lim
v— 400

v . v " "
/ By (1) st/ F0T (W) 140 Lig (A 0D A" g (3-17)
vo

exists (and is finite) for all Dy, > 0 and all functions o, € C2([vg, +00), R) satisfying (3-15) and (3-16).
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Definition 3.7 (quantitative oscillation condition O”). A function ¢+ € O is said to satisfy the quantita-
tive oscillation condition, denoted by ¢y+ € O”, if for all Dy, > 0 there exist Eor(Dy) > 0, no(Dyp) > 0
such that

“+o00 . v " "
f ol (@res V' +0000: (1) 5140 fyg (Av) gy (V) dv G+ (V) AV | < Egyr - 0* 170 (3-18)
v

for all v > v and all functions oy, € C2([vg, +00), R) satisfying (3-15) and (3-16).

Remark 3.8. Note that we have by definition the inclusions O” C O’ € O C SL. Moreover, note that
O" ¢ L'([vg, +00)); more generally, a generic function of ©@” is not in L' ([vg, +00)).

Remark 3.9. The condition (3-14) and its stronger versions (3-17), (3-18) guarantee sufficiently robust
nonresonant oscillations. These conditions are sufficient (our proof also suggests that they are necessary
to some extent) to avoid that the backreaction of the Maxwell field (which, as we will show, creates
unbounded but sublinear oscillations oy, obeying (3-15), (3-16)) turns linearly nonresonant profiles into
nonlinearly resonant profiles; see the last paragraph of Section 4F3 for a discussion.

Remark 3.10. In the uncharged case go = 0, the backreaction of the electric field is absent. In this case
note that (3-14) simplifies to a “finite average” condition.

4. Precise statements of the main theorems and outline of their proofs

4A. Existence of a Cauchy horizon CH;+ # & and quantitative estimates in the black hole interior
Jrom [Van de Moortel 2018]. In [Van de Moortel 2018], the second author proved (among other results)
that spherically symmetric EMKG black holes converging to a subextremal Reissner—Nordstrom admit a
null boundary CH,;+ # & that we still call a Cauchy horizon. The proof of this main result in [Van de
Moortel 2018] required many quantitative estimates that will be useful in the analysis of the current paper.

Theorem B [Van de Moortel 2018]. Consider the characteristic data on Ciy, U HY as described in
Section 3 and fix the electromagnetic gauge (2-26) as in Section 2C. Let ¢+ € SL be arbitrary, and let
¢in € C(Cin) satisfying (3-9) with ¢in(p) = ¢+ (p) be arbitrary.

Then, by choosing Us(M, e, s, D>, D) > 0 potentially smaller, the characteristic data give rise to the
unique C' maximal globally hyperbolic development (r, 22,, A, Q, ¢) on QF solving the EMKG system
of Section 2D. In addition, an (ingoing) null boundary CH;+ # @ (the Cauchy horizon) can be attached
to Q on which r extends as a continuous function rcy which remains bounded away from zero, depicted
in the Penrose diagram in Figure 1. Note that (r, Q2 A, 0, @) on QF defines (M, g, A, F, ¢) which
solves (1-1)—(1-5).

Moreover, all the quantitative estimates stated in Propositions 6.1, 6.2, 6.3, 6.4 and 6.5 are satisfied.

If we additionally assume fast decay (i.e., 1+ satisfies (3-8) for s > 1), then ¢ is in Wli)’cl N L™ at the
Cauchy horizon CH;+ and extends as a continuous function across the Cauchy horizon CH;+. Moreover,
in this case, the metric admits a C°-admissible extension g across the Cauchy horizon CH;+ in the sense
of Definition 2.1 and g has locally integrable Christoffel symbols.
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Remark 4.1. We note that the above Theorem B showing CH;+ # &, together with all the quantitative

estimates stated in Propositions 6.1, 6 2, 6.3, 6.4 and 6.5, actually holds under the weaker assumption of

decay rate s > 2 as opposed to s > 7; see [Van de Moortel 2018]. For the purpose of extendibility across

the Cauchy horizon CH;+ for 0sc111at1ng data as stated in our main result below, the decay assumption
3

s > 7 is needed and appears to be crucial; see the discussion in Section 4F.

4B. Theorem I(i): scalar field boundedness and continuous extendibility for oscillating data. In this
section we give the precise version of Theorem I (i), which is proved as Corollary 6.18 in Section 6D1.

Theorem I (i) (boundedness). Let the assumptions of Theorem B hold.

(1) If ¢py+ satisfies the qualitative oscillation condition ¢+ € O (see Definition 3.5), then
sup |¢(u, v)| < 4o0. 4-1)
(u,v)eQ*
(2) If ¢y+ satisfies the strong qualitative oscillation condition ¢+ € O’ (see Definition 3.6), then (4-1)

is true and moreover ¢ admits a continuous extension to CH;+ and g admits a C°-admissible extension to
CH;+ in the sense of Definition 2.1. In particular, g is continuously extendible.

(3) If ¢pn+ satisfies the quantitative oscillation condition ¢+ € O" (see Definition 3.7), then (4-1) is true,
¢ admits a continuous extension to CH;+ and g admits a C®-admissible extension to CH;+. Moreover, Q
is umformly bounded on Q" and admlts a continuous extension to CH;+. Further, there exists a constant
C = C(Dl, D, Eor, 1o, e, M, m? , 4o, ) > 0 such that for all (u,v) € LB C Q*

¢, v) < C - Ju| 1710, (4-2)
1Q —e|(u,v) < C-u|™™, (4-3)

where Eor = Eor(Dyr) >0, no=n9(Dy;) >0 are as in (3-18) and Dy, := Dy(D1, D3, e, M,mz,qo,s) >0
is defined in the proof of Proposition 6.17. Here LB denotes the late blue-shift region (see Figure 7), a
neighborhood of the Cauchy horizon which is defined in Section 6A.

4C. Theorem I(ii): blow-up in amplitude of the uncharged scalar field for nonoscillating data. In this
section we give the precise version of Theorem I (ii), which is proved as Corollary 6.20 in Section 6D2.

Theorem I (ii) (blow-up). Let the assumptions of Theorem B hold and let gy =0 and m?>eR.g—D(M,e),
where D(M, e) is the discrete set of exceptional nonresonant masses as defined in [Kehle and Shlapentokh-
Rothman 2019, Theorem 7]. In addition, assume that ¢4+ violates the qualitative oscillation condition as
in Definition 3.1, i.e., assume that ¢+ € NO :=SL — O.
Then, for all u < uy, the scalar field blows up in amplitude at the Cauchy horizon CH,;+:
lim sup |¢]|(u, v) = +00. (4-4)
v—+00
4D. Theorem II: falsification of C°-formulation of strong cosmic censorship if Conjecture 2 is true.
We now give the precise version of Theorem II which is proved as Corollary 6.23 in Section 6D3.
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Theorem II. Let the assumptions of Theorem B hold. Additionally assume that Conjecture 2 is true, i.e.,
G+ is given by (1-15) (if go =0, m? > 0), (1-16) (if go # 0, m?> =0), or (1-17) (if go # 0, m* > 0) in
the v-coordinate defined by (3-6) and that the generic condition |qoe| # r—(M, e)|m| holds.

Then |@|, Q and the metric g admit a continuous extension to CH;+ and the extension of g can be
chosen to be C°-admissible.

In the above sense, assuming that Conjecture 2 is true, then Conjecture 1 is false for the Einstein—
Maxwell-Klein—Gordon system in spherical symmetry.

4E. Theorem IIT: Wb blow-up of the scalar field for nonintegrable data. In this section we give the
precise version of Theorem III, which is proved in Section 6D4. To state the theorem we first define the set

Z(M, e, qo, m*) :={w e R: {(w, M, e, gy, m*) =0} C R, (4-5)

which is the zero set of the renormalized transmission coefficient t(w) defined in (5-23). At this point we
note that Z((M, e, qo, m?) is discrete and, depending on the parameters (M, e, g, m?), possibly empty.
For small § > 0 we also define the smeared out set Zf(M , €, 40, m?) C R as the set of all ® € R with
dist(w, Z(M, e, o, m*)) < 8. We remark that Z3(M, e, g9, m?*) = @ if Z(M, e, qo, m*) = 3.

Associated to Zf (M, e, gy, m?) we now define a family (parametrized by § > 0) of Fourier projection
operators Ps: f € L?([vg, +00)) — ]-"_1[)(5]-"[]?]] e L%(R), where f € L%(R) is the extension of f by
the zero function for v < vg. Here, xs(w) is a family (parametrized by § > 0) of smooth functions which
are positive on Z,f (M, e, qo, m?) and vanish otherwise. In the case where Zf (M, e, qo, m?) = @, also
xs = 0. Further, for the Fourier transform, we use the convention

- 1 - .
]:[f](w):\/T_n/Rf(v)ewv dv.

Finally, we are in the position to state Theorem III which is proved in Section 6D4. The first part is shown
as Corollary 6.25; the second part is shown as Corollary 6.26.

Theorem IIL. Let the assumptions of Theorem B hold.
Part 1. Let ¢+ € SL— L' ([vg, +00)) and let at least one of the following assumptions hold:
(a) Ps¢py+ € L'(R) for some § > 0,
(b) or 0 < |qoe| <e(M, e, m?) for some (M, e, m*) > 0 sufficiently small or q0 =0, m?> ¢ D(M, e).

Then, the scalar field ¢ blows up in W' along outgoing cones at the Cauchy horizon CH;+ in the sense
that for all u < u

400
/ |Dy|(u, v) dv = +o00. (4-6)

vo
In particular, for any qo € R and m?> > 0, the set H of data ¢+ € SL for which (4-6) is not satisfied
for all u < uy is exceptional in the sense that H = HyNSL, where Hy C SLg is a subspace of infinite
codimension within SLy (recall the definition of SLqy from (3-13)). In the above sense, SL — H is a
generic set and thus W' '-blow-up of the scalar field at the Cauchy horizon CH;+ is a generic property of
the data ¢+ € SL.
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Part 2. Assume that ¢+ is given by (1-15) (if go =0, m? > 0), (1-16) (if go # 0, m*> =0), or (1-17) (if
go # 0, m? > 0) in the v-coordinate defined by (3-6). Assume the conditions

ZNe =g, (47
(m?, |qoe]) ¢ {0} x [0, 3), 4-8)
where Z(M, e, qo, m?) is defined in (4-5) and where
{—m, +m} if go=0,m?> #0,
O(M. e, qo.m*) := 3 {—qoe/r} if lqoel = %, m*> =0,

{=m —qoe/ri,m —qoe/ry} if go #0, m* #0.

Then, the scalar field ¢ blows up in W' along outgoing cones at the Cauchy horizon CH;+, i.e., (4-6)
holds for all u < u.

Moreover, (4-7) is satisfied generically in the sense that for given parameters m*> > 0, qo € R, with
m? # qg, the condition (4-7) is satisfied for

(M,e)e{(M,e) eR*>:0<|e|] <M}—E

m?,q0°

where E,» . C R? is the zero set of an analytic function.

In particular, for fixed m?> > 0, qo € R with m* # qg and (m?, |qoe|) ¢ {0} x [0, %) and for almost all

parameters
(M,e)e{(M,e) eR?*:0 < |e| < M},

assuming ¢+ is as above, then (4-6) holds for all u < us.

Remark 4.2. Note that (4-6) also implies the blow-up of the spacetime W!! norm in (u, v)-coordinates,

uy p—+00
/ / | Dyl (u, v) dvdu = +o00.
uy Jug

The precise formulation and the proof of Theorem IV will be given in our companion paper [Kehle
and Van de Moortel > 2024].

i.e., forall u; < up <uy

4F. Outline of the proofs. In this section, we elaborate on steps (1)—(4) originally presented in Section 1F.
The reader may wish to come back to the current section while consulting the proofs given in Sections 5
and 6. For convenience, we will conclude this section with a guide for the reader; see Section 4F5.

4F1. A first approach in physical space and the difficulties associated to slow decay (step (1)).

Physical space estimates for the nonlinear problem. Theorem B proving CH;+ # & also comes with
many quantitative stability estimates (see Section 6A) for the nonlinear problem (1-1)—(1-5) under the
assumption of slowly decaying ¢+ satisfying (1-8) on H ™" (not only for s > % but also s > %) These
estimates already proven in [Van de Moortel 2018] will be our starting point in Section 6. Although these
estimates are sharp, they are however not sufficient to prove the boundedness of ¢ in amplitude, in view
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of the slow decay obstruction if s < 1 as we shall explain below. To illustrate our point, we start with one
of the main estimates'® obtained by physical space methods in [Van de Moortel 2018]:

1Dyl (u, v) Sv°. (4-9)

Boundedness/continuous extendibility in the integrable case. In the integrable case s > 1, integrating
(4-9) gives immediately boundedness

1@l < data+sup [[Dyp(u, )L < data+ [[{v) |11 < 400, (4-10)

and also gives the W' !-extendibility of the metric (i.e., locally integrable Christoffel symbols). From
the estimates giving the W' !-extendibility of the metric, one can immediately deduce the continuous
extendibility of the metric (see the discussion in Section 4F4). All the known previous proofs of continuous
extendibility of the metric indeed proceed via this method [Luk and Oh 2019a; Dafermos 2003; Dafermos
and Luk 2017].

Slow decay obstruction in the nonintegrable case. In present paper we however have to deal with the
nonintegrable case s < 1, where we note that the above method fails as || (v) ™*|| 1) (the right-hand side
of (4-10)) is infinite, even suggesting that the left-hand side || D,¢ (u, -)|| L could be infinite as well.
Indeed, we prove blow-up of || Dy (u, - )|| L} (the so-called W!! norm on outgoing cones) for generic data
¢+ € SL (Theorem III, see Section 4F4 for a description of its proof), which illustrates the obstruction
to proving boundedness by the standard method previously used in the s > 1 case.

Summary of the rate numerology. To summarize, square-integrable decay (i.e., (3-8) with s > %) is
sufficient to show that the black hole boundary admits a null component CH,;+ (the Cauchy horizon) by
Theorem B, but is in general insufficient for W!! extendibility and boundedness of the matter fields
and metric coefficients (for which integrable decay, i.e., (3-8) with s > 1, is sufficient). In the rest of
the section, we explain how to deal with the broader range % <s<1(s> 43'1 is important for the new

nonlinear estimates; see Section 4F4 and Remark 4.3).

An ingoing derivative estimate. Yet another particularity of the nonintegrable case s < 1 is that | D, ¢|
may potentially blow up in amplitude at the Cauchy horizon [Van de Moortel 2018] (there are indeed
known examples for which | D,¢| blows up; see [Van de Moortel 2021]). Nevertheless, assuming s > 3,
we show that D, (r¢) is uniformly bounded (Proposition 6.6), although not integrable, i.e., we prove that
for all ¢4+ satisfying (3-8)

| Dy (ré)|(u, v) < lul™. (4-11)

Note that, consistently with our result that |¢| blows up for some data, (4-11) cannot be integrated in u.

Compensate the failure of integrability with oscillations. Slow decay of the data, as we explained, leads
to a lack of integrability of the metric and fields derivatives which are roughly of the form, for % <s <1,

|Dyp| v, (4-12)

10The main difficulty in obtaining (4-9) is nonlinear in nature: its proof in [Van de Moortel 2018] exploits the structure of the
Einstein equations to address the delicate issue of controlling the metric for a slow rate s < 1. In contrast, the null condition
suffices if s > 1.
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which is not integrable as v — 400 (i.e., towards the Cauchy horizon CH;+). Nevertheless, boundedness
of ¢ could be obtained by means of the oscillations, i.e., if we could propagate an estimate of the form

Dy ~ &'V . pS (4-13)

for some w € R — {0}. However, the propagation of such oscillations, if present on the event horizon char-
acteristic data ¢4+, requires further estimates in Fourier space that we introduce in the following section.

4F2. The linear problem (step (2)). In this section, we discuss how to prove boundedness or blow-up
of ¢, solving the linearized equation. This step corresponds to the proof of our main linear result
Theorem V in Section 5.

Representation formula using the Fourier transform. For the linear (charged massive) wave equation
gﬁgD}}N D}}Nd),c = m?¢, on a fixed subextremal Reissner—Nordstrém interior metric (2-7), the physical
space estimates of Section 4F1 also apply, but a Fourier approach is also possible, taking advantage
of the Killing vector field d;. Taking the Fourier transform in ¢, the wave equation then reduces to the
so-called radial ODE (see (5-13)). Using this, we will view aspects of the interior propagation from the
event horizon to the Cauchy horizon as a scattering problem mapping data on the event horizon to their
evolution restricted to the Cauchy horizon; see [Kehle and Shlapentokh-Rothman 2019; Kehle 2022].
Formally, we have, in a suitable regular electromagnetic gauge at the Cauchy horizon:

— "+ t(a)) i (0—Wres)u
e o, @)= = pv fR S Flgw @) do

+ lim

V=00 /2y

t .

V. f () Flpu1(@)e @ =" de + Error, (4-14)
R @ — Wres

where Error is uniformly bounded by the energy of ¢4+ along the event horizon H and wes(M, e, go)

is as in (1-7). Here, t(w) and t(w) are the (renormalized) scattering coefficients (see Definition 5.2).
Using that F[p.v(1/x)] = im sgn and t(wyes) = —t(wyes) (see (5-25)) we formally obtain

V2miry
r_

bc lon, () = t(wres) lim / B3+ (D)€' sV d§ + Error. (4-15)
v—>o00 J_,

Note that t(w) is real-analytic and in the charged case when w5 # 0, then always t(w = wyes) 7% 0. In
this charged case, the formal scattering operator (4-14) has a resonance at w = w.s. However, in the
uncharged case g = wyes = 0, there exists a discrete set of nonresonant masses m?> € D(M, e) (particularly
0 € D(M, ¢)) such that t(w = wes = 0) = 0 for m? € D(M, e) as shown in [Kehle and Shlapentokh-
Rothman 2019]. In that case, the scattering pole is absent and this can be seen as a key observation
towards the T'-energy scattering theory on the interior of Reissner—Nordstrom for the uncharged massless
wave equation developed in [Kehle and Shlapentokh-Rothman 2019]. However, it is shown in that work
that, for generic masses m? € Rog — D(M, e), the resonance is present and scattering fails.

A sharp condition for boundedness or blow-up at the Cauchy horizon. Restricting to parameters gg 7= 0
or go =0, m? € R.g — D(M, e), the resonance is present and from the formal computation and (4-15)
we read off that |¢,| < C if the data ¢y+ satisfy ¢y+ € Ll (in addition to having finite energy to control
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the error terms). Thus, in particular for fast decaying data (i.e., ¢+ satisfies (3-8) for s > 1), we formally
obtain uniform boundedness of ¢, at the Cauchy horizon.

For general ¢+ € SL — L', the above reasoning does not hold, and blow-up in amplitude is possible.
For concreteness, first consider the uncharged and massive case gg = 0, m? ¢ D(M, e). Then, wrs =0
and, as we will show, ¢, is uniformly bounded at the Cauchy horizon if and only if ¢4+ satisfies

sup < +00. (4-16)

ve€[vg,+00)

/ Pn+ (V) dv'

For instance, (4-16) gives boundedness of ¢, for data ¢4+ of the form
P+ (V) e v (4-17)

where we recall 43'1 < s <1, provided w € R — {0}: in this case, ¢+ obeys the quantitative oscillation
condition ¢3+ € O” as defined in Definition 3.7. If, however, w = 0 then ¢4+ violates the oscillation
condition, i.e., g3+ € NO = SL — O, and thus, |¢,| blows up at the Cauchy horizon CH;+ in view of
(4-16) (still assuming gg = 0).

