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Abstract: We show non-linear stability and instability results in spherical symmetry for
the interior of a charged black hole—approaching a sub-extremal Reissner—Nordstrom
background fast enough—in presence of a massive and charged scalar field, motivated
by the strong cosmic censorship conjecture in that setting:

1.

Stability We prove that spherically symmetric characteristic initial data to the
Einstein-Maxwell-Klein—Gordon equations approaching a Reissner—Nordstrom
background with a sufficiently decaying polynomial decay rate on the event hori-
zon gives rise to a space—time possessing a Cauchy horizon in a neighbourhood of
time-like infinity. Moreover, if the decay is even stronger, we prove that the space—
time metric admits a continuous extension to the Cauchy horizon. This generalizes
the celebrated stability result of Dafermos for Einstein—-Maxwell-real-scalar-field in
spherical symmetry.

Instability We prove that for the class of space—times considered in the stability part,
whose scalar field in addition obeys a polynomial averaged-L?> (consistent) lower
bound on the event horizon, the scalar field obeys an integrated lower bound transver-
sally to the Cauchy horizon. As a consequence we prove that the non-degenerate
energy is infinite on any null surface crossing the Cauchy horizon and the curvature
of a geodesic vector field blows up at the Cauchy horizon near time-like infinity. This
generalizes an instability result due to Luk and Oh for Einstein—-Maxwell-real-scalar-
field in spherical symmetry.

This instability of the black hole interior can also be viewed as a step towards the
resolution of the C? strong cosmic censorship conjecture for one-ended asymptotically
flat initial data.
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1. Introduction

In this paper, we study the stability and instability of the Reissner—Nordstrom Cauchy
horizon for the Einstein-Maxwell-Klein—Gordon equations in spherical symmetry:

. 1
Ricuy(8) = S R(@)guy = T + 0, (1.1)
1
TE\I;VI =2 (gaﬂFavFﬁ/L - ZF“ﬂFaﬂgW> s (1.2)
- 1 -
TAS =2 (meDm - 5<g°‘ﬁDa¢Dﬁ¢> +m2|¢|2)g,w> : (1.3)
VEF,, = %’i(qwm —$Dyp). F=dA, (1.4)

§"'D, Dy = m*e, (1.5)
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where the constants m? and ¢ are respectively called the mass and the charge' of the
scalar field ¢.

This problem is motivated by Penrose’s strong cosmic censorship conjecture (c.f.
Sect. 1.1.1), which claims that general relativity is a deterministic theory. The general
strategy to address this question is to exhibit a singularity at the boundary of the maximal
domain of predictability, which can be done with instability estimates.

We prove that assuming an upper and lower bound on the scalar field ¢ on the event
horizon of the black hole, the Cauchy horizon exhibits both stability and instability
features, namely:

1. Stability the perturbed black hole still admits a Cauchy horizon—near time-like
infinity—Ilike the original unperturbed Reissner—Nordstrom black hole, and in some
cases we can even extend the metric continuously beyond this Cauchy horizon.

2. Instability the curvature along the Cauchy horizon blows up, which represents an
obstruction” to a