In the charged case go # 0, the resonance is always present and uniform boundedness of ¢, at the
Cauchy horizon is true for profiles satisfying the oscillation condition ¢x+ € O, e.g., profiles of the form

¢’H+ ~ e_i(w“l‘wres)'v . U_S, (4'18)

where % < s <1, provided w € R— {0}. If however w = 0 then |¢,| blows up at the Cauchy horizon CH;+.
We refer to Corollary 5.25 for a precise statement of the results of this paragraph.

Improved decay for ¢+ € O” to obtain the boundedness of the Maxwell field. Note that for the
nonlinear EMKG system (1-1)—(1-5), the charge Q(u, v) from (2-17) is a dynamical quantity (assuming
qo # 0) that is nonlinearly coupled to ¢ and g, and hence the boundedness of Q is not guaranteed.
Proving the boundedness of Q in amplitude indeed requires establishing further decay estimates proved in
Corollary 5.25(3), whose proof we now outline. In the case where ¢4+ satisfies the quantitative oscillation
condition, i.e., ¢+ € O, the main term in (4-15) enjoys decay in |u| as u — —oo (corresponding to i+
in Figure 1). In particular, for ¢+ € O” we will show (see Theorem V(B)) the quantitative control

ol (u, v) < Jul 1T (4-19)

for some 1o > 0. This (linear) quantitative estimate will be later useful to the boundedness proof of Q in
the coupled case (see Section 4F4).

Towards the W'l -inextendibility. To illustrate the obstruction caused by slow decay explained in
Section 4F1, we show in Theorem III that ¢ does not have locally outgoing integrable derivatives near the
Cauchy horizon, i.e., [ |Dy|(u, v) dv = +oo for all u, consistently with the expectation given by (4-12).
This blow-up in W!! norm on outgoing cones justifies that, in the case where ¢ remains bounded, the
reason is oscillation and not decay.

To show the W!:! blow-up in linear theory (see Corollary 5.27), we prove a representation formula for
0y @r (1g, v) (see (5-115)) and show that 9,¢, (ug, v) ¢ Lll) for fixed ug. Expressed in a regular gauge on
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the Cauchy horizon and neglecting error terms, we formally have

1 Wresl(

Byepr (110, v) ~ —irf_T /R Flon+ (@) to)e @2 doy (4-20)

close to the Cauchy horizon. We interpret (4-20) as a formal Fourier multiplication operator with
multiplier t(w), i.e., Ti: ¢+ (V) — 3,0, (1o, v). Since our data ¢4+ (v) are not integrable (¢y+ ¢ L)
along the event horizon %" and we aim to show that d,¢, (ug, v) is not in Lll), it is natural to consider to
inverse operator Tt_1 = Ty ¢ with Fourier multiplier 1/t(w). Formally, by Young’s convolution inequality
we have

Il = 1T Bupelllr = IFIE % 8ol < IFLE T Lo 10upell 1 (4-21)

Since our data ¢+ are assumed to be nonintegrable (i.e., g5+ ¢ L'), the above formal argument shows
w1 blow-up for ¢, (uo, - ) if F [t~!] e L. The above formal computation is made rigorous in the proof
of Theorem V(E). Further, we will prove that the only obstruction to F[t~!] € L' is potential zeros
of t(w). In the uncharged case gy = 0, however, the ODE analog of the T-energy identity yields that

[t(@)* = [t(w)]* + | (4-22)

Moreover, since we exclude nonresonant masses (i.e., m?> € R-g — D(M, ¢)), we have £(0) # 0 and as
such, t(w) is nowhere zero. As a result, we show F[t~'] € L!. For the uncharged case with resonant
masses, this shows that all characteristic data ¢+ on the event horizon ™" that are not integrable give
rise to solutions which blow up in W!-! along outgoing cones at the Cauchy horizon C#;+.

In the charged case, however, the analog of (4-22) becomes

[t(@)]* = [t(@) > + & (0 — Ores) (4-23)

such that t(w) may have zeros for @ € (0, wres) Or @ € (wres, 0). For small charges, a perturbation
argument shows that t{(w) does not have zeros but for general charges the set of zeros Z;(M, e, qo, m?) =
{weR: (w, M, e, gy, m*) =0} C {0 < |w| < |wres|} could be (and in general will be) nonempty. In view
of this, for nonintegrable data (i.e., ¢+ ¢ LY which satisfy Ps¢y+ € L' (recall the definition of Ps from
Section 4E), we show that the arising solution blows up in W!! along outgoing cones. It follows ¢,
blows up in W' ! along outgoing cones for all ¢3,;+ € SL — H, where H C SL is an exceptional subset
first introduced in the statement of Theorem III.

4F3. The nonlinear problem, I: physical space estimates of the difference (step (3)). As we explained, the
physical space method does not capture the oscillations of the field which are crucial to our proof. On the
other hand, the (global) frequency analysis used for the linear equation Klein—Gordon equation on Reissner—
Nordstrom (see (5-3) and as explained above) relies on two key properties: the existence of the Killing
vector field 9; and the linearity of the equation — none of which extends to the coupled system (1-1)—(1-5).

In the present paper we overcome these limitations by controlling the difference between the nonlinear
evolution and its linear counterpart in physical space (i.e., g — grn and ¢ — ¢, see below). In the
uncharged case go = 0, this is exactly the strategy we adopt; see the first paragraph below. In the case
qo # 0, unbounded backreaction oscillations of the Maxwell field however require a more sophisticated
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Figure 6. Division of a rectangular neighborhood of i * into four spacetime regions.

nonlinear scheme; see Section 4F4 and the second paragraph below. These unbounded backreaction
oscillations motivate the precise definition of the oscillations spaces O, O’ and O” from Section 3D; see
the third paragraph below.

The proof of the nonlinear differences estimates will be carried out in Section 6C and follows the
splitting of spacetime into four different regions depicted in Figure 7 used already in [Van de Moortel
2018]; see Figure 6 (a similar splitting was first introduced in [Dafermos 2003] and subsequently used in
[Franzen 2016; Dafermos and Luk 2017; Luk and Oh 2019a]). More specifically we refer the reader to
Propositions 6.13-6.16.

It is important to note that the difference estimates described in this section (and proved in Section 6C)
are completely independent of the estimates of Section 5 (whose description was outlined in Section 4F2),
with the notable exception of the final formula (4-32) that uses the linear formula (4-15) “as a black box”.

Difference estimates near i+ for gy = 0. Near the Cauchy horizon CH;+ and close to i ™ as in Figure 1
(i.e., for u close to —oo) we obtain difference estimates of the schematic form

|6 — el (. v) + lul ™ - (1§ — grnl +18u(g — gRND (@, V) S fu]' ™, (4-24)

|80 (¢ — )|, v) +v7° - [3,(g — gr) |, v) S ', (4-25)

where (g, F, A, ¢) solve (1-1)—(1-5) with data ¢+ € SL and ¢, solves (1-5) with same data ¢+ € SL

on a fixed Reissner-Nordstrém background (2-7) (corresponding to the one g is converging towards i T).

The key point is that ¢ — ¢, unlike ¢, will turn out to be W'-! along outgoing cones at C#;+, namely
(4-25) gives

+o00 +o00 3 5 3
sup [¢ — ¢cl(u, v) S SuP/ 10y(¢ — ¢r)|(u, v) dv S/ vl Sy Y <o
u,v u Vo Vo
as s > % > % Therefore ¢ — ¢ is bounded. In particular, in the uncharged case gy = 0, uniform

boundedness of ¢ in the region of Figure 1 is equivalent to that of ¢.. As we will see below, this is no
longer true if gg # 0.

Difference estimates near i+ for qo # 0. If gy # 0, the metric differences are similar, but the scalar field
difference is now impacted by the Maxwell backreaction. In particular, the first term of (4-25) is replaced
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by an estimate of the schematic form (in the gauge (2-26) where A, = AEN =0)

e §,p — By | (u, v) S0, (4-26)
opr(u, v) 1= f ' (A W) — (ARNYH@WH) du’, (4-27)
uy(v)

where u, (v) ~ —v and (A W), (AEN)CH(M/) are defined as the extensions of A, (u, v), AIL}N(u, V)
to CH;+; see Proposition 6.16 for a precise statement. The difficulty is that o, is unbounded in general;
nevertheless, we prove sublinear growth estimates (in Proposition 6.16 again)

lobe (e, V)] S 022 152 + (1 +log(v)) 1=, (4-28)
18y 0br (1t V)| + 820 (1, v)] < 0172, (4-29)

Note that this is not a gauge issue: in fact, oy, is a gauge-independent quantity obtained by the expression

QZ QZ
obelt, v) = / / ( 2 ‘;Ne> du dv, (4-30)
[y (v),ulx[vg,+00) \ T RN

assuming (3-5). As a consequence, it is no longer true that ¢ — ¢ is uniformly bounded. Instead, the

consequence of (4-26) is that the following quantity is in wi! along outgoing cones and hence bounded:

v
'¢<u, v) — f e o) g b (u, vy dv'| < JuP7, (4-31)
v

y(u)

where v, (4) ~ —u. Therefore, boundedness of ¢ is now down to the boundedness of

v
f el ) g b (u, V') dv'.
vy, (1)
By our representation formula (4-15), this expression becomes, up to error, an explicit integral of the data

v
¢ (u,v) = / gl gy (1) v’ + O (Jul*). (4-32)
vy, (u)

Thus, the nonlinear representation formula (4-32) gives boundedness of ¢ up to and including the Cauchy
horizon CH,;+ for characteristic event horizon data ¢4+ € O, one of the main goals of Theorem I (i) (see
Section 6D1).

Further, (4-32) will also show blow-up of ¢ in amplitude at the Cauchy horizon CH;+ for event horizon
characteristic data ¢4+ ¢ O. We postpone the related discussion to the last paragraph of Section 4F4.

The motivation to introduce oy, in the definition of the spaces O, O, ©”. As explained above, the
Maxwell field exerts a nontrivial backreaction with in general unbounded oscillation oy, (recall (4-28)).
Recalling that ¢, is bounded if and only if the right-hand side of (4-15) is finite (where oy, is as in
(4-30)), and that ¢ is bounded if and only if the right-hand side of (4-32) is finite, it becomes clear that
the Maxwell backreaction may turn some linearly nonresonant profiles into nonlinearly resonant ones and
vice versa (a phenomenon which is absent in the uncharged case gy = 0 where the nonlinear estimates
show that ¢ is bounded if and only if ¢, is bounded).
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Therefore, to ensure that our class of oscillating data ¢4+ € O (and analogously O’, O") gives rise to
a bounded ¢ (and not only bounded ¢,), we must define ¢3+ € O (and analogously O, O”) as a stronger
condition than the right-hand side of (4-15) being finite. This stronger condition is to impose sufficiently
robust oscillations that yield finiteness of the right-hand side of (4-32) for all functions o, satisfying (3-15),
(3-16). In particular, for o, given by the formula (4-30) (which obeys (3-15), (3-16), as we show, see (4-28),
(4-29)), the condition ¢+ € O (and analogously O’, @) shows that the oscillations in the initial data are
sufficiently robust to not be over-powered by the nonlinear backreaction of the Maxwell field in evolution.

4F4. The nonlinear problem II: boundedness/blow-up of matter fields and metric extendibility (step (4)).
Earlier we explained how the nonlinear difference estimates, culminating with (4-32), show that qualita-
tively oscillating ¢+ € O on the event horizon H™ give rise to uniformly bounded scalar field ¢ up to
and including CH;+. In this section, we outline the proof of the following results that conclude the proof
of our main theorems:

« C%-extendibility of the metric (within a certain spherically symmetric class) is equivalent to boundedness
of |¢| in amplitude (first paragraph below; see also statements (A) and (B)). From the above equivalence
given by (A) and (B), we deduce the main statement of Theorem I (i): the C 0—extendibili‘[y of the metric
across CH;+ holds under the strong qualitative oscillation condition ¢+ € O’ on the event horizon
H* (see the proof in Section 6B). In our companion paper [Kehle and Van de Moortel > 2024], the
implication (B) that “blow-up of ¢ implies C’-inextendibility”” will be used to prove Theorem IV.

o The charge Q(u, v) of the Maxwell field is bounded for quantitatively oscillating ¢3,+ € O” on the event
horizon H ™" (second paragraph below, proved in Section 6D1): one of the statements of Theorem I (i).

 The scalar field ¢ blows up in Wbl je., f | Dy |(u, v) dv = oo for generic slowly decaying ¢+ € SL
on the event horizon H™* (third paragraph below, proved in Section 6D4): this is Theorem III.

o The scalar field ¢ blows up in L, i.e., sup,, ,,|¢|(u, v) = oo for nonoscillating ¢p3,+ e VO=SL~0O on
the event horizon, assuming go = 0 (fourth paragraph below, proved in Section 6D2): this is Theorem I (ii).

Continuous extendibility of the metric as a consequence of scalar field boundedness. We explained
above how to prove boundedness/blow-up of the scalar field depending on the data ¢4,+. Now we explain
how to prove that C°-extendibility on the metric is in a sense equivalent to the boundedness of ¢ up to
and including CH,;+, as it turns out! Combining this novel conditional result with the previously discussed
boundedness theorem for ¢ will give the main result of Theorem I (i), i.e., the C°-extendibility of the metric
for any characteristic data ¢+ € O’. The proof relies on a nonlinear scheme adapted to the slow decay of
the solutions and taking advantage of the algebraic structure of the Einstein equations as explained below.

We begin by recalling from [Van de Moortel 2018] that the following estimates for ¢+ € SL hold
true near the Cauchy horizon C?H;+ and for some o > 0 (see Section 6A for details)

Q% (u, v) S e, (4-33)
19, log(2H)] < Jul' =%, (4-34)
19, log(22)] < v'%, (4-35)
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10,r] < |ul~%, (4-36)
10yr] < v, (4-37)

Since the r estimates (4-36) (4-37) are integrable, it can be shown that r (u,, v,) is a Cauchy sequence for
any u, — u, v, — +00: Therefore, r extends to a continuous function. In contrast, the (conjecturally sharp)
decay for 10g(§22) is too weak to adopt the same reasoning since s < 1 ((4-34), (4-35) are nonintegrable).

Nevertheless, 9,0, log(QZ) +2R(Dyp Do) enjoys a better decay (see (6-54)), i.e., the weak decay
from (4-34), (4-35) comes from a R(D, ¢ D,¢) term in the Einstein equations. It was first noticed by the
second author in [Van de Moortel 2019] that it is useful to write the weakly decaying term as a fotal
derivative, up to error

2R(DydDyd) = 8,y (IP1*) +- - .

Exploiting the ideas of [Van de Moortel 2019], we introduce the following new quantity Y, which is
nonlinear and nonlocal:

T . 2 2 s |8ur|(l/t/, V) 2 / /

(u, V) :=1og(Q) (u, V) +|¢]"(u, V) + ———1oI"(, V) du, (4-38)
u rw,V)

where Q% := —2g(d,, dy) for a suitably renormalized (u, V) coordinate system. We then prove that Y is

bounded and admits a continuous extension (see Section 6B2 for the proof).

3

Z’
which among other things, explains the numerology in the definition of S£ (Definition 3.1); compare
with Theorem A.

Remark 4.3. To show that the right-hand side of (4-38) is bounded, we need the assumption s >

It turns out that the boundedness of Y ultimately makes C°-extendibility equivalent to the boundedness
of ¢ in the following sense (see [Van de Moortel 2019]).

(A) If |¢| is bounded, then there exists a coordinate system («, V) such that log(£2?) is bounded.
(B) Conversely, if |¢| blows up, there exists no coordinate system (u, V) such that log(£2?) is bounded.

Part (A) follows from the definition (4-38) and the (unconditional) boundedness of Y (since d,r/r
is also bounded). Moreover, because Y is continuously extendible, if |¢| is continuously extendible,
then log(Qz) is also continuously extendible (hence so is Q?). In particular for data ¢+ € O, since
we previously showed that |¢| is continuously extendible across C#;+, we then obtain the continuous
extendibility of g (see Section 6B3 for the proof), and a slightly improved statement: the existence of
a C%-admissible extension (Definition 2.1), i.e., a continuous extension admitting regular double null
coordinates (u, V) given by the above pair (r, 22).

Part (B) is more delicate and is proven in [Van de Moortel 2019, Theorem 2.3.5] (and used in [Kehle
and Van de Moortel > 2024] to prove Theorem IV): it implies that if |¢| blows up, then g does not admit
any C%-admissible extension.

Boundedness of the Maxwell field Q. We now outline the proof of the boundedness of the charge Q (u, v)
for g3+ € O” given in Section 6D1. To prove boundedness of Q, we will actually need decay as u — —oo
for ¢ (in addition to its uniform boundedness already obtained assuming ¢4+ € O): this motivates the
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introduction of the space O” C O from Section 3D. We start taking advantage of the structure of the
Maxwell equation:

3,0 =r’I(¢Dyp) = I(rg D, (re)).

Moreover, we use (4-11) to obtain the estimate (using also the boundedness of r):

10,01 S @1+ [ Du(rd)| S 11 - [ul ™.

To obtain boundedness, we integrate in u. For this, we take advantage of the quantitative || decay of |¢|
which is true if ¢+ satisfies the quantitative oscillation condition ¢+ € O”. Combining both the linear
estimate (4-19) on ¢, and the nonlinear estimate (4-24) on ¢ — ¢, we obtain |¢| < |u|*~'~"0 and thus

10,01 < lu| =17,
which is integrable and thus sufficient to conclude the boundedness and continuous extendibility of Q.

W1 blow-up of the scalar field. We now turn to the proof of W'! blow-up on outgoing cones of ¢ for
generic ¢+ € SL — L' (proof in Section 6D4). One of our nonlinear difference estimates gives near the
Cauchy horizon CH;+ and uniformly in u

1Dyl (u, v) — DN e |(u, v)| S o',

which is integrable, since s > % > % Therefore, || Dy¢ (u, - )|l ;1 = +oo if and only if ||DURN¢£(u, M=
~+00. For |gge| small enough, (4-21) gives blow up of || Dy¢ (u, - )| ;1 for any ¢y+ € SL — L' (and for
any ¢+ € SL — H in the case gg # 0, what we call the generic case, recalling the discussion at the end
of Section 4F2).

Blow-up in amplitude of the scalar field ¢ if ¢+ ¢ O. We now explain how the nonlinear representation
formula (4-32) can be used to prove the blow-up in amplitude of ¢+ for ¢+ € NO = SL — O (see
Section 6D2 for the proof). Recall indeed that (4-32) formally states that the uniform boundedness of ¢
up to and including the Cauchy horizon CH;+ is equivalent to the finiteness of the characteristic data
integral on the event horizon H™, i.e., for all |u| > vy

v
/ eiabr(u,v’)+iwresv’¢ﬂ+ (v/) dvl
—u

for oy, defined by (4-27) and in the gauge (2-26). If for given characteristic data ¢+ € SL — O on
the event horizon H™, the upper bounds (4-28), (4-29) also hold as lower bounds up to the Cauchy

=00 (4-39)

sup |¢p|(u,v) =00 <<= sup
v

v

horizon CH,;+, (4-39) shows that ¢ blows up at the Cauchy horizon CH;+: for instance, one can check
that for % <5 <1,

for the choice ¢y+(v) = e ' 1=y~ limsup
v—>—+00

= +o00.

v
/ eiqo(v’)z’z“(v/)—s dv’
v

0

Unfortunately, while we conjecture that such lower bounds are true'! for most solutions, it seems that
fine-tuned ones could violate them. When these lower bounds are violated and o, or o, decay faster, we

UThe identity (4-30) indeed suggests that oy, is comparable schematically to |g — grn| Which is formally of order « vI=2 4
0(v172%) for some « € R. The case o = 0 is presumably nongeneric but leads to faster decay for oy, and o notably.
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have a linearly resonant profile (¢3+ ¢ O) become nonlinearly nonresonant (meaning ¢ is bounded at the
Cauchy horizon) (for instance: if o} decays faster, say o, .(v) = O (v™=>*13), then the right-hand side of
(4-39) is finite for the choice ¢+ (v) = e 190V =5) To sum up: the difficulty to control precisely these
backreaction oscillations explains the absence of blowing-up examples for gg # O in the present paper,
but not their plausibility!

In the case go =0, and for m* ¢ D(M, e), we obtain blow-up for all data ¢+ € SL— . As mentioned
before, the restriction of the mass parameter m? is due to “exceptional” so-called nonresonant masses
(see [Kehle and Shlapentokh-Rothman 2019]) for which boundedness of the linearized ¢, (hence of
the EMKG-coupled scalar field ¢, by our result) is true, even though ¢4+ ¢ O. Nevertheless, the set of
nonresonant masses D (M, e) is the zero set of a nontrivial analytic function as proved in [Kehle and
Shlapentokh-Rothman 2019], and as such, it is discrete and of zero Lebesgue measure.

4F5. Guide to the reader. We conclude this section with a short guide to help the reader read through the
proofs of Sections 5 and 6. While the above outline of the proof was organized thematically to highlight
the resolution of various difficulties, for technical reasons the rest of the paper is organized slightly
differently as follows:

(1) In Section 5 we study the solution ¢, of the linear charged and massive Klein—Gordon equation
SRN DEND,}}NQSL = m>¢, on a fixed Reissner—Nordstrom metric with slowly decaying characteristic data
¢+ € SL on the event horizon H ™. The approach is mostly focused on Fourier analysis, capturing the
oscillations of ¢, towards the Cauchy horizon CH;+.

(a) In Section 5A, we set up the radial ODE satisfied by the Fourier transform of ¢, associated to the
timelike Killing vector field d; on (2-7).

(b) In Section 5B, we first show the existence of a scattering resonance (i.e., a pole at the resonant
frequency w = wy.s). Moreover, we show suitable resolvent estimates associated to the radial ODE.
This allows us to prove properties of the (renormalized) scattering coefficients t(w), {(w).

(c) In Section 5C, we show a first representation formula involving t(w) and t(w) for ¢ in terms of the
event horizon data ¢4 +.

(d) In Section 5D, we take the limit of the representation formula to the Cauchy horizon of Reissner—
Nordstrom which eventually yields our main linear result Theorem V.

(2) In Section 6 we estimate the solution (g, F, A, ¢) of the nonlinear Einstein—-Maxwell-Klein—Gordon
system (1-1)—(1-5) with slowly decaying characteristic data ¢3;+ € SL on the event horizon H*. The
approach is mostly focused on physical space estimates, capturing the effect of ¢ on the metric g.

(a) In Section 6A we recall the nonlinear estimates from [Van de Moortel 2018]. They are essential to
the analysis, both to show the continuous extendibility of g and for the nonlinear difference estimates;
see below.

(b) In Section 6B, we show that, assuming ¢ is uniformly bounded, the metric g is continuously
extendible. The proof exploits the special structure of the nonlinearity in the Einstein equations.
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(c) In Section 6C, we estimate together the differences g — grn and ¢ — ¢. If go = O this shows that
boundedness of ¢ is equivalent to boundedness of ¢,. If go # 0, we have (4-31) as a substitute.

(d) In Section 6D, we combine the results of Sections 5 and 6C to obtain the nonlinear representation
formula (4-32). From (4-32) we can read off boundedness/blow-up of ¢ from the event horizon
data ¢5+. Combining with Section 6B gives the C-extendibility of g for oscillating event horizon
data ¢+ € O’ (Theorem I(i)). The other results follow from similar considerations.

5. Linear theory: the charged/massive Klein—~Gordon equation on the Reissner-Nordstrom interior

We begin by studying the charged and massive scalar fields on the fixed subextremal Reissner—Nordstrom
interior (2-7) with the subextremal parameters 0 < |e| < M from (3-1). In this section, the connection V
and the metric grn are the Reissner—Nordstrém connection and metric, respectively. As mentioned in
Section 2C, we also use the electromagnetic gauge condition

e e 1(e e 1/e e
Agn=|-——)dt=5-——)dv—5(-—— | du, 5-1
KN (’” r+> 2(” ”+) ’ 2<r r+> ! oD

which satisfies Fry = dAgy for
e
Frn = ﬁQZRN du A dv. (5-2)
Note that Fry satisfies the homogeneous Maxwell equations d x Frny = 0, dFrn = 0 and that (5-2) is the

corresponding linear version of (2-17).
We now consider solutions ¢, of the charged Klein—-Gordon equation (1-5), which reads

(Vi +i90(ARn) ) (V" +igo(Agn)™ )b — m* ¢, =0, (5-3)

where gy € R, m? > 0, are the charge and mass parameters of the field. We also recall

qo€ qo€ qoe
Wp=—, Wy=—, O_=-—, Wps=0_—04. (5-4)
r ry r_

Note that in the gauge (5-1), we have

DN = 0, +iqo(Agy)u =y + 5 (@, — ), (5-5)
DEN = 3, +iqo(Afn)u = 0y — %(wr —wy) (5-6)

such that for any C! function we have
T Gy (e ) = B f Filw- — 0 ) @) f =D f 4 S (@ — ) f (5-7)

and similarly for DRN. For g = m? = 0, the field is uncharged and massless, and (5-3) reduces to the
well-known wave equation

DgRN(b,é =0. (5-8)
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For go # 0, m? = 0, the field is charged and massless and is governed by
(Vi +iqo(Agpn) ) (V* +iqo(Agn)" )¢ = 0. (5-9)

Finally, for go = 0, m? # 0, the field is uncharged and massive and governed by the Klein-Gordon
equation
D@z —m*¢; = 0. (5-10)

Notation. Throughout Section 5 we will use the following notation. If X and Y are two (typically
nonnegative) quantities, we use X <Y or ¥ < X to denote that X < C(M, e, m2, qo, s)Y for some
constant C(M, e, m?, qo, s) depending on the parameters (M, e, m?, qo, s). If C depends on an additional
parameter p, we also use the notation <,, 2,. We also use X = O(Y) for | X| S Y. Weuse X ~Y
for X <Y < X. We also recall that throughout Section 5 we use the convention that HT = H} =
{u = —o0, v € R} as stated in Section 2A.

5A. Separation of variables and radial ODE. Since T = 0; is a Killing field of the Reissner—Nordstrom
spacetime and in view of the specific choice of electromagnetic gauge Agy, (5-3) admits a separation of

variables. Formally, let ¢[’: = ¢ (t, r) be a solution to (5-3). Then, we define the z-Fourier transform

Flop1(r, w) = ¢ = J% /R¢Z(r, e dr. (5-11)
Formally, since ¢, solves (5-3), we have that
u(r®) =u(w, r*) :=r(r*Flo 1(r(r"), ) (5-12)
solves
—u" — (0 — (0, —wy)u~+Vu =0, (5-13)
where

2M 2e2
. (5-14)

V=—02% )= - +m
RN(*)(r3 r4

The radial ODE (5-13) admits the following fundamental pairs of solution associated to the event horizon
(r* — —o0) and the Cauchy horizon (r* — +00).

Definition 5.1. Let uy,, uy, , ucy, and ucy, be the unique smooth solutions to (5-13) satisfying

Uy, (r*) = etort 4 O(lezN) as r* — —oo, (5-15)
U, (r*) = €7 4+ 0(Q:y) as r* — —oo, (5-16)
ey, (r*) = €@ L O(QEy)  asrt — 400, (5-17)
ey, (r*) = e @7 L 0(QRy)  asr* — +o0 (5-18)

for w € R. The pairs (47, uy, ) and (ucyy,, Uy, ) span the solution space of (5-13) for w € R — {0} and
o € R — {wes}, respectively.
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Using the fact that the Wronskian

W(f g):=rfg—fg (5-19)
of two solution of (5-13) is independent of r*, we define transmission and reflection coefficients T (w)
and R (w) as follows.
Definition 5.2. For w € R — {ws}, we define the transmission and reflection coefficients ¥ and R as
W (upe, ucry) Wk, ucyy)

Hw) = . ; (5-20)
Wucw,, ucry)  2i(0 — Wres)
207 , 0 ;
9%(6()) = (M'HR uC'HL) _ (MHR MCHL) ’ (5_21)
Wucrg, ucn,)  —2i(w — wres)
where uy,, uyy, , ucw, and ucy, are defined in Definition 5.1. Indeed, this allows us to write
U, = Tucy, +Ruc, (5-22)

for w € R — {wres}. Moreover, we define the normalized transmission and reflection coefficients as
W (g, Ucty)

Hw) = (0 — Wres) T(w) = Y ; (5-23)
m El
) = (@ — o) (o) = L), (5-24)
which manifestly satisfy
tHwres) = —t(Wres)- (5-25)

Remark 5.3. Note that the radial ODE (5-13) depends analytically on w. Thus, w1, u, , ucw, and ucy,
are real-analytic functions for w for fixed r*. In particular, this means that the Wronskians 20 (114, Uy, )s
W (ucyy,. ucy, ) ete. are real-analytic functions for w € R which can be extended holomorphically to a
neighborhood of the real line.

We will also define the renormalized functions.

Definition 5.4. We define

0, (%, ) 1= €' gy, (", w), (5-26)
g, (r, @) = e 7 gy, (r*, o), (5-27)
Uon,(r*, w) 1= e @™oy o0 (K¥, w), (5-28)
Ucy, (r*, ) := ei(‘“_w’CS)r*ucq.(L ™, w). (5-29)

5B. Analysis for the radial ODE.
Proposition 5.5. Let either of the following two assumptions hold true.
* qo #0.

e qo =0 but m? ¢ D(M, e), where D(M, e) is the discrete set of [Kehle and Shlapentokh-Rothman
2019, Theorem 7].

Then, the transition and reflection coefficients T(w) and R(w), as defined in Definition 5.2, have

(nonremovable) poles of first order at ® = Wres.
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Proof. First, note that (Im(u'iz))" = 0 holds true for any C I solution of (5-13). Applying this to 14, and
expanding uyy, as uy, = Sucy, + Rucy,, we conclude the ODE energy identity
2 a)

12 — IR? = : (5-30)

@ — Wres

If go # 0 and thus, w5 7% 0, we have T2 > w /(w0 — wyes) fOr 0| > wyes. Sending w — w5, We conclude
that ¥ blows up and since ¥ is meromorphic in a complex neighborhood of w;s, the claim follows. In
particular, we have that Q0 (114, uc, ) (@ = Wres) 7 0 and W (uyy,, ucr, ) (@ = wres) 7 0. For go = 0 and
m? ¢ D(M, e), the claim follows from [Kehle and Shlapentokh-Rothman 2019, Theorem 7]. O

—~—

Proposition 5.6. The solutions us,,, ucy, , ucw, and the renormalized functions iz, Ucy, , UcH, aS
defined in Definitions 5.1 and 5.4, respectively, satisfy for v € R

sup [z (@, 1) S 1, (5-31)
r*e(—o0,r;1
sup  |uly, (@, 1) Sz o] (5-32)
r*e(—oo,ry]
for any fixed r§ € R and
|3 (@, 1) = 1] Sy |Qu (P, (5-33)
Iu%R(a) O S IQRN(F )| (5-34)

uniformly for r* < r§. Moreover, for € R and any fixed r§ € R

sup  ucy, (@, 7)) Sip 1, (5-35)
r*efry,400)
sup  ugy, (@, )| Spr o], (5-36)

r*elry,+00)

sup  ucwg (@, 79| S 1, (5-37)

r¥efry,+o0)

sup |”c7-1 (@, 1) < Sre ol (5-38)

r*elrgy,+00)

;. * *
and uniformly for r* > rg

ey (@, ) = 1] S QR )], (5-39)
g, (@, 7] S 192 ]s (5-40)
e (@, ) = 1] S 12 (), (5-41)
U (@, 7] S QR (). (5-42)

The transition and reflection coefficients as defined in Definition 5.2 satisfy

sup  (IT(w)] + R S 1. (5-43)

[w—wres| =1

Proof. 1t suffices to show the results for uy, and i3, as the other cases follow completely analogously.
We will consider the cases |w| < wg := |wres| + 1 and |@| > wg independently. First, for |o| < wy, we
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note that u4y, is the unique solution to the Volterra equation

™ sin(w(r* — y)) (

g, (r*, w) = e 7 4 / 20(w, — w4) — (0 — 01)? + V() g (v, w) dy. (5-44)

—00

For w = 0, we mean sin(w (r* — y))/w = r* — y. Now, since

0
/ sup K (r*, y)ldy S Qrn(rg), (5-45)

—00 y<r*<ry
where

K™, y)

= M(ZW(W}’ - a)-‘r) - (a)r - a)+)2 + V(y))’ (5_46)
w

we have by standard estimates on Volterra equations (e.g., [Kehle and Shlapentokh-Rothman 2019,
Proposition 2.3] or [Olver 1974, §10]) that, for |w| < wy,

ltrg I (—c0rty Srg 1 (5-47)
as well as

ure =" S |Qu ) (5-48)
uniformly for r* < 0. Similarly, we obtain
g Lo~y Srz 1+ |0l Spe 1 (5-49)

Note that this also shows that, for |w| < wg, we have

7, | Lo (—o0.r) Sz 1 (5-50)
it — 11 S 1Qpn ()] (5-51)

uniformly for r* < 0.
Now, we consider the case || > wg. Note that in this frequency regime, the frequency-dependent

potential
Wi= —(0— (0 —04))? (5-52)

satisfies
—W > o, (5-53)
W'/ W] < Qan/lol, (5-54)
W/ W| S Qin/lol, (5-55)

and the radial potential V satisfies

VIV IV S Qi (5-56)

uniformly on r* € R.
Now we will use a WKB approximation for u4,,. First, we will estimate the total variation V_s 00
associated to the error-control function

Fy,, (r*, w) = L wih - Vg 5-57
uHR(r ,(,l)).— . |W|1/4dx2 | - |W|1/2 Y. ( - )
In view of (5-53)—(5-55), we estimate
ol g2 . v 1
= S £ 74 bl VA S < -
V_cor00(Fus,) /_Oo TRk Wi 9 S o (5-58)
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Thus, applying [Olver 1974, Theorem 2.2, p. 196] we obtain

|C()|1/2

—iwr*+i f:; or—wydy
W (r, w)|1/4 L g,

U (r*, w) =

where the error function Mtz satisfies

|77uHR (r*v Cl))l S T

’
|

1
iy, 5 O SIWCE*, )] 2= S 1

o] ~

uniformly for 7* € R and |w| > wq as well as

2
QRN

o]

2
|’7,/4HR r*, w)| < %y

[Murg, 7, )| S

uniformly for 7* < 0 and |@| > wg. This shows that for || > wy we have

g llem ST,
g, L@ S ool

r

Note also that i3, = €'“" uy, similarly satisfies

g, I ooy S 1.
g, Il Loy S 1
and
— 2
|M7{R(r*a w) — 1| N QRN’

~ry

—~ 2
|u'HRl(r*9 (1))| Srg S-ZRN

(5-59)

(5-60)

(5-61)

(5-62)

(5-63)

(5-64)
(5-65)

(5-66)
(5-67)

(5-68)
(5-69)

uniformly for r* < r; and @ € R. The other results for ucy;, and ucy, are shown completely analogously.

Now, we will show the bounds on the transmission and reflection coefficients € and R. The bound
(5-43) follows from the fact that for |w| sufficiently large, |20 (upy,, ucr) s 120wy, uew, )| S ol in
view of (5-64), (5-65) and computing the Wronskian as r* — 400. For |w| small, the bound follows

from the continuity of [ (1, ucw,)| and [W(uy,, uew, |-

Lemma 5.7. The bounds
|dwitcrg (@, r)] < Q&nes

—~— 2
[0ttcry, (@, 1) S Qrn
and
—_—~— 2
|ar*awMCHR (a)v I"*)l S QRN<a)>9

10,3 ticr (@, 1) < iy (@)

hold uniformly for r* > 0 and w € R. (We recall that (w) := /1 + @?).

O

(5-70)
(5-71)

(5-72)
(5-73)
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Moreover,
|8tz (@, 1) < Qs (5-74)
19+ oyl (@, 1) < Qi (@) (5-75)

hold uniformly for r* <0 and w € R.

Proof. First, we consider the range |®w — wres| < 1. First, note that U/C\H/R solves the Volterra integral
equation

+00

— sin[(w — wges) (r* — . .
UCHy (I”*, a)) -1 +/ [( res)( y)]e—l(w—wres)(r —
r* W — Wres

X [V () = (0 — () Qo> + 204 — 0_ — 0ry) Jucig (@, y) dy.  (5-76)
Thus, 9, Uc3, solves

+o00o

— sinf[(w — w rE— o .
8qu"HR (r*’ w) — / [( res)( y)]e i (0 —res) (P —y)
r* W — Wres

x [V(y) — (w- — wr(y))(2w+2w+ —w- — a)r(y))] aw% (w, y)dy

+ / 9 By (Sinel(@ — wres) (r* — )] T
r

g r* —y)?

x [V(y) — (w- — C()r(y))(zw +20p —w_ — a)r(y))]u/c\a (w, y)dy
+ /-i-oo sin[(w — Wyes) (r* — y)] e,i(w,wm)(r*,y)

* W — Wres .
X 2[V(y) — (o- — wrey))]ucy (@, y)dy.  (5-77)

Now, we have the following bounds uniformly for r* > 0:

SINl(© = @) 7 = V] io-o "0 | < (7 _ ), (5-78)
W — Wres
8. (sinc[(w — wresxr** —y)Je @7 ) ’ <1 (579
r=y
V() = (@ — o) Qo+ 204 — 0 — or()] S Qs (5-80)
V() = (@- — o) S Q- (5-81)

With these bounds, standard results (e.g., [Olver 1974, §10]) on estimates of solutions of Volterra integral
equations show that
|0uticHy (7, ©)] S Qi (5-82)

uniformly for * > 0. Similarly, we have

|Buitcr, (r*, ®)| S Qi (5-83)
uniformly for r* > 0.
Differentiation of (5-77) with respect to r* also gives

|8, 0ttcrg | < Qkn (5-84)
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and analogously we obtain

|9 duttcr, | S Q- (5-85)
Now, we consider the range |w — wres| > 1. Then, for r* > 0, we have the bounds

sin[(w — wres) (r* — y)1 o1 (@=0r) (=)
W — Wres

<o), (5-86)

| (SNl (@ — wres) (r* — y)Je @7 | < o) ! 1-||—r|r—_;|y| (5-87)
V) = (@- = 0r(3) Q0 + 204 — 0- = 0r()| (@), (5-88)
V() = (@- = or)| S Q- (5-89)
Thus, analogously to the above, this gives uniformly for »* > 0
|duttcrn (", )| S Qs (5-90)
|uticr, (7, @)] S Qs (5-91)
as well as
|9+ ditcrg | S Qan{o), (5-92)
|9+ dltcrg, | S Qi (). (5-93)
The result on u4,, follows completely analogously. U
Corollary 5.8. The normalized transmission and reflection coefficients satisfy
()| + [t(@)] S 1+ ol (5-94)
Proof. This is a consequence of Propositions 5.5 and 5.6. U
Lemma 5.9. We have
|0t (@)] < (@), (5-95)
|0t (@)| < (). (5-96)

Proof. We estimate
|0t] S 100 (U, tcn) | S 1W@uttrgs ucry) (" = 0)] + WUy, doticr,) (= 0)] < {w) (5-97)
in view of Lemma 5.7 and Proposition 5.6. Analogously the same holds for t. ]

Towards the W ! inextendibility at the Cauchy horizon we need to analyze the zeros of the transmission
coefficient t. To do so, we recall the definition of Z{(M, e, qo, m?) from (4-5).

Lemma 5.10. (1) Let goe # 0. Then, Z; C (0, wyes) if qoe > 0 or Z¢ C (wyes, 0) if goe < 0.
(2) Let 0 < |qoe| < €(M, e, m?) for some (M, e, m?*) sufficiently small. Then t does not have any zeros,
ie.,Zi=.

(3) Let g9 =0 and let m? ¢ D(M, e), where D(M, e) is the discrete set as in [Kehle and Shlapentokh-
Rothman 2019, Theorem 7]. Then, t(w) does not have any zeros, i.e., Z(M,e, 0, m?) = o if
m?> ¢ D(M, e).
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Proof. The first statement follows from the fact that |¢|> = |t|> +® (@ — Wres) = @ (0 — Wres), Proposition 5.5
and the fact that t(w =0) £ 0. Indeed, if t(w =0) =0, then t(w =0) =0 and thus T(w =0) =R(w=0) =0.
But this cannot be true, since otherwise uy,, = Rucy, + Tucy, would be trivial. The second statement
just follows from continuity of t as a function of the parameters goe. The third statement is shown in
[Kehle and Shlapentokh-Rothman 2019, Theorem 7]. U

Remark 5.11. Note that for go =0 and m? =0, we have that t(w = 0) = 0. This is a crucial observation for
the existence of a T-energy scattering theory as established in [Kehle and Shlapentokh-Rothman 2019].
5C. Representation formula. We recall that throughout Section 5 we consider the event horizon H™* as

the set {u = —o0} x {v € R} as in Section 2A.

Definition 5.12. For f € L?>(#*) we define the Fourier transform along the event horizon as

Ful 1) = r. Flf1(@) = = fR F(B)e di (5-98)

in mild abuse of notation.

Lemma 5.13. Let (¢)jn+ € C°(H™) be spherically symmetric smooth data on the event horizon and
assume that (¢) 1+ is supported away from the past bifurcation sphere. Assume vanishing data on the
left event horizon and let ¢ be the arising smooth solution to (5-3) attaining that data. Then, for any
fixed vy and any u € R, v < v, we have

/ 1 l —~ * —iwv
¢p(u,v) = m/]:?-L+[(¢L)|H+X§v|](w)u?{1q(r (u, v), w)e " do (5-99)
and
3y (ropp(u, v)) = \/%—n/}-HJf[(‘P/L)lH*'va.](w) Ay (72, (r* (u, v), w)e ") do, (5-100)
du (ropp (u, v)) = \/%/Fw[(%hwval](w) 3 (32, (r* (u, v), w)e ™) do, (5-101)

where X<y, (V) = xo(v —v1) and xo: R — [0, 1] is a smooth cut-off which satisfies xo(x) =1 forx <0
and yo(x) =0 forx > 1.

By a standard density argument, (5-99), (5-100) and (5-101) hold also for spherically symmetric data
(@)u+ €C YHT) with (¢,)u+ supported away from the past bifurcation sphere.

Proof. Fix any vy and let (u, v) with v < vy be arbitrary. By the domain of dependence property, we have
that ¢ satisfies ¢, = ¢,_, on (u, v) with v < vy, where ¢;_, is the unique solution arising from data
(@) 1+ X<, € C (H™) on the right event horizon H* together with vanishing data on the left event
horizon. Now, since Fp+[(¢) 2+ X<v, | is Schwartz, us, satisfies (5-13), and w4, obeys the bounds as in
Proposition 5.6, we can differentiate under the integral sign on the right-hand side of (5-99) and conclude
that indeed the right-hand side of (5-99) solves (5-3). Finally, to show that ¢, = ‘f’Zgul it suffices to show
that the right-hand side assumes the data from which ¢£§ " arises. But again, since Fy+[(¢}) |3+ X<v, ] 18
Schwartz, we immediately obtain that the right-hand side of (5-99) converges to (¢’£)|%+ X<v, towards
the right event horizon, and — after an application of the Riemann-Lebesgue lemma—to O towards
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the left event horizon. Now, (5-99) follows from uniqueness of the characteristic initial value problem.
The formulae (5-100) and (5-101) now follow from differentiating under the integral sign, which can be
applied as Fy+[(¢}) 2+ X<v, | is a Schwartz function. O

Note that the above proposition immediately implies:

Corollary 5.14. Let (¢}.)3+ be as in Lemma 5.13 and assume vanishing data on the left horizon. Let ¢,
be the arising smooth solution attaining that data. Then,

$p(u,v) = ﬁ/R}'w[(flﬁ};)H+X5v](w)ﬁ3i,q(r(u,v),a))e_m dw (5-102)

and
3u(r¢2(u,v))=«/%/wa[(fbl)mﬂgu](w) 3y (i3, (r (u, v), w)e ") dw, (5-103)
au(’”ﬁbZ(u’U)):J%AIH+[(¢2)IH+X<U](@) A (i35, (r (u, v), @)e ") dw (5-104)

foru,v € R, where x<, is as in Lemma 5.13.

Proof. Choosing v = vj in Lemma 5.13 yields the result. ]

5D. Main results from the linear theory. Before we state the main proposition about the linear theory,
we define the following norms for sufficiently regular functions:

1/2
E\lf] = (/R If(v)|2+|3vf(v)|2dv) , (5-105)
1/2
Ellf1:= ( /R (f @)+ 13y f )P () ? dv) : (5-106)
+o0
FP[f]:=sup(v)? f (@)@ dy|. (5-107)
v>0 v

Further, for part (E) of the following proposition, we will use the Fourier projection operator Ps defined
in Section 4E. We will further state estimates in the so-called late blue-shift region £B. This region is

defined as
2s

2|K_|
for some A’ > 0 chosen in Section 6A. (Note that the estimate below involving £B actually holds true
uniformly for all A" > 0.) For given u, we also define v, () to satisfy
/ 2s _
A"+ K] log(vy, (1)) = u + v, (u).

Note that the estimate Q%N(u, v) S v~ is satisfied in £B. We refer to Figure 6 for a visualization of the

LB:{A’—l— 10g(v)§u—i—v}

region LB near i *. In fact, in the region £33 all the following estimates apply and £33 is also the region in
which we will make use of the linear theory for the nonlinear theory.

Theorem V. Let (¢})jy+ € C Y(H) be spherically symmetric and assume that (@) 3+ is supported away
from the past bifurcation sphere. Assume further that (¢p}) 3+ has finite energy along the event horizon,
i.e., that

E\[(@)n+] < +00. (5-108)
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Let ¢, be the arising solution on the black hole interior with no incoming radiation from the left event
horizon.

(A) Then, forv=>0andu € Rwithr* = %(u +v) > 0, we have

. * A/ 27nr . v , — ~
e dp(u, v) = , () ( (D) (D)e'? dv) + e, V) + Gerr(u, v),  (5-109)
where ¢.(u, v) and ¢err(u, V) satisfy the quantitative bounds
lpr(u, V)| S E1[(@7) ], (5-110)
|err (1, V)] o E1[(@) 14+ 1QRn (1, V) (5-111)

uniformly forv=>0, u € R, 2r*=v+u >2 and any fixed 0 < o < 2. Further, ¢.(u, v) and @er:(u, v) extend
continuously to the right Cauchy horizon. In particular, lim,,_, . ¢:(u,, v,) exists for any sequence
(Un, vp) = (u, +00).
(B) If additionally (¢;) 3+ satisfies
EP[(¢) ] < +00, (5-112)
FPL(pL) e+ ] < 400 (5-113)
for some 0 < B <1, then

v

(WP 1071 1 v) S ()P[0 0) | (@) @)e' ™ db| + EY (9 1+ FPL@ppe ] (5-114)

uniformly for all v > 2, u € R such that v > v, (u).

(C) Moreover,

r+eiwresu
V21

where Oeror satisfy the quantitative bounds

By (re' "¢ (u, v)) = —i

/ FL@E) €™ 1) by, (@)e ™" dw + Perror, (5-115)
R

| Perror| (1, V) ,Soz E; [(¢2)|H+]Q§;f"(u, v) (5-116)
for any fixed 0 < a < 2 and every (u, v) such that r*(u, v) > 1.

(D) Additionally to the assumptions in parts (A) and (B), let oy = oy (u, v) € C ;’v with |0,0p:| < (v)1=2s
be arbitrary. Assume further that

G (@)1 1= 1) (@) ppex Nl oo + 1) 3o (@) e+ [l oo < +00. (5-117)

Then, forall v > v, (u)

v
/ T By (€ r g (u, 1)) AV
Vy (u)

<

~

+ W) (G () 1+ Erl(@) D). (5-118)

v
f ezabr(u,v)elwresv (¢/L)|’H+ (U/) dv/
vy (1)
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(E) Let u € R be arbitrary and assume that (¢,) 3+ is such that |9, (re"“’fesr*qﬁé(u, V)l < +oo.

o Assume in addition that Ps(¢}) 3+ € L}J(IR) for some § > 0. Then,

1@ it o 180 Gre ™" $pue, v s + EvL@L) e 14 I P (@) e -
e If 0 < |qgoe| <€(M, e, m?) or (g0, m?) € {0} x R— D(M, e) as in Lemma 5.10, then

@R s S 180 re =" @, v) 11+ E1[@)) e ]
Proof of Theorem V. (A) We use the representation formula (5-99) in Lemma 5.13 and have
or(u, v)

r+

= P-V-/R [f[(¢2;)|H+X5u](w)

V2nr % (W) zy (@, e @™o L (w)ucy, (, r*)e @)

W—Wres

e—"w'} dw. (5-119)

After a change of variables @ —  + w5, We obtain

¢p(u,v)
r e*iwresr*eiwresu .
= +J2——P-V~/ []:[(¢Z)|H+X5u€’w”s'](w)
mr R

% Coores (CU)MCHR (0+Wyes, r*)e' +ta)res (a))”CHL (W0+wres, r*)e ™'Y

w

]dw, (5-120)

where t,, (@) = t(w + wrs) and t,,, (@) = @ 4 wres).
We now expand the numerator and obtain

Cones (@) UCHz (@ + Dres, T7) = T (0) F (Cgey (@) = T (0)) 4 Tap, (@) (g (Wres + @, 77) — 1) (5-121)

= 1,,..(0) (5-122)
F (T, (@) = T, (0)) (5-123)

+ to (@) (U (Wres + @, 1) — Uy (Wress 7)) (5-124)

+ Ty (0) (g (@res, 7™) — 1) (5-125)

F (Capes (@) = T (0)) (Ui (@res, 1) — 1), (5-126)

as well as

toes (@) UCH, (@ F Dres, T) =t (0) F (tin, (@) = b (0)) + b, (@) (e, (Wres + 0, 7) = 1) (5-127)

=ty (0) (5-128)
T (te, (@) — 0, (0)) (5-129)

+ b (@) (UcH, (Ores + @, 1*) — Ue, (res, 7)) (5-130)

F tie, (0) (e, (Wress ™) — 1) (5-131)

+ (s (@) = tare (0)) (ucry, (@res, 1) — 1). (5-132)

We write
twres (a)) _ twms (O)

w

) (5-133)

Wres

0 (@),
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where

Ty (@) — 14 (0
(@) = O (o)

Wres - t(u s 0
t res (a)) TCS( ) (5_134)
w
are real-analytic.
In the following we will estimate each term from (5-122)—(5-132) independently. We start with the
main term coming from (5-122).

Lemma 5.15. We have

. . r lwresu T, O
' ainr (1, V) 1= + p. V/ Fl (<f>5)|7{+)(<u€mres (@) —— wles( ) e dw (5-135)
V2mr
satisfies
[ Wres?™ T elwres”t res(o) Wresl
€ B, ) =i+ ) / @D (D=0 sgn(@ +u)d.  (5-136)
Proof. This follows directly from the fact that F[p.v.(1/x)] = im sgn. (I

Lemma 5.16. We have that

lwrceu — 0 .
twl‘es (Cl)) twres( )ela)u dw (5_137)

lwres

PV/f[(¢g)|H+X<ve“”‘“]( )

¢errorR1 (u,v): =

\/_ r
_ree / FI@ e x=0e ™™ M@)ES, @) do (5-138)
extends continuously to the Cauchy horizon and satisfies
|perrorr1 (1, V| S E1[(9) 34+ ]- (5-139)
If additionally, Ef[(¢2)|7{+] < 400 for some 0 < B <1, we further have
() Perrork1 (. )| S EF 1@ )per] (5-140)

forallr* > 0.

Proof. 1t suffices to show both claims for fR (D)) 1+ X<ve P (@)t (w)e!® dw. We begin by

Wres

showing (5-140) under the assumption Ef L [(@7)2+] < oo. We will use the notation (8,)P to denote the
Fourier multiplier with (1 4 |«|?)?/?, where u is the dual variable to w. Using this, we estimate

)P /R]:[(tb/L)W )(Sve"‘”f“'](a))tfueres (w)e' da)‘

[0 U e N, @) dw‘

< 100)P (FL@) 3+ x<ve ™ Tels i
< 11(90)’ (@) F L@ e X<ve' = Dl g2 (@) ™'l N1z

(@) FU@ R+ x =o€ M2 11(30)P () 'l Il 2
S @R x=<oe ™ 2411 (0) 0, (D) e x<ve ™) 12

S EL L@ ] (5-141)
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in view of a Kato—Ponce inequality (see, e.g., [Grafakos and Oh 2014, Theorem 1]) and

o)™ N2, S 1. (5-142)
1190)? (@)~ els 2,y S 1, (5-143)
which follow from the definition of v;; , t as well as Lemma 5.9. Now, note that the previous estimates
for B =0 give (5-139).
For the continuous extendibility across the Cauchy horizon we need to show that for (u,, v,) —
(ug, +00), the limit

lim / FLUPR) it X<v, € 1(@)TE_ (w)e' ™ dw (5-144)
n—oo fp res

exists and that the limiting function is continuous. In view of the triangle inequality we have

/R FUSD per X <v,€ > N@)ely (w)e' ™" do — /R FUPD pere ™ 1)y (w)e' ™™ dw

§/R|f[(¢Z)|H+€iwr“'](w)t§§,es(w)|Iei‘””" — &' dw
+ fR IFI@) 1+ (1 — x=u)e' = N(@)] |t ()] dw.  (5-145)

Wres

In the first term of (5-145) we apply dominated convergence to interchange the limit with the integral
which is justified as

/R IFLUGLI e N @), (@)] e — '] e

S/RIf[(dé)p#eiwf“'](w)tre (@) do < E\[(¢p)n+]  (5-146)

Wres

in view of (5-142). For the second term in (5-145) we have that

/R |FL@L) e (1 = x<p,)e = 1(w)] |t (@) do
1/2
N (/[R|3a((¢2)|7{+(17)(1 —van(ﬁ)))|2dﬁ) — 0 (5-147)

as n — oo since E 1[(¢2)|H+] < +00. That the limit is continuous also follows from (5-146). O

Lemma 5.17. We have that

i Wreslt

rye

N2mr

: *
1 Wres?
e res

Qerrorr2 (U, V) =

P-V-/R FUPL e X<ve' ™ 1)

. twres (CL))(MCHR (a)res + w, r*) - MC'HR (a)l‘eS’ r*)) e

w

ion dey  (5-148)

converges to zero towards the Cauchy horizon and satisfies the quantitative bound

|Perrorra (1, V)| S Qan(tt, V) E1[(@)30+] (5-149)

forr* > 1.
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Proof. We estimate

Cones (C‘))(”CHR (Wres + @, r*) — UCHp (Wres, 7))

(5-150)
w
S sup |8wm (a)res +w, r*)l + sup WE’;‘_{/R (wres + w, r*) _m(a)res, r*)l (5’151)
lo|<1 lo|>1
< iy (5-152)

in view of Lemma 5.7 and Proposition 5.6. Now, (5-149) follows from a direct application of the Cauchy—
Schwarz inequality. (I

Lemma 5.18. We have that

[ Wresh™

4 QPerrorr3 (U, V)

[ Wresld

Cores (O)(EE;-[/R (Wres, ™) — 1)
w

rye

N2y

= Ve (0)(’/‘C7-LR (wres, r*) - 1)

& dw (5-153)

p-V-fR FUPL) e+ x<ve = 1(w)

La)res u

rye
N 2mr

converges to zero towards the Cauchy horizon and satisfies the quantitative bound

PV/f[(¢£)H+X<v€”"“‘ (@) Loion gy (5-154)

|errorr3 (1, V)| S Qan (s V(@) e+ X <vull )
< Qg V) E1[(@) 1+ 1) 2 <o Qe (, V) E1[()) e+ ] (5-155)
forr* > 1and any a > 0.

Proof. 1t suffices to control the principal value integral. A direct computation using that F[p.v.(1/x)] =
i sgn yields

p.v. f FUGD i x=ve ™ 1(@) Lo dw‘
R

S /R (@) 13+ (B — ) <o (@ — )| dD < (@) e+ X <vull iy (5-156)

The second inequality in (5-155) is now a consequence of the Cauchy—Schwarz inequality. ]
Now, we are in the position to control the last term as follows.

Lemma 5.19. We have that

lwres

¢errorR4 (u, v)

l WresU

— 0)(%eay. ,rH—1) .
T / U g 20 a0y (@) = T >>C(chyR @ ™) =D o g (5157,
= (uCHR (wres’ r ) - l)elwres ¢errorRl (5-158)
converges to zero towards the Cauchy horizon and satisfies the quantitative bound
|Berrorka (1, V)| S Qi (0, V) E1[($) ] (5-159)

forr* > 0.
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Proof. This follows immediately from Lemma 5.16. ]

Now, we turn to the terms arising from the transmission coefficient. Completely analogous to
Lemma 5.15 we obtain:

Lemma 5.20. We have that

i WresU

rye

O i g,
Var

lwresr

GmainT (U4, V) 1= (5-160)

p. V/ FUPL e x<ve' ™ () 22— Lo

satisfies

1 Wresl
rye twres

eiwmr*‘bmainT(u, V) =im % / (¢£)\H+(U)X<v(v)elwmv sgn(v — v) dv. (5-161)

Lemma 5.21. We have that

la) u
r+ TeS

NGz

r+elwresu

= / FLUPL) X <ve' ™ l)t, (w)e"‘““ dw (5-163)

; *
LWrest
e Tes

o — 1. (0) _.
GerrorT1 (U, V) 1= pV/’F[(¢£)|H+X<Uelwres](a)) rcs(a))a) rcs( )e 0V 4 (5-162)

extends continuously to zero at the right Cauchy horizon, i.e., for v — +00 and u — ug. If in addition
E 13 [(@})2+] < 00, then we have the quantitative decay

|Perrort1 (V)] < (0) PEP (0 e+ 1. (5-164)

Proof. We first show the first claim without assuming that E’f [(¢,)n+] < +o0. Doing the analogous
estimate as in (5-147) it suffices to show that

f ]:[((p/ﬁ)‘H+eiwresl~)](w)t$res (w)e—la)v dw (5-165)
R

tends to zero as v — 4-o00. Thus, it suffices to show that v > [ F[(¢])jp+ € J (@)L (w)e " dw is
an H! function. This again follows from

/R 1+ ) F @) per € =N @) P (@) do S E1[(@)) ] sup 1t (@) S Eil(@p)pet]. (5-166)

We will now proceed to show the quantitative decay assuming E# [(¢})2+] < 0o. In this case we have

Wres

‘ /R FL@p) e x<ve = N (@) (w)e ™ dw‘

‘% / FUSDm x=ve' "N @) 5, (@) Bpe™' " dw‘

R

S ‘% f 0o F L) X=ve = @)ty (w)e™"" da)‘
R

+ ‘% /R FL@)pe x=ve' ™ (@) Bty (@)™ dw‘
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S ‘1 FIO@p) e+ x=ve = Nt (@)™ dw'
lw|<1
+ ‘1 FUL) e x<v€' =" 1(@) Bty (@))e " dw‘
U Jjwl<1
1 N . »
Hy ) FI@Dm e @ @e d‘*"
+ % FUSL) per x<v€' = 1(@) Bty (@))e ™" dw‘
|a)|>1

1 - . ~
N ;||U(¢/L)|H+X5u€lwr”v||L§||3 t:,ieS”Lg)[—l,l]"i_ ||(¢g)|H+X<v€lwr“v||L2||fw Mzz-1n

1 - ] -1
+;||35(U(¢2;)|H+X5v€lw'esv)||L§||w ooty 122 @==1.17)

1  Wres —1
+;||3i((¢/g)|H+X§v€lwmv)||L%||w toe 22 @—[=1,1)

1 ,
< U—ﬁEf[wc)mu

since

19t Mzz—1 s 15 N2 imr s o™ oty iz @il €5 l2@oj—1,) S 1. g
Analogously to Lemma 5.17 we have:

Lemma 5.22. We have that

[ WresT™

4 Perrort2 (U, V)

r+eiwmu .
P-V‘/f[(¢2)|H+st€’w‘“'](w)
R

- N2y

converges to zero towards the Cauchy horizon and satisfies the quantitative bound

|Gerrorr2 (1, V)| S Qw1 VI E1L( @) ] (5-168)

twrcs(w)(ﬁ_C\H/L(a)res+a), r*)_ﬁ_C\H/L(a)reSa r*)) e~ 4o (5-167)

w

forr* > 1.
Analogously to Lemma 5.18 we further obtain:

Lemma 5.23. We have that

; *
e' " @errort3 (U, V)

r+elwresu
= “Joar PV/f[(¢L)H+X<u€lwre°]( )
l(l)resu

— % r [ Wres* 1 —iwv
= o (0 (ucwg (@res, 17) — 1)% P-V-/ FlUp) i x<ve ™ ](w)ze do  (5-170)
r R

oopes (O)(M/C\??L (Wres, r*) — 1) e~ 4
w

(5-169)

converges to zero towards the Cauchy horizon and satisfies the quantitative bound

|Gerrort3 (1, v)| So Qe s VI EVL(@) ] (5-171)

forr* > 1.
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Finally, completely analogous to Lemma 5.19 we have:

Lemma 5.24. We have that

eiwresu

N2y

L Wreg

.
e " Perrort4 (U, V) 1=

p.v. /R FIUSL) pir Xen ™™ (@)

) (twres (w) — twres (O))(MC”HL (Wres, r*) — 1) eiiwv do
w

= (Ucrg (Ores, 1) — D™ Perrorry (5-172)

converges to zero towards the Cauchy horizon and satisfies the quantitative bound
| perrorka (i1, V)| S Qiny (V) E1[(@) 3] (5-173)
forr* > 1.

Having estimated each term independently in the integral appearing in (5-120) and noting that

" (Gmaink + Gmaint) (U, V) = @% (O)e"wfes"< v (@) (D)e' dﬁ) (5-174)
—u
in view of ¢,  (0) = —t,_ (0), we finally obtain (5-109) with
br = """ Perrorm1 (5-175)
and
Gerror = €= (PerrorR2 + PerrorR3 + Perrorkd + PerrorT1 + Perrort2 + PerrorTs + Perrors)- (5-176)

The bounds and continuity statement for ¢, and ¢epror now follow from Lemma 5.16 and (5-172).

(B) In view of part (A) and the fact that Qgrn decays exponentially in r* = %(u + v) towards the Cauchy
horizon, it suffices to show that

v+1 . )
<”>ﬂ‘f X<o (D) (@) e+ (D)e' =V dD| + )P e (u, v)| < Fﬂ[(qﬁ/ﬁ)”,ﬁ] + E?[((b/ﬁ)l?ﬁ] (5-177)

as we consider the region v > |u| + log(v)/(2|K_|) in which QZRN(M, v) < (v)~1. Now, the claim is a
direct consequence of the second parts of Lemmas 5.16 and 5.21 together with the assumptions (5-113)
and (5-112).

(C) We will now consider 9, (re'®rs" *¢[’:). We use the second part of Lemma 5.13 and end up with

3y (€= repp(u, v))

r_,_eiwf"su , . .
= Vo | FUPL) et x<vi €' 1(w)
\/E p A[ ¢E ‘H+X_U]

_twres (w) 8UE_C\’H/R (w4wres, ”'>‘<)elwu"+'tcz)reS (w) 0y (E_C\’H/L (0+Wres, r*)e
w

_lwv)]dw (5-178)

for v; > v. Since avm and Bvﬁc\H/L are bounded uniformly in absolute value by Q%{N in view of
Proposition 5.6, the terms of (5-178) which arise thereof are bounded by QQRQ)‘E 1[(¢})3+] for any o > 0
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as in part (A). Similarly, ﬁc\qu — 1 is bounded by Q2RN and thus, the main term arises from 9, (e ") and

we obtain
iweest™ . 1/ -r+eiwresu / i Wres* —iwv v
0y (e ™" rep(u,v)) = —i Fl( @)+ x<v € Tty (@)e do+ .., (5-179)
V2 IR

where |®2 | <, QZRI_\I“E 1[(¢,)2+]. Note that ®Z - depends on v; but the upper bound is uniform in vy.

Since (@) F[(¢))p+e' =] € L2 and (w)~'t,,,, € L, we can take the limit vj — oo and obtain
r+eia)re>u
V21
where | ®ermor (i, v)| So iy (u, V) E1[($) 1.

(D) Note that @ as in part (C) decays proportional to QZR;I“ for any o > 0 and thus

3y (e P (u, v)) = —i / FLUP) 1+ 1 (@) b, (@)e ™Y dw + Perror, (5-180)
R

/ Pl dv' S (> vy ) s ] S ()™ By (@) e

v < W E @] (5-181)
choosing « > 0 sufficiently small (recall that s <1 therefore 2s > 3s — 2). Thus, it suffices to show the
result for the main part in (5-115). We further write
toe (@) =1, Fot), +0’t,, (), (5-182)

where we note that
toe (@) — 0 —ot!

|twres| — a;res (Wres S <Cl)>_1
W
and |8w{wm| < (w)~!in view of Corollary 5.8 and Lemma 5.9. Hence,

(V) F (f,) (V) € LA(R,) (5-183)

Tes

and thus, F(%,_) € L'(R) by the Cauchy—Schwarz inequality.

res

Now, using (5-115) we obtain

v
/ el7ortV) g, (elwresr*’”(l%) dv’
Vy (u)

<

~

v
/ e/ 7o) / FUD pere' = No)t), e dw dv’
vy, (u) R

+

v
f gt obr (V) / FL@p)per e Nw)wty, e Y dw dv’
Uy(u)

v
+ / et (v f FLUOL) € = 1 (@) 0P (@)Y dwdv|. (5-184)
vy, (u)
For the first term we directly take the inverse Fourier transform and estimate
v
/ embr(u,v ) / .F[((b/ﬁ)\H+etwm.](w)fgme_lwv do dv’
vy, () R
v
< / o) plomV (1 y 0 () du'|. (5-185)
vy (1)
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Similarly, for the second term we integrate by parts and obtain

v
/ ezabr(u,v ) / ]:[(‘pz)‘H+etwres~](w)wtclorese—twv do dv’
vy (1) R

v
S| a e e ) v
v

y (1)

S )Y (@)l +

v
f 18y ot (1, V)] [(Pf) e+ (V)] dV”
vy(u)

S )N (@) o (5-186)

Using the same method as above, the third term satisfies

v
/ gl / FLU@p ¢ 1 (@) iy, (@)e ™" do dv/
v

y(”)
< f By (e or)y f FI05((9) e+ € =) (@) L, (@)e 7Y dew dv’ (5-187)
vy (1)
+ f FL05 (@) 1+ € =) [ (@) T (@) dw‘ (5-188)
+ ‘ f FL35((P)) jp+ € =) (@) E, ()€ @ ) dw’. (5-189)

We will now estimate the three terms individually.
We start with integrand of (5-187) and note that the other terms (5-188) and (5-189) are treated
analogously. We write

‘ / FI05((9)) e+ =) (@) L, (@) 7Y dw‘ < ‘[aa((¢2;)m+e"wfesﬁ)]*f<%wm) ')

= ‘/Ra,;((q&/ﬁ)H+ei“’r°sl~’)(ﬁ)F(%wres)(v/—f))dﬁ . (5-190)

To estimate the convolution, we note that for v/ > 2R, either |9| > R or |0 — v'| > R. Thus,

/R 35 (D)) (D) F () (v — D) dD

S /H (@) D) F (o) (0 = 9) A +‘ /| /l OO F )~ D)
SR ["I . |F (o) 0" — D[ dB|(10° (@) 130+ 120 + 10* (D) e 1)

+R™! ok 105 ((@ )€Y D) [V = B | F () (v — B)|
S )N @R e + 10 0@ e o) 1 F G ) 1 + (8) T Er L@ e 1100 F ()l 2
< ) (@R e e + 10 0@ e 1) + Erl(@7) e D (5-191)
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where we used (5-183). Now, plugging these estimates in (5-187), (5-188) and (5-189) and using that
10y06:] < (v)1725, we obtain, since 3 <5 < 1

4
v . , .
/ elﬂbr(”sv ) av, (elwrcsr*
Vy (u)

This shows (D).

dv’ < ()2 (10 (@) e Lz + 105 8u(P) e Lo + E1L(@)) 10+ 1)

(E) Assume that (¢) 3+ is such that the arising solution ¢ satisfies 9, (ei“’fesr*r¢>£)(u, -) € L} on some
constant u surface. Then, in view of (5-180), we have that

/}'[(¢Q;)H+e’“"“ 1(@) b, (@)™ dw < 190 (re' " (u, V)| 1 + | Perrorll .1
R

< 19, (re " ¢ (u, V)l s + Erl(@ppmer]. (5-192)

We will first consider the cases for which t,,  does not have any zeros (i.e., Z; = @); see Lemma 5.10.
Then 1/t,,. S (w)~ Usince [€? = |t|> 4+ @ (w — wyes). For that, also recall to, (0) = t(w + wres). Moreover,
in this case, F~'[1/t,,.] € L} since 1/ty,,, € L2, 3,(1/ty,.) € L2. Thus, 1/t,, is a L' bounded Fourier
multiplier. Hence, using that 1 =1t,,_ (1/t,,..) and (5-192), we obtain

res res

Wres

1@l < H fR FLGR 0 € 10, (@)e ™ doo

L)
SN0y (re™ = g, V) 11 + Erl($) et 1. (5-193)

Now, we consider the case, where t potentially has zeros, all of which have to lie in Z,f. Then, by the
inverse triangle inequality applied to (5-192) we obtain

18y (re" =" ¢, V) 11 + Er[(@) ]

> H fR FUS) e+ 1 (@) b, (@)Y dw

Ll

f f[(¢2;)|y+eiwfes'](w)(l — Xt?(w‘i‘wres))fwres(a))e_i“’” dw
R

L

,  (5-194)

- H f FLUS) e+ 1(@) x5 (@ + res) b (@)e ™Y dw
R L}

where we recall that ys is supported in Z{S. For the first term we use |1/t <5 ()~ on R— Zf and obtain

H/f(d)g)mwwf“](w)(l Xé(w‘i‘wres))twres(w)e_lwvde 25 1A= Ps) (@) i+ Iy
L)
"2 @) el =1 Ps @) el Ly (5-195)

For the second term we use t- x5 € C2° and obtain

H /R FIUG) € (@) x5 (0 + tres) o, @)e ™" do| < I Ps( @)t I - (5-196)

Ly
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Putting everything together yields

1@ e Ny Ss 180" g, vy + ErL@p) per 1+ I Py (@) et - (5-197)
This shows part (E) and concludes the proof of Theorem V. O

To connect with the nonlinear theory and the various oscillation spaces from Section 3D we state the
following corollaries from Theorem V. We will also introduce a smooth positive cut-off supported only
on v > vg + 2 and such that x>,,4+3 = 1 for v > vy + 3. We assume that |9, x>y,+3| < 2. We also recall
the notation v/, = r¢;.

Corollary 5.25. Let ¢y+ € SL be arbitrary and define (¢7) 3+ (V) := X>v943 (V) Py (V), which we trivially
extend for v < vg. Let ¢ be the unique solution of (5-3) with data (¢)) 3+ on H* and no incoming data
from the left event horizon. Note that by the definition of SL (recalling s € (43_1’ 1]) we have that for all
V=1

U (@) e+ 1 (V) + 18, (@) e+ [(v)) < 4Dy (5-198)
(D) If ¢+ € O, then

sup
V=0, Uo<Us

for all oy, satisfying (3-15), (3-16).
(2) If ¢+ € O, then additionally for all uy < uy

< +00 (5-199)

v . v
j ") ,iq0 fy, (Agn)o (o, v) dv" SRN / / N,
/ £!9006r (V) , oo Arnv DNyl (ug, v') dv
m

lim
v—>+400

v . v
j "y Jiqo [, (Apn)v(@o,v) dv' RN,/ NP,
/ £!9006r (V) , fuo RN)v DNy (ug, v') dv
v

exists and is finite for all oy, satisfying (3-15), (3-16).

(3) If po+ € O, then additionally for all Dy, > 0 there exists D' = D' (e, M, Dy, s, qo, m*, Dy;) > 0 and
fio(e, M, D1, s, qo, m?, Dy) > O such that for all oy, satisfying (3-15), (3-16) and for all (u, v) € LB

(5-200)

<D |uf~! T, (5-201)

v ; v / / /
/ eiq()o'br(v/)elq() f“O (ARN)U(uaU )dv DENII,Z(M’ v/) dv/
Vy (u)

(4) Assume that go =0, m*> ¢ D(M, e) and that ¢+ € NO = SL— O. Then for all u € R

lim sup |¢7|(u, v) = 400. (5-202)

vV—>+00

Remark 5.26. It should be noted that for the nonlinear problem we will impose nonzero data on Cj,. For
the difference estimates it however suffices if the linear data and the nonlinear data agree eventually on H ™.

Proof. We begin by noting that ¢4+ € O, O, O” if and only if i(d)/ﬁ)wﬁ(v) = A—ILXZUO+3(U)¢H+(U) €
O, O, O’ respectively.'?

12The factor % is just to make sure that %XZUO+3(U)¢H+ (v) e SLif pgy+ € SL.
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Now, the first statement is a consequence of part (D) of Theorem V, the expression for the gauge
derivative in (5-7) and the fact that for some bounded function f ()

v

v 1 1
q0 f (Agp)w (u, V) dv' = —3 (w— —w,)dv' + 5 Dres - (v —o)
()

vo

L[ A ] ]
=-3 (w- —w,)dv +§ (w— —w,)dv +§a)res.(2r —u —vg)
Vo v

= st + () + O(QLan(r)). (5-203)

The second statement follows completely analogously. For the third statement, we use part (D) of

Theorem V, and that, defining 0 < ng = min{no, %(3s — 4)} (where g is as in the definition of O”),
3
i

Now, we proceed to the last statement. Indeed, under the assumption go = 0 and m? ¢ D(M,e), we
have that t(w = 0) # 0. Thus, from Theorem V(A), and the assumption ¢+ € N O, the claim follows. [J

we have min(1 — s + 79, 2s —3) = 1 — s + 779 for some 7y > 0 as s >

Moreover, we also deduce a result of W' blow-up along outgoing cones for the linearized solution in
the following sense. To state the following corollary we recall the definition of P as in Section 4E.

Corollary 5.27. Let the assumptions of Corollary 5.25 hold.

(1) Assume that Ps(¢y+) € L' for some 8 > 0. Then, for all u < ug, we have

+00 +00
/ |0+ 1 (V) dv' S / | DNl (u, v) dv+ || Ps(dae) I 11 + Dr, (5-204)
) Vo

recalling the definition \, = rrn¢,. In particular, if

b+ € SL—LYHT)  with Ps(¢y+) € LY (R) for some § > 0, (5-205)
then for all u < uy,
+00
/ I DRNY | (u, v') dv” = +o0. (5-206)
Vo

Thus, the set of data ¢+ € SL leading to blow-up for each u < ug as in (5-2006) is generic in the sense
that its complement H is the set H = HyNSL for some vector space Hy C SLg of infinite codimension
in SLy, where we recall (3-13) for the definition of S L.

(2) Assume 0 < |goe| < €(M, e, m?) or go =0 and m*> ¢ D(M, e). Then, for all u < uy, we have
+00 +o0
[ e ieha s [ DR vy + Do (5-207)
Vo Vo

In particular, if g+ € SCL— L' (1), then

“+00
/ |IDRNY | (u, v') dv’ = +o0.

v
Proof. The statements follow from Theorem V(E). The genericity of S£ — H in the first statement is a
direct consequence of (5-205). We have also used that Ps((¢,)+) € L' if and only if Ps(¢y+) € L'. 0O
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6. Nonlinear estimates for the EMKG system and extendibility properties of the metric
We give a brief outline of Section 6:

(1) In Section 6A we recall the time-decay estimates that were established in the nonlinear setting by the
second author in [Van de Moortel 2018] (see Theorem B). These estimates play a crucial role in the proof
of the Cauchy horizon (in-)stability and will also be essential to the analysis of the present paper. Recall
that the various gauges were defined in Sections 3 and 2C.

(2) In Sections 6B and 6B3, we provide some useful nonlinear estimates, and show how to deduce the
continuous extendibility of the metric from the boundedness of the scalar field. To do so, we will in
particular exploit the algebraic structure of the nonlinear terms in the Einstein equations.

(3) In Section 6C, we estimate the difference of the dynamical metric g with the Reissner—Nordstrom
metric grn and the difference of the scalar field ¢ and its linear counterpart ¢, (¢ differs from ¢ of
Section 5 by a gauge change; see Section 6C). If gg = 0, we show that these differences are bounded, thus
showing the coupled ¢ is bounded if and only if its linear counterpart ¢~ is bounded. If gg # 0, the estimates
are more involved and include a backreaction contribution from the Maxwell field; see Section 6C4.

(4) In Section 6D, we combine the results from the linear theory (Section 5) with the results above to
prove Theorems I (i) (Section 6D1), I(ii) (Section 6D2), II (Section 6D3) and III (Section 6D4).

Throughout Section 6 we will work under the assumptions of Theorem B.

6A. The existence of a Cauchy horizon for the EMKG system and previously proven nonlinear estimates.
We use five different regions which partition the domain [—o0, u] X [vg, +00]; see Figure 7. To this
effect, we first introduce the function A (v) as in [Van de Moortel 2018, Proposition 4.4]; namely we
define 4 (v) by the relation

Q% (U =0, v) = K+ th)=w), (6-1)
Note that 2(vg) = 0 by gauges (3-7), (3-6). It is proven in [Van de Moortel 2018] that as v — 400
h@) =0 )L+ 0logw) =1, K@) =00'">), K'@®=00"%). (62
Now we can introduce the five regions partitioning our spacetime {0 < U < U, v > vg}:
(1) The event horizon HT = {u = —oo} = {U = 0}.
(2) The red-shift region R = {u + v+ h(v) < —A}.
(3) The no-shift region N :={—A <u+v+h(v) < Ay}
(4) The early blue-shift region

2s
2|K_|

56::{AN§u+v—|—h(v)§—A/+ 1og(v)},

assuming that |u,|is sufficiently large so that Ay + A" < (2s5/(2|K_1)) log(v) in EB.
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Figure 7. Division of a rectangular neighborhood of it into five spacetime regions.

(5) The late blue-shift'® region
2s

LB:= {—A’-i— ——loglv+h(®)) <u +v+h(v)}.

21K_|

In the proof of Theorem B, it was shown that there exists a large constant Ay(M, e, qo, m2,s, D 1,D7)>0

such that, if A, Ay, A" > Ay, the following estimates (as enumerated below) are true. In the course of

the proof of the new result, we will implicitly always assume that A, Ay, A’ > Ay and choose when
necessary A, Ay, A’ > A for some A (M, e, qo, m?, s, Dy, D7) > Ay that will be defined later.

Proposition 6.1 (nonlinear estimates on the event horizon H™* [Van de Moortel 2018]). There exists a

constant Dy = Dy (M, e, q, m?, s, Dy, D») > 0 such that the following estimates hold true on H* =

{U=0, v>uvo}:

|Q(0,v) —e| <Dy -

| (0, v) — M| < Dy -
0<2(0,v) < Dp -

0<ry—r(,v) <Dg-

19, 10g(223)(0, v) — 2K (0, v)| < Dy -
12K h (v) + 2K+ —2K (0, v)]| < Dy -
|9y log(27)1(0, v) < Dy -

10y #[(0, v) < Dy

|Au (0, v) < Dp -

o172, (6-3)
vl—2s’ (6—4)
v, (6-5)
', (6-6)
v, (6-7)
v, (6-8)
Q%0 v), (6-9)
-Q%0,v) - v, (6-10)
Q%,(0, v). (6-11)

Proposition 6.2 (nonlinear estimates in the red-shift region R [Van de Moortel 2018]). There exists

a constant Dgp = Dr(M, e, qo, m?, s, Dy, Dy) > 0 such that the following estimates hold true for all

(u,v) eR:

I3Note that the late blue-shift differs slightly from [Van de Moortel 2018] where it was defined to be LB :=

{=A"+(25/Q2IK-])) log(v) < u+v+h(v)}.
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|91(u, v) + D@l (u, v) < Dg-v™",

|Du¢|(lfi, v) < Dpg- 62K+'(u+v+h(v)) S

log(Q*(u, v)) — 2K+ - (u +v+h(v))| < Dg - Q*(u, v),

0<1—x(u,v)<Dg-Q%*u,v)- v,

|9, log % (u, v)| < Dg - Q*(u, v),
19, log(2%) (u, v) — 2K (u, v)| < Dg - v~ %,

0<ry—r(u,v)<Dg-Q%*u,v)+v'™%,

|Q(u,v) —e| < Dg-v'"?,

|@ (u, v) — M| < Dg-v'™%,

12K (u, v) — 2K 4| < Dg - % (u, v) + v 2.

’

(6-12)
(6-13)
(6-14)
(6-15)
(6-16)
(6-17)
(6-18)
(6-19)
(6-20)
(6-21)

Proposition 6.3 (nonlinear estimates in the no-shift region N [Van de Moortel 2018]). There exists

a constant Dy = Dy(M, e, qo, m?, s, Di, Dy) > 0 such that the following estimates hold true for all

(u,v) e N:

| (u, V)| + | Dy (u, v)| < Dy -
|Du¢p(u, v)| < Dy -

2 2M 2
log Q2 (u, v) —log| —{1— + <Dy -

r(u,v)  r2(u,v)

0<1—x(u,v)<Dy-

11— t(u, v)| < Dy -

|0, 10g(Q%) (u, v) — 2K (u, v)| < Dy -
13, 1og(R%) (1, v) — 2K (u, v)| < Dy -
|Q(u,v) —e| < Dy -

| (u,v) — M| < Dy -

log(2)[(u, v) + |log(r)| (u, v) < Dy.

Moreover, denoting by yy := {u + v+ h(v) = Ay} the future boundary of N', we have on yy

Q%(uy (1), v) < Dy - e*K=2N,

(6-22)
(6-23)

(6-24)

(6-25)
(6-26)
(6-27)
(6-28)
(6-29)
(6-30)
(6-31)

(6-32)

Proposition 6.4 (nonlinear estimates in the early blue-shift region £8 [Van de Moortel 2018]). There

exists a constant Dg = Dg(M, e, qo, m?, s, D1, D) > 0 such that the following estimates hold true for

all (u,v) € EB:
| (u, v)| < Dg -v™° log(v),
[Dy¢(u,v)| < Dg-v",
|Dy¢(u,v)| < Dg-v™"°,

(6-33)
(6-34)
(6-35)
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llog 2%(u, v) —2K_ - (u+v+h@))| < Dg-A-e 2K+ <1, (6-36)
0<1—x(u,v)<i, (6-37)

11—, v)| < 3, (6-38)

10, 10g(2%) (u, v) — 2K (u, v)| < Dg - v' 7 log(v)?, (6-39)

18, 1og(Q2%) (u, v) — 2K (u, v)| < D - v~ > log(v)°, (6-40)

12K (u, v) —2K_| < 5551 K-, (6-41)

|Q(u, v) —e| < Dg-v'™>, (6-42)

| (u, v) — M| < Dg - v'™2, (6-43)

Ir(u, v) —r_(M, e)| < Dg - (v' 7% 4+ Q%(u, v)). (6-44)

Moreover, denoting by y := {u +v+h(v) = —A"+ (s/(2|K_|)) log(v)} the future boundary of £B,
we have on y
Q*(uy, (v),v) < Dg-v™ . (6-45)

Proposition 6.5 (nonlinear estimates in the late blue-shift region £5 [Van de Moortel 2018]). There
exists a constant Dy, = Dy (M, e, qo, m?, s, Dy, D») > 0 such that the following estimates hold true: for
all n > 0, there exists C, > 0 such that for all (u, v) € LB

Q¥ (u, v)|¢|(u, v) < Cp-v*, (6-46)
Q¥ (u, v)|Q —e|(u,v) < C,-v' ™%, (6-47)
1> (u, v) + Q*(u, v) < D - v* > 1jsoqy + D - [log()* 5=, (6-48)
|Dyp|(u,v) < Dg-v™", (6-49)

19y 108 (R (. v) < Dy - v' "> 1sopy + Dy - log(v) - v~ =y, (6-50)

0 < Q%u,v)<—r(u,v) <Dp-v %, (6-51)

0< —v(u,v) <Dy -u~>. (6-52)

6B. Nonlinear estimates exploiting the algebraic structure. We emphasize that we do not necessarily
assume that ¢px+ € O in this section. The specific assumptions of this type are made in Section 6D only. In
fact, we use many of these estimates in our companion paper [Kehle and Van de Moortel > 2024] as well
(where it is assumed that ¢+ ¢ O). Throughout Sections 6B—6D we use the notation | f (u, v)| < |g(u, v)|
if there exists a constant ['(M, e, m?, qo, D1, D3, s) > 0 such that | f(u, v)| < T -|g(u, v)| for all (u, v)
in the spacetime region of interest.

6B1. Boundedness and continuous extendibility of D, . To reach the goals of this section, we must first
prove preliminary estimates on D, 1, where 1 := r¢ is (what is called in the black hole exterior) the
radiation field. Since r is upper and lower bounded in our region of interest, it may be very surprising
to consider this quantity in the black hole interior. However, as it turns out, D, is always bounded,
while D, ¢ is bounded if and only if ¢ is (providing liminf,_, ;+ |v|(#, v) > 0, which is conjecturally a
generic condition; see [Van de Moortel 2021] for a discussion and proof of this result).
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Proposition 6.6. We have the following (gauge-independent) estimate for all (u, v) € L1:
1Dyl (u, v) S lul ™. (6-53)

Moreover, in the gauge (2-26), both D, and A, admit a bounded extension to the Cauchy horizon,
denoted by (D, V) ch and (A,)H, respectively.
Proof. Using (2-45) with the estimates of Proposition 6.5, we have

|8, (Du¥)I S AL V] -] + 21707,
Finally with (6-51) and (6-48) we get

180Dy S 017 a7+ Q107
Now the left-hand side is integrable in v since s > % so D, admits a bounded extension by integrability
and integrating from y we obtain the estimate, in view of the estimate on y from Proposition 6.4. To

conclude, the extendibility of A, follows from (2-39) and the estimates of Proposition 6.5 that show that
|0yA,| is integrable in v. [l

6B2. Key estimates for a candidate coordinate system (u, V') for a continuous extension. In this section,
we construct an adequate coordinate system (u, V), in which the boundedness of the metric coefficient
log(Q%H) related to (u, V) by QéH = —2g(dy, dy) follows from the boundedness of the scalar field ¢.

Proposition 6.7. There exists a coordinate system (u, V) for which V (v) < 1, and limy_, 1o V(v) =1
and for which, defining the metric coefficient QéH du dV = Q? du dv, we have for all (u, v) € LB:

ug
vl <02 4y log(v) (6-54)

3 <log<széH)<u, V) + o1 (u, v) + / 1612, v) du’)

-
and
3,0 (logm%H)(u, V) + 11 (u, v) + /

“ vl

r

912 (', v) du/)
Slul™ - % o log) P + u| - 0" (6-55)

As a consequence, the quantity Y defined as

2 2 vl
Y (u, v) :=1og(Qcy) + 19| +/ TId)I du (6-56)
u
admits a continuous extension Ycy(u) across CHi+ and
2 2 vl
9 Y = 0y | log(S2ey) + |81° + 7|¢| du (6-57)
u

admits a bounded extension across CH;+.

Proof. We first use (2-43) to establish the two formulae

30y (r|g|? 1
ATD 50161+ 8,161 + 1 0,9,

—auav:r|¢|2) N (aufvr B mzszz)ld,'z'

—2R(D,¢d,¢) = >
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Now we define 2K, (v) := 2K (u, (), v) and we rewrite (2-33) using the two last formulae
v 1
03y 102(2%) = 2K, (1) +0,(1 )+~ D (I$1) + = 0D 1D | S vl 1+ @) + Q21+ 0% +m| 1),

First note that the right-hand side is O (Ju| =% -v>~* +|u|~2* . v~%"), using the estimates of Proposition 6.5.
Using (2-32), (6-53) and the other estimates of Proposition 6.5 we get

18, (LSID = 18u P 2RI ] S e 7207 - fu 7 -0
This gives

5|u|72s'v72s+|u|72sv274s+|M|7s.vlf3s. (6-58)

2 2 v 2
0, (0, 10g(27) — 2K, (v) + 9, (|9 | ))+;3u(|¢| )

Now we want to integrate both sides on [u, (v), u]. Recall that on y, |9, log(QZ) (uy (v),v) =2K, ()| <
v~ [log(v)|? and |3, (¢%)| < v™>*|log(v)|, as established in Proposition 6.4. Thus, we obtain

<P 4 log(v)]. (6-59)

3, 1og(Q?) — 2K, (v) + 3, (lp|*) + / 29,30 du’

Uy )

Now we write

f Bav<|<z>|2)du/=/' Kav<|¢>|2>du/—au(/ | E|¢|2du/)+/ | av<3)|¢|2du/.
Uy (v) r Uy (v) r u T u r

Using (2-32) and the estimates of Proposition 6.5 again, we see that

/ h av(3)|¢|2du/
u r

Therefore we actually showed that

Us
5/ (W1 4+ Q21+ Q%+ p1)Ip)* du’ S0P,
u

Us

8, 1og(22) — 2K, (v) + / 2030 du’ + 8, (19[?) — av( / S ;|¢|2du’)

u, () ¥

<0 4o log(v) . (6-60)

~

Note that the second and the third terms of the left-hand-side only depend on v and not on u.
We define a new coordinate system (u, V') with the equations

v
— =el®, (6-61)
dv

vl

f/(v)=2Ky(v)+/ S — (o), v) du'. (6-62)
Uy(v)

By the estimates of Proposition 6.5, note that | f'(v) —2K_| < v'=2% and we recall that K_ < 0; thus
V’(v) is integrable as v — 400, and V (v) increases towards a limit V.., which we can choose to be 1
without loss of generality. Therefore, we also have upon integration, as v — 4-00:

1—V(@)~e/W.
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We also denote by Q2 ¢y the metric coefficient in this system defined by QCH = —2g(dy, Iy), i.e.,
Qi dudV =Q?dudv, hence Q&y(u,v)=Q*u,v)e /.

We then have the claimed estimate (6-54)

us |y
3, <log(sz%H>+|¢|2+ / 7|¢|2du/)

Clearly, (6-58) is a reformulation of (6-55). Since the right-hand sides of (6-54) and (6-55) are

integrable in v for s > i,

extension, and 9, Y (u, v) has a (locally) bounded extension. U

5 v2—4s + U_23|10g(U)|3.

a standard Cauchy sequence argument shows that Y (u, v) admits a continuous

6B3. Metric extendibility conditional on the boundedness of the scalar field. Now that we have built the
quantity Y and proven its extendibility, we will prove that the continuous extendibility of |¢| implies
the continuous extendibility of the metric (conversely, the blow-up of |¢| implies that there exists no
coordinate system (u, v) in which log(Qz) is even bounded; see [Kehle and Van de Moortel > 2024; Van
de Moortel 2019]).

Lemma 6.8. Assume that the function (u, v) € LB — |¢|(u, v) extends continuously to CH;+ N {u < uy}
as a continuous function |¢|cy(u). Then fuu‘Y W/r)|1>', V) du' extends continuously to CHi+ N {u < uy)
as a continuous function. Moreover, v(u, v) extends to CH;+ N{u < ug} as a bounded function vcy(u).

Remark 6.9. In fact, we do not prove directly that v extends as continuous function across the Cauchy
horizon, as we do not control d,,v. However, even though vcy might not be continuous in u, it is clearly
in LllOC (and even in L' (CH;+ N{u < uy)}), as |venl < |u|~2%) which is sufficient for our purpose.

Proof. Using the estimates of Proposition 6.5, we see that for (u, v) € LB
|0y (u, v) SV,

which shows, by integrability, that for all u < u there exists vcg (1) such that lim,_ 4o v(u, v) = vep(u).
Now take again u, < us; and two sequences u; — U, V; = 1, V; < 1 and write

oy ’ ’ s VCH(M/) 2 / ’
Y |2<u,w>du—f b1 (') dl
/ui r ¢ w rca() Plcu

+ / °°"CH(”>|¢|CH<u)d

R—
[ ( SR, Vi) - CHE ;|¢|CH< ))

Now both functions (v/r)|¢|*(u, V) and (VCH(M/)/}’CH(M/))|¢|%H(l/t) are uniformly bounded in u# and v
on a set of the form (u, V) € [ueo — €, us] x [1 — ¢, 1] and

<

U v
/ Y612, Vi) du!
w T

_l’_

v, ven()
illToo;kN (u,Vz)— — )|¢|CH( u'),

so by the dominated convergence theorem, the last term tends to O as i tends to +oc.
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Moreover, the integrands of the first two terms are uniformly bounded, and thus these two terms tend
to 0 as i tends to +o00. This concludes the proof of the lemma. (I

Corollary 6.10. Assume that the function (u, v) € LB — |¢|(u, v) extends continuously to CH;+ N{u < uy}
as a continuous function |¢|cu(u). Then the metric g admits a continuous extension g, which can be
chosen to be C°-admissible (Definition 2.1).

Proof. 1t follows from Proposition 6.7 and Lemma 6.8 that Q%H extends continuously to CH;+ N{u <u;}=
{u <us} x{V =1}. We know already that r extends continuously to CH;+ N{u <u,}={u <u;} x{V =1};
therefore, in view of the form of the metric (2-13), the corollary is proved. (Il

6C. Difference-type estimates on the scalar field and metric difference estimates. In this section, we
carry out the nonlinear difference estimates. To do this, we have to introduce a new coordinate involving
h(v) defined in (6-1) (see the difference estimate (6-64), to compare with (6-7)):

v(v) ;= v+ h(v). (6-63)
Recalling (6-2), itis clear that b = v- (14+ O (') and 95 f = 3, f - (1 + O (v'~2%)) for all f. Note also

~ Q? .
B, 50) = 1 s = (14 0612 - 2w v),
~ 3 3, log(222) (u, v) h" (v) o ) iy
35 log(2%) (u, T(v)) = — =14+ 0w'))-8,log(QH)(u, v) + 0O (™),
g(27) (u, v(v)) L) TENTONE ( ( ) g(27) (u, v) (™)
where Q2 := —2g(9d,, d5). Estimates from Section 6A can be easily translated into (u, v)-coordinates:

Lemma 6.11. Defining 5'2%{ = —2g(dy, 03), the estimate (6-7) on H™ is replaced by
Q20,7 Q30,9 ~
log( o )| = og((p )| S5 anoe@0.0) 2K ST, (66
QRN(O, V) (QRN)H(O’ V)
Moreover, (6-14), (6-17) are replaced by the following estimates valid in the spacetime region R
AN QAW B) S KD 195 10g(Q@A (U, D) — 2K 4| ST (6-65)
Finally, (6-28) and (6-40) are replaced by the following (weaker) estimates in the regions N'U EB:
|85 log(*)(U, ) — 2K (U. 9)| S 0" (6-66)
All the others estimates of Section 6A are still valid replacing v by v, Q2 by Q2 and so on (adjusting the
constants with no loss of generality, i.e., replacing Dy by 2Dy, Dg by 2Dg, % by % etc.).

Proof. This follows from the equation 23, (0, 9) = e>X+"@=%) /(1 4-1/(v)) (using the identity (6-1)) and
(6-8), (6-2). O

Notation. In view of Lemma 6.11, from now on and until the end of the paper, we make a mild abuse of
notation and redefine v to be this new v given by (6-63) with the necessary adjustments, i.e., A becomes
the notation for 937, Q? the notation for —2g(dy, 05), etc. We will not use the old definition of v any
longer in what follows.
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The goal of this section is to take the difference between ¢ (1, v) and ¢, (u, v) and estimate the quantity
Sp(u,v) :=¢u,v) —¢c(u,v), (6-67)

where ¢, solves the linear equation
(Vi +igo(A®),) (V" +igo(AN) ) —m*¢z = 0 (6-68)

on the fixed Reissner—Nordstrom background (2-7) in the gauge ARN as in (2-30). More precisely, we
will define data for ¢, on H™* (data on Cj, is irrelevant) so as to match the data ¢+ € SL for ¢ on H
(see the paragraph immediately below): Our goal is then to prove that §¢ is bounded and continuously
extendible (for go = 0), and similar estimates featuring nonlinear backreaction if gog # 0.

We now define ¢ on Q7 as the unique solution of (6-68) on the fixed Reissner—Nordstrém metric
(2-7) with parameters (M, e) and with data

¢r(u, v9) =0 for all u € (—o0, uy],
(D) 3+ (V) = Xzvp13(V)P3+(v)  forall v € [vg, +00),

where x,,+>3 is the smooth cut-off supported on v > vy +2 and x>y,+3 = 1 for v > vg + 3 as defined in
Corollary 5.25.

Remark 6.12. Note that the unique solution ¢ arising from the above data in the gauge (2-31), which is
used in Section 5, agrees with ¢, up to a gauge transformation as the gauges agree for the initial data, in
particular, ARN = (Af\), = 0 on the event horizon by construction.

Recall that ¢ is also a solution of (2-36), (2-43), (2-45), (2-44) where (r, Q2, A, D, ¢) are all replaced

ARN, DRN 2 ARN

by their Reissner—Nordstrom analogs (rrn, Q3 , ¢c). Similarly, rrn, Qgy» also satisfy

RN’
the equations of Section 2D with ¢ = 0 (i.e., (2-7) satisfies the Einstein—Maxwell equations in spherical
symmetry), a fact we will repetitively use.

The estimates of [Van de Moortel 2018], that are recalled in Section 6A and stated in Lemma 6.11
in our new coordinate system, are key to our new difference estimates. We will use these estimates

throughout the argument, without necessarily referring to them explicitly.
6C1. Difference estimates in the red-shift region.

Proposition 6.13. There exists D;q (M, e, qo, m?, s, D1, Dy) > 0 such that for all (u,v) e R

|r(uv U) - rRN(”? U)l + |)\'(u9 U) - )"RN(uv U)l

+1Q(u, v) — e| + [log(2%) (u, v) — log(QaN) (1, V)| < D}y -v' ™, (6-69)

|8, 10g(2%) (u, v) — 3y, log(Qgn) (1, V)| + [v(u, v) — VRN (U, V)]
+ 1AL, v) — ARNu, v)| < DY, - 2K+ Y172, (6-70)
|3u8¢)| < D/H _e2K+(Ll+v) . U1_3S, (6-71)

18¢| + 13,80 < D}y -v' ™. (6-72)
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Proof. First, recall that rry = 1 (M, e), OrN = €, wrN = M, and Agn = 0 on the event horizon H™,
by definition. Lastly, recall that A, = ARXN on C;, by the gauge choice (3-5). Recalling that Dy > 0 is
defined in Proposition 6.1, we bootstrap the estimates

Ir(u, v) — ren(u, v)| <4Dp -0, (6-73)
log(?) (u, v) — log(Qay) (U, V)| < 4By -v' ™ (6-74)

for By (M, e, qo, m?, Dy, D,) > 0 defined as the constant in (6-64) such that

Q2(0,
‘10g<#>‘ S BH . U1—25
QRN(O, v)

in the new coordinate v. Plugging these bootstraps into (2-42) and using (6-10), (6-65), we find that

|8, (r 3yr — RN 3p7RN) | = |3, (rA — rRnARN)| S 1927 — Q&n| + Q% - (1912 + Ir —rrn| + 10 —el)
< e2K+(u+v) . vl—2x

QZ
log<—>
Qi

|0y (rA — renArN) | S €540 0!

where we used

197 — Qpul S Q7 St

This is also equivalent (recalling (3-12)) to

Integrating the above using (6-5) we get
Ird —ragn] Sv 72 4+ Q2 07, (6-75)
Writing now the difference for (2-32), taking advantage of (6-75) and the bootstraps gives
g g g ps g
10,0y (r — rRN)| S IARN] - 19y 7 — dyrra] + 2K+ 072 4 2Ky 1728,
Integrating in v using a Gronwall estimate and the boundedness of 9y 7 on C;, we get
g g g ¢ g
|dyr — dyren] S 1+ 0172,
which, upon integrating in U this time and using (6-6) gives
|r _rRNI <Dy - v1—2s +D. 62K+(u+v)e—2K+v +D. eZKJr(IH-v) . UI—ZS’
where D(M, e, gy, m*, D1, D>) > 0. Choosing A sufficiently large such that

P2Kiwhy) < =2KiA _ p-l.p

allows us to retrieve bootstrap (6-73).
Similarly plugging (6-12), (6-13), (6-74) and the previously proven estimates into (2-33) we get

19,0, (102(2%) — 1og(Qa))| S 1Dud| - 18,0] 4 197 — Qin| + Q%0172 < Q% 0! 72,
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or equivalently using (6-65)
18,8y (10g(2%) — log ()| S X+ - 0! 7%,

Integrating in v using the boundedness of 3y log(2?) and 9y log(QﬁN) on Cj, we get

|0y (1og(Q2%) — log(Qpa))| S 14470172 S 2K 172,

2K+ A 35 we did above.

from which we retrieve bootstrap (6-74), using the smallness of e~
Now all bootstraps are closed and we continue with the proof of the claimed difference estimates.
Taking the difference between (2-39) and its Reissner—Nordstrom version, and integrating in v using

Ay (u, vo) — ARN(u, vo) = 0, we obtain
1A, v) — ARN(u, v)| < 2Kr ) 125,

For §¢, we introduce a new bootstrap assumption (completely independently from the other bootstrap
assumptions that have already been retrieved), which is true on Cj, by assumption:

18,8¢|(u, v) < By - 2K+ WFV) 1738 (6-76)

1-3s

for some By > 0 large enough to be chosen later. Integrating in # and using |§¢| < v on the event

horizon H* (since 8¢+ = 0 for v > 3) gives
18¢1(, v) S (1+ By) - K0 173 < (14 By 728170, (6-77)

Now we take the difference of (2-36) obeyed by ¢ and the corresponding equation obeyed by ¢,
namely

380 yr 0,80 dur  qoi Q? m*Q? , 8¢ dyr .
0,0,(59) = == — 200 L L0 0 59 — T80 — iqoA, - — iq0A, 9,60
d,r  OuIRN dur  BuTRN qoi ? qoi 23
-9 m[—— - ]—8¢c[ - }+[ —0———Ne| ¢
RN RN 4r 4rRN
m?[Q? — Q] dyr

0y7RN
7 % —zqo[Au——ARN :|¢L—1610[A — ARNYY, ..
r RN

We get, using also (6-76), (6-77) and (6-65) (note that one can write ¢ = ¢ — ¢ and use (6-12), (6-13)
to bound ¢ and (6-76), (6-77) to bound ¢,)

18, 0y8] S KAt (14 By) 0173 oy 2K g 5. (6-78)

1-3s

Integrating in u and using Gronwall’s estimate we get (recalling that |3,8¢| S v on H1) we get

18,81 S (14 By -e72K+58) 0173,
and using this in (6-78) we get

|avau8¢| 5 62K+(u+v) . (1 + Bl) . v1—3s + B1 . e—2K+A . v1—4S '62K+(M+U).
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—2K, A

Integrating in v this time, choosing B appropriately and using the smallness of e , retrieves, together

with another integration in u, bootstrap (6-76), gives the claimed estimates on 6¢ and concludes the
proof. ]

6C2. Difference estimates in the no-shift region.

Proposition 6.14. There exists Cy = Cy(M, e, qo, m?, s, D1, D)) > 0 such that the following estimates
are satisfied for all (u,v) € N:
|7 (1, v) = rrN (@, V)| +1Q (w1, v) — €] + [10g(R%) (u, v) — log(Qrp) (4, V)| < Cy - v' %,
18, 10g(Q%) (i, v) — 3y 10g(Qn) (14, V)| + 13, 1og(R) (1, v) — 3y, Tog () (u, V)
+ (A, v) = AR, V)] + (e, V) = VRN (U, V)] + Ay (1, v) — ARN (u, v)] < Cy -0,
86| + 19,80 + [0,6¢] < Cy -v' ™.
Proof. The proof consists of combination of the proof of Proposition 6.13 with that of in [Van de Moortel
2018, Proposition 4.7]: we partition A into smaller regions Ny :={—A+ (k — 1)e <u+v < —A + ke}
fork € [1, N] and N -€ = A’. We will prove the result by finite induction on k. The induction hypothesis
is that the following estimates hold in N:
I (1, v) = rrN (@, V)| + 1A, v) = ARN (@, v)] + [10g(R%) (u, v) — log(Qrp) (4, V)| < Ci-v' ™, (6-79)
v (u, v) = VRN, V)| 4[4, (1, v) = AN, v)| < Cr 0" 7%, (6-80)
where C, = 2% - By for a large enough constant By > 0 to be determined later. The estimates of
Proposition 6.13 render the initialization of the induction true for By large enough. So we assume that
(6-79), (6-80) hold for N, and we prove them in N . As before we bootstrap
|7 (u, v)=rRN G, V)[4, v) =g (1, V) |+[10g(27) (1, v)—log(Rpn) (u, v)| <4C-v' >, (6-81)
v, 0) = VRN, V) |+ Ay (1, 0) = AT, 0)| < 4G (6-82)

We treat one typical term, to show the specificity of the no-shift region A" compared to R: under the
bootstraps and (6-31), (6-29) we have

10u0yr] S (14 Cr) 0" ™% ~ Cp - ful %,
Upon integration in the u direction, it gives, using (6-79) in the past, for some E (M, e, qo, m?, Dy, D3) >0
A —ArN| < Cr -0 TFHE e Cp v

thus for € > 0 sufficiently small, so that £ -€ < 1, we close the part of bootstrap (6-81) relative to A — Arn.
The other terms are addressed similarly, we omit the details. Such estimates allow us to retrieve bootstraps
(6-81), (6-82) and prove the induction hypothesis. Once this is done, we can prove difference estimates
for ¢ exactly as in Proposition 6.13. ]
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6C3. Difference estimates in the early blue-shift region.

Proposition 6.15. There exists a constant Cp = Cg(M, e, qo, m?, s, Dy, D) > 0 such that the following
estimates are satisfied for all (u, v) € £B:

| (u, v)—rpn(u, V)| < Cpv' ™%, (6-83)

v, v)— VRN (1, V) [+ Ay (1, V)= ARN (1, V) [+ A, V) —Arn (, V)| < Cprv' ™, (6-84)

13, 10g(R2%) (1, v)—,, log () (i, V) |+, 10g(22) (4, V) — Dy log () (1, V)| < Cp-v' ™, (6-85)
10,8 +19,8¢ < Cp-v' ™, (6-86)

18¢| < Cp-v' " log(v), (6-87)
log(2%) (u, v)—log(Qay) (u, v)| < Cp-v' ™ log(v). (6-88)

Proof. Note that in £B, as in A/, we have v ~ |u| and that the size of the region is logarithmic, i.e.,
u — iy, (v) Slog(v) ~log(Jul) and v — vy, (u) < log(Ju|) ~log(v). As before, we start with bootstraps:

|A(u, v) — AN (1, V)| + [V(u, V) — VRN (, V)| < 4Cy - 017, (6-89)
Q%(u, v) - [1og(Q2)(u, v) — log(QaxN) (u, v)| <4Cy -v' ™, (6-90)
Ir(u, v) — ren(u, V)| < By -0 ™% (6-91)

for some By > Cy to be determined later. The set of (u, v) for which these bootstraps are satisfied is
nonempty by the estimates of Proposition 6.14.

Retrieving the bootstrap on » — rry is the most delicate. We use (2-19) and write the difference of the
two identities below:

_ -2\ 1 @ Q2
el = 1 _l z. 2
“ v Q? 277 Ty
Qv 1 M
VRN =ARN = ——N = S — — 4

Thus, we have

(= ARrN) -k AR (T = 1)
= (o= ARN) -k (RN — V) 4 v+ (1 — e PEEIHOE i)y

o 0 M e M—w M 0%—e%> - (r+rmn
Tt 22 R
roo2rr RN 2rdy T F - FRN 2r 2r? - rgn

- (r —ren);

hence, combined with the (r — rgrn) terms, we have

( M _ez-(r—l—rRN)
- rRN 2r2 - riy

) - (r —rrN)

2M'7‘-I’RN—€2~(I’+I‘RN)
= 3 - (r —rrn)
2r= - rgn

2 2
— ()\ _ )\fRN) 'Kﬁl + (URN _ V) + V- (1 _ eflog(Qz)(u,v)Hog(QZRN)) _|_ —M+ZD- + _Q :‘6 .
r 2r
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To conclude, we have to prove that the prefactor of the left-hand side (2M -7 -rrn — e (r+rn))/(r*- rﬁN)
is bounded away from zero: for this, notice that, since 0 < |e| < M, we have
r-(M,e) =M — /M2 —¢2 < e?/M,
which is equivalent to
2M-r3 <2e%.r_.
By (6-44) and choosing Ay sufficiently large, there exists a small constant (M, e) > 0 such that in £B
2M~r-rRN—ez-(r—|-rRN)
2r2. rI%N
Thus, as a consequence of bootstrap (6-89) and (6-43), (6-42) and (6-37), there exists

Ch(M, e, qo,m* s, Dy, D2) >0
such that

Ir —rrn| < Ciy -0 72 4 C)y - [v] - [log(2%) —log(Qan)| < Cy - v' ™ +2C) -4Cy -v' ™ < By -v!™%,

where we chose By = 2C), +4C), - 4Cy for the last inequality to be true. Therefore, bootstrap (6-91) is
retrieved.

Now we turn to bootstrap (6-90), which is equally delicate (because we want to avoid a logarithmic
loss). As in Proposition 6.13, we write the difference between (2-33) satisfied by £ and the analogous
equation satisfied by QZRN. Using also (6-42) and bootstrap (6-89), (6-90), (6-91) we obtain

19,0, (1og(£2%) — log(Qga))
SIDudl - 13up] + 2% (1Q — el + |r — rrn]) + 197 — Qinl + AL - v — vr| + [A — Arn] - [V

QZ
log(—)
Qi

where in the last line we have used (6-38), (6-37) as [A|, |[v| < Q? and the usual inequality

QZ
log| —
g<Q§N>

an estimate which follows directly from (6-36)). Integrating in v

§v—2s+92_vl—2s+92. +Qz-|v—vRN|+QZ~|A—ARN|Sv_2‘v+§22~v1_23,

192 — Q| S Q%

(which is true because QZRN/Q2 > %,

(recall the v-difference is of size log(v)), we get, using Proposition 6.14,
18, 1og (%) — 8, log(Qax) | (u, v) S v 7%, (6-92)

Instead of integrating (6-92) directly (and incurring a logarithmic loss), we write an identity: for
any n > 0,

n
01927 (log(2%) ~log(Qpn))] = R+ B 1og(2?) - (I0g(27) —log(Qy)) + 2" dullog(2%) —log (L),
from which we deduce, using also 9, log(QZ) < 0 (see Proposition 6.4)
3, (27" (log(Q2%) —log ()]

= 21-Q2%7-8, 10g(22%) - (Iog(2%) —log () +292"- 3, [10g(2%) —1og (&)1 - (10g(2%) —log ()
< 2097713, [log(2%) —log(Q&x) 11 10g(2?) —log(Q&x) |,
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which in turn implies, using (6-92)
8,27 - [log(R%) — log(Qn) |1 = Q- [3,[log(2) — log(Qp)]| S Q7 -v' 7.

Integrating the above in u using 9, log(Qz) € (BK_, K_) (see Proposition 6.4) and the bounds from
Proposition 6.14, we get for some E'(M, e, qo, m?, s, Dy, Dy) >0

Q"(u, v) - [log(2%)(u, v) — log(QaN) 1, V)| < Cy -0 > + E 7' QN (u,, (v), ) -0 75, (6-93)

Applying (6-93) for n = 2, choosing Ay large enough so that Q" (u,,, (v), v) ~ e2K-An ~ Cyn/(10E")
retrieves bootstrap (6-90).

Retrieving bootstrap (6-89) is done similarly: we integrate the difference between (2-32) satisfied by r
and the analog satisfied by rry, using Proposition 6.14, and we prove

2, v) — Arn (i, V)] + [V (1, v) — VR (1, V)] < 3Cy -0 7%,

which closes all the bootstrap assumptions.
Now we turn to the rest of the differences estimates claimed in the statement of the proposition.
Integrating the differences into (2-39), (2-33) as we did in Proposition 6.13 gives straightforwardly

| A, v) = AN, )] S0
|8, 10g(2) (1, v) — 8, log () (1, V) S v' 72,
where we also used that the size of the region of integration is logarithmic, i.e., fu"y ) v du Sv7 log(v).
For §¢, we proceed as in Proposition 6.13 and make the following bootstrap assumptions for some
B > 0:
Q(u, v) - 86| (u, v) < B'-v' 7%, (6-94)
19,8|(u, v) < B'-v' ™. (6-95)

Plugging differences into (2-36) satisfied by ¢ and the analogous equation satisfied by §¢, we get, using
(6-94), (6-95) and the previously proven difference estimates,

19,8,80] S B'- -0 + Q% 19,89], (6-96)
from which we deduce, upon integrating in v and using a Gronwall estimate,
18,86|(u, v) S (1+ B'-Qu, vy, ())) - v, (6-97)
and plugging (6-97) into (6-96) and integrating in u this time we get
180861 (1, v) S (1+ B [, vy () + Ry (), )] -0 7, (6-98)

which is sufficient to retrieve bootstrap (6-95) after an appropriate choice of B’ and choosing also Ay
large enough (to obtain a small constant from 2 (u,,.(v), v) as we did above).
To retrieve bootstrap (6-94), we proceed as with 9, log(2?) earlier, with the identity

3. (Q18¢) = g -9, log(Q%) - Q- 8¢ + Q" - 8,89,
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which also implies, using (6-97) and by the same reasoning as for 9, log(2%) above
0,(Q"15¢]) < Q"+ [8,(39)| S Q" - (1+ B~ Qu, vy ))) -v' ™

Integrating this inequality in u for n = 1, after an appropriate choice of B’ and choosing also Ay large
enough as we did above allows to retrieve bootstrap (6-94) and concludes the proof. ]

6C4. Difference estimates in the late blue-shift region. In this section, we will not need to estimate metric
differences anymore (although we will use the difference estimates from past sections); therefore, we do
not require a bootstrap method and proceed directly.

Proposition 6.16. There exists a constant C; = Cp (M, e, qo, m?, s, Dy, D) > 0 such that the following
are satisfied for all (u, v) € LB:

|Ay(u, v) — ASH @) + | AN (u, v) — (ARNYH W) < Cp - Q2 (u, v) < CF v, (6-99)
|4, (u, v) — AN, )|+ AT () — (AR @) < Cp - )%, (6-100)
\—(ACH (ARNYCY () < Cp - |ul' ™%, (6-101)
[IDu¥|(u, v) — | Dy ¥zl (u, v)|
. u CHy,,’ ’ : u RN\CH, / /
< |€lq0fuy(v) A (') du 9 'll/(u, U) _elqofuy(u)(Au )= (u') du BUI//,L‘(M, U)| < CL X U1_3S, (6_102)
; u RN\CH__ ACHy(,,/ ’
'w(u v) - / 0oy (ETEATNON gy, vy | < € (6-103)
Uy(u)

[1Dur | (u, v) = IDENY I (u, v)| < | Dutpr (u, v) — DENYo(u, v)| < Cp - Jul' ™ -log lul.  (6-104)

Moreover, for every fixed u < uy, there exists f (u) € C such that

v RN\CH__ 4CH
lim ¥, v) —/ /90 Juy o LA T=ATID W 5 oy A = F (). (6-105)
v—>+400 l)y(u)
Proof. We start with estimates on the potentials: By (2-39) and (6-47) we have for n = 0.01

10,(Ay, — ARN)| < 19,4, +19,ARN) < Q2 4 2 7,

which we can integrate from the curve y; using (6-45) and (6-50) using [Van de Moortel 2018, Lemma 4.1]
as before, we obtain, using also Proposition 6.15, the bound

Ay — AN S a2 (6-106)

Moreover, recall that we proved in Proposition 6.6 that A, (u, v) and AEN (u, v) extend to CH;+ as bounded
functions (A,) (1) and (ARN)CH (y), respectively. Integrating (2-39) towards the past from the Cauchy
horizon CH;+ we also obtain the following estimates for all (u, v) € LB:

|Au(u, v) — ASH @) |+ |ARN (u, v) — (AR ()| < Q% (u, v) Sv7%, (6-107)
f |A, ', v) — ASH@W)| du’ + / |ARN G/ vy — (ARNYH @) du’ <o, (6-108)
iy (v) uy (v)
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To obtain (6-101), note the following identity obtained using (2-39) with (3-5) (note that A, (u, vg) =
ARN(u, vo)):

+00 2 / / 2 /
AfH(u)—(AEN)CH(u)=/ _SBwv)QWw.v) | Syl v)e (6-109)

" r2(u, v) ran @, v)
We now commute (2-39) with 9, to estimate (d/du)(ASH (1) — (ARNYCH (1)) and we obtain a formula anal-

ogous to (6-109). Using the fact that 9, log(Qz)QO'l is bounded (by Proposition 6.5) to estimate the parts
of the integral lying in £13, and we obtain an estimate only involving the regions strictly to the past of L£13:

/vy(”) 5, (_ Q% (u, V) Q(u, v) n Qi (1, Ul)e) dv’
L/

+ul”%. (6-110
r2(u, v') ran @, v) u ( )

£ (A ) — (AR Ty <
u

0

Therefore, it is sufficient to control the above integral in R UAN UEB. Note that the differences Q2 — Q3y,
9,92%2—0, Q%N, O —e, v—yRyN and r — gy have been controlled with |u] 1-2s weights in Propositions 6.13,
6.14 and 6.15; this gives (6-101).

Now we turn to the ¢ estimates. We write (2-44) for uo = u, (v) and using the estimates from
Proposition 6.5 (notably (6-47) and (6-46) with n = 0.1) we obtain

. u A /y du’ . u ARN /’ du’
|8, (€90 Dy DA g GI0 iy AT )

. u 7 ’ . U RN 7
< [ (90 Ly DA ) 419, (€11 e AT )
,S|u|_2S'U1_3s+(91'9+911{1%)'v_s.

Integrating in u and using (6-45) with the usual integration rules (i.e., [ Van de Moortel 2018, Lemma 4.1])
we obtain

. u A /’ du’ ; u ARN /’ du’
!0 A DG g ) — 0 ey ATCED Uy,

< 18p () (v), V) — By (e, (v), V)| 4 Ju| 72 0173 728 < P13 (6-111)

where we also used (6-86). Then by (6-111), (6-108), we obtain

o190 Ly o (AR H )~ A ) du

|0u ¥ (u, v) — Y (u, v)|

. U ’ 7 . U RN,/ ’
< [0 ey MDY vy — O i AT, w)

; u RN,/ _(ARNNCH, /y__ / CH,,/ /
10 Sy AR D~ AR WA D+ ATy g

B g0 " [TARN(W 0)—(ARNYCH N A (' )+ ACH ('] dut’
S vl 3s + |elf10 fuy(v)[ u (u ,v) ( u ) (”) (u U)“F u (u )] u o 1| . |8Uw£|(u’ U)
S v1—3s + U—Zs T g U1—3s’ (6-112)

where in the first line we multiplied by the phase 0 Sy oy Aua's0) du inside the absolute value and we

used (6-49) (applied to ¢,) in the last line. This implies (6-102) (the first inequality is obtained by the
reverse triangular inequality). Integrating in v from y then gives (6-103) and (6-105), using also (6-34)
to control the boundary term [y (u, v, ()| S [u|™° < |u|>73% (recall that s < 1).
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For (6-104) we estimate (2-45) using the estimate of Proposition 6.5 (naively, without taking advantage
of a difference structure) and A, = ARN =0, and we get

19, (Dyy — DNy )| S |72 - 0! + (@M 4+ Q) - v

Integrating in v, using the bounds of Proposition 6.15 and (6-106) (to control the difference on y, similarly
to what was done earlier in the proof) allows us to prove (6-104) thus concluding the proof. ]

6D. Combining the linear and the nonlinear estimates. In this section, we combine the nonlinear
difference estimates of Section 6C with the linear estimates on a fixed Reissner—Nordstrom background
obtained in Section 5. This allows us to conclude the proof of the boundedness of ¢ if ¢+ € O and if
qo = 0, blow up if ¢px+ ¢ O.

6D1. Boundedness and extendibility of the matter fields for oscillating data and proof of Theorem 1(i).

Proposition 6.17. Assume the following gauge-invariant condition: there exists ug < uy such that

v

Jim [ et Jig Ao D0 b (g, ') dv! 6-113)
Vo

exists and is finite for all oy, satisfying (3-15), (3-16). Then ¢ in the gauge (2-26), (3-5) admits a
continuous extension to CH;+. Moreover the gauge-independent quantities |¢| and the metric g also
admit a continuous extension to CH;+ and the extension of g can be chosen to be C°-admissible as in
Definition 2.1.

If we additionally assume the following gauge-invariant condition: for all Dy, > 0, there exists
no(Dypr) > 0 such that for all o, satisfying (3-15), (3-16) and for all (u, v) € LB,

v : v " "
f 00 100y A0 YNy g, 0y dv| D I, (6-114)
Uy(u)
then Q and ¢ are bounded and the following estimates are true for all (u, v) € LB:
|61, v) S Jul =17, (6-115)
10 —el(u,v) < lul™™, (6-116)

where the implicit constants are allowed to depend on ny > 0. Moreover, Q extends to a continuous
Sfunction Qcy(u) on CH;+.

Proof. Applying the assumption to o, (v) = [ [(ARNYCH — ASH] (") du’ (which satisfies (3-15) and

My(v)

(3-16) by Proposition 6.16) we get by Proposition 6.16 that for i in the gauge (2-26) (note that A, = 0),

UETOO ¥ (uo, v) := Yeu(uo)

exists and is finite. Recall also from Proposition 6.6 that D,y and A, admit (in the gauge (2-26), (3-5))
a bounded extension to CH;+ which we denoted respectively by (D, ¥ )cy and (A,)CH Recall also that
one can write for any uy € R the identity

au(eiQO./uO Ay (', v) du ,([/(u, U)) — eiqof”() Ay(u',v) du DMW(M, U),
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which upon integration gives
. u / !’ u
Y, v) =e zqofuo A, ,v) du’ W (o, v) +efzq0fu0 A, ,v) du / lqofuo A, " ,v) du” uw(u/» V) du’.
o

Now note by Proposition 6.16, A, € Ly ; therefore by dominated convergence, the function (u, v) >
f A, (1, v) du’ extends continuously to f (A (') du’ at CH;+. Since D,y € L7 as well (by (6-53)),
an other use of dominated convergence, together with the existence of the limit lim,_, 1 5 ¥ (1, v) shows
that ¥ (u, v) admits a continuous extension to CH;+ denoted by V¢, (u). By Theorem B, r admits a
continuous extension rey,, (u) to CH;+ which is bounded away from zero. Therefore, ¢ (u, v) also admits
a continuous extension to CH,;+ denoted by ¢¢y;., (). The continuous extendibility of the metric g (and
the C%-admissible character of the extension) follows immediately as a consequence of Corollary 6.10.

Now we make the additional assumption (6-114). We define (obr)u (v) = [, () [(AFN) T —ATH (') due
for each u < u;. It follows from (6-100) and (6-101) that (o), satisfies (3 15), (3-16) with a constant
Dy(M, e, qo, m m?, s, Dy, Dy) > 0 that is independent of u. In view of this, (6-115) follows from (6-114)
combined with (6-103) and the fact that s > 5. Now we plug (6-115), the boundedness of r, and (6-53)
into (2-40) to obtain the estimate in L13:

10, Q1 < Ju| =",

Integrating this estimate from y we obtain (6-116), in view of the estimate on y from Proposition 6.4.
For the continuous extendibility of Q, we start integrating (2-40) to get for all (u, v) € LB

u

0, v) = O, (v), v) +610/ S D)W, v) dl.

uy (v)
Note that the function u — S(&D ¥)(u, v) is dominated by the integrable function |u |~1=m0 therefore
by the dominated convergence theorem, f L) (WD, Y)W, v) du’ extends continuously to the function
f_ S(Wen(Du¥)cn) (') du’. Therefore, Q admits a continuous extension to CH;+, which concludes
the proof. (Il

Corollary 6.18. (1) Assume that ¢+ € O. Then ¢ is uniformly bounded on LB and thus (4-1) holds true.

(2) Assume additionally that ¢4+ € O'. Then |¢p| and g are continuously extendible, and the extension
of g can be chosen to be C%-admissible.

(3) Assume additionally that ¢+ € O". Then (6-115) and (6-116) are true for all (u,v) € LB and
moreover Q admits a continuous extension to CH;+.

Proof. The first statement follows from (6-103) of Proposition 6.16 and Corollary 5.25. The others are
direct applications of Proposition 6.17 and Corollary 5.25 (using that (6-113) and (6-114) are gauge-
invariant conditions). O

In particular, Corollary 6.18 shows Theorem I (i).
6D2. Blow-up of the scalar field for ¢+ ¢ O (nonoscillating data) if gqo = 0 and proof of Theorem I(ii).

Lemma 6.19. Assume that there exists ug < u_ such that

lim sup |¢|(ug, v) = +o00.

v—>—+00
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Then for all u < us; we have

lim sup |¢|(u, v) = lim sup | |(u, v) = 400.

v—> 400 v—>—+00

Moreover we have the following bounds: for all u < ug, there exists f(u) >0 for all v > v, (u) such that

r(up, v)
lp|(u, v) — w0 [Pl (uo, V)| < fu),
A (6-117)
fim |@|(u, v)  rcu(uo)
im inf =

v=+o0 || (o, v)  rem(u)
Proof. This is an immediate consequence of the integrating of (6-53) and the continuous extendibility

of r to a function which is bounded away from zero (by the definition of CH;+). (I

We will not use (6-117) in the present work, but it is an important estimate for our companion paper
[Kehle and Van de Moortel > 2024].

Corollary 6.20. Assume that go = 0 and that ¢+ € SL — O. Then for all u < us we have the blow-up

lim sup |¢|(u, v) = lim sup | |(u, v) = 400,

v—>—+00 v—+00

and moreover the asymptotics (6-117) are satisfied.

Proof. The result follows from a combined application of Corollary 5.25 (using that ¢, and ¢, relate by a
gauge transformation; hence |¢,.| = |¢,]), (6-105) in Proposition 6.16 and Lemma 6.19. O

In particular, Corollary 6.20 shows Theorem I (ii).

6D3. Proof of Theorem II. Before turning to the proof of Theorem II, we prove the following.

Lemma 6.21. Ler s > % and w1 € R — {wres} and ¢y+ be given by
Pr+ (V) = e Ty gy (6-118)

for any ¢er € C'([vg, +00), R) satisfying (1-8) with s > 1 and any wey € C?([vg, +00), R) such that
(V) = 0 as v — +o0 and such that |w/.|(v) < D - v~ 2+25=m0 for v > vy and some constants D > 0
and ng > 0. Then ¢py+ € O, where we assume without loss of generality that ¢+ € SL (by choosing

D1 > 0 possibly larger).

Proof. Since ¢4+ € SL (by possibly choosing D > 0 larger) it suffices to check (3-18) independently for
e~ i@1vt@enr() =S and ¢, First note that ¢ satisfies (3-18) since it satisfies (1-8) with s > 1.

For e~ i@1v+@er(V)y=S we can assume with no loss of generality that % < s <1 (since the case s > 1
follows immediately from integrability). It suffices to prove that there exists n > 0, E > 0 such that for
all large enough v, v with ¥ < v

v
/ eia)resv/—ia)]U/+i(7br(v/)+iwerr(v/)(U/)_s dU/ < E. ﬁ_]+s_r’ (6-1 19)
v

for all oy, satisfying (3-15) and (3-16). For conciseness, we will introduce the notation @ = wyes — w; # 0.
We make use of integration by parts:
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Voo v od / )™
/ el ®v Fiopr (V") +Hi werr (V )(v/)—s dU/ = / ( iV +iop (V)i werr (v )) dU/
5 ; dv w+op, (V) + ol (V)
U—setwv-i-mbr(v)-i-iwen-(v) ﬁ—seiwﬁ-i-i(rbr(ﬁ)-i-iwerr(ﬁ)
=i +i _ _
w+o,.(v) + @l (v) w+ oy (V) + ol (V)
v (v/)fsfl
s / eiwv’-i—inbr(v/)—o—iwm(v’) ’
5 w+op (V) + ol (V)

[ et (O )
[} ((,() + Ubr(v/) + werr(v,))z

we have w + o, (V') + [ (v") is bounded away

from zero for v large enough (since w # 0). The first two terms obviously obey (6-119) since s > %

Note that, using (3-16) and the decay assumption on .,

Similarly, the third term can be integrated to show

v . , (v/)—s—l
/ o'oY Fiop (V) +iwerr (V') dv 5 7S
v

w+op (V) + ol (V)

For the last term, we write using o[, (v)| S v 2+ and (3-16)

/ ¥ i +iow o) W) O (V) + 0 (09)
] (w + O—br(v/) + a)err(v/))z

/ (U ) s (U 2425 — no + Ul 25) dv
~—14+s5—n ~2—3s ~—14+s5—n
<o 0O+ <o 0

for some ng > 0, where to obtain this estimate, we used the fact that s < 1 + g for some ng > 0 and also

2—3s < —1+s — 1 (since we assumed s > 3). O

Proposition 6.22. Assume that the parameters (M, e, qo, m?) are such that

lgoel #r— (M, e)|m|.

Let ¢y,+ be given by either the profile of (1-15) (if m* > 0, go = 0) or (1-16) (if m> =0, go # 0) or (1-17)
(if m*> >0, qo #0). Then ¢+ € O", where we again assume without loss of generality that ¢y+ € SL
(by choosing Dy > 0 possibly larger).

Proof. If m* =0, |goe| < 3 5, then ¢+ satisfies (3-8) for s > 1 and thus ¢4+ € O”. Otherwise, we have
three different cases:

(1) go =0, m?* #0: It suffices to prove that ¢! v F@er) . y=5/6 ¢ O where wer (V) = —§m(27rM)2/3
3+ w(m- M) Note that w.,.(v) — 0 as v — +o00 and such that | |(v) Sv™>/3 < v_2+2 G/6)=no for
any 0 < 19 < %. Therefore by Lemma 6.21, e (mv+e@er@) . ,=5/6 ¢ 0

() |goel =L, m>=0. Then 8 =+i/4(qoe)?> — 1 and ¢y~ is of the form (6-118) with w) = —qoe /7| # Wres,
werr = —(v/4(qoe)? — 1) log(v) and s = 1. Indeed we have w,.(v) =o(1) and |@/, |(v) Sv=2 Sv =22
for ng > 0 since 2s — 2 = 0. Therefore, ¢+ € O” by Lemma 6.21.

(3) g0 #0, m? # 0: As in the case gy = 0, m* # 0, we know ¢+ is a linear combination of two
profiles of the form (6-118) with w; = £m — goe/r+. Since the parameters (M, e, qo, m?) do not satisfy
|qoe| # r— (M, e)|m|, we know that ®| # wres. The rest of the argument follows as above. U
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Corollary 6.23. Assume that the parameters (M, e, gy, m*) are such that
lqoe| #r—(M, e)|m|.

Let ¢+ by either the profile of (1-15) (if m* > 0, go = 0) or (1-16) (if m> =0, qo # 0) or (1-17) (if
m? > 0, qo # 0). Then, (6-115) and (6-116) are true for all (u, v) € LB. Moreover, |¢|, Q and the
metric g admit a continuous extension to CH;+ and the extension of g can be chosen to be C°-admissible.

Proof. This is an immediate application of Proposition 6.22 and Corollary 6.18 (using that |¢,| = |¢.|
since ¢ and ¢, only differ by gauge transformation). O

In particular, Corollary 6.23 shows Theorem II.
6D4. WIL’CI blow-up of the scalar field on outgoing cones: proof of Theorem III.

Proposition 6.24. Assume that for all u < ug we have the blow up

+oo
/ |DXNg. |(u, v) dv = +o0. (6-120)
vo
Then, for all u < uy,
~+00 400
/ |Dyp| (u, v') dv'’ =/ |Dyr|(u, v") dv’ = 400. (6-121)
Vo vo

Conversely, (6-121) implies (6-120).

Proof. Note that DRNyr, = r DRNg, — (Q2/2)¢.. Since r is lower-bounded on £B and in view of (6-46)
(which also applies to ¢.), for all u < u;

+00
/ | DN 2| (u, v) dv = +o0.
Uy

0

Therefore, integrating (6-102) (since s > % > %) we also obtain, for all u < uy,

400
/ | Dy |(u, v) dv = +o00.

vo
Since D, =rD,¢ + A¢p and by (6-48), (6-51),
Al S vl
is integrable; therefore, for all u < uy,

400
/ | Dy |(u, v) dv = 400.

vo

The above also shows that (6-121) implies (6-120). O

Corollary 6.25. Assume ¢+ € SL — H (defined in the proof of Corollary 5.27). Then (6-121) holds true.
In the particular case |qoe| < €(M, e, m*) (in particular if go = 0), where € > 0 is defined in the proof
of Corollary 5.27, for all ¢+ € SL — L' (6-121) is satisfied.

Proof. This follows from Corollary 5.27 (using that ¢, are ¢, relate by a gauge transformation; hence
|¢-| = |¢c| and | Dy¢p| = | Dy¢r|) and Proposition 6.24. O
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Corollary 6.25 thus concludes the proof of Part 1 of Theorem III. Now we turn to the proof of Part 2
of Theorem III.

Corollary 6.26. Let ¢+ be given by either the profile of (1-15) (if m* > 0, go = 0) or (1-16) (if
m? =0, qo #0) or (1-17) (if m? > 0, qo 7% 0). Assume the condition Z, N\ ® = . Then, there exists a
8(M, e, gy, m?) > 0 sufficiently small such that Ps¢»+ € L'(R).

Moreover, the condition Z,(M, e, qo, m2) NO (M, e, qo, m2) = O is generic in the sense that for given
m? >0, qo € R with m* # qg, the set of parameters (M, e) satisfying the conditions is the zero set of a
nontrivial real-analytic function on {0 < |e| < M}. In particular, in view of Part 1 of Theorem III, we
obtain Part 2 of Theorem III.

Proof. We start with the second claim. Fix m? > 0, go € R with qg # m?. We define Jim2g0(M, €) 1=
t(m — qoe/r, M, e, gy, m?). By analyticity of ¢ (note that t is the Wronskian of solutions to an ODE
with analytic coefficients depending analytically on (w, M, e)), we have that both f > . : {(M,e) €
R?:0 < |e|] < M} — R are analytic. It suffices to show that both f are nontrivial. From the ODE energy
identity, |t|2 = |t|2 + @(® — Wres) > w(w — wres) We conclude

2
|fi|22(:|:m—%)(:|:m—%>—> (im—%> >0
ry r_ le|

as |e| — M. We used here that m? # qg.

Now, fix 0 < § < dist(Zy, ). By Plancherel’s theorem and the Cauchy—Schwarz inequality, it suffices
to show that ys(w)F(¢x+)isin H 17247 for some 7 > 0 (recalling the definition of xs(w) from Section 4E).
Further, since xs is smooth and has compact support (Z{S C [—|wres| — 6, |wres| + 1), and F(¢py+) € L?it
suffices (e.g., by the Kato—Ponce inequality) to show that y; (0)(8e) /*1 F(¢pyy+) is in L2. Thus, we need
to show that F((v)!/2*7¢hy;+) € L*(Z}) for some T > 0. We now fix 0 < T < s — 5. A direct adaption of
the proofs of Lemma 6.21 and Proposition 6.22 then shows F (W) T pye) € L“(Zf ) from which the
claim follows. U
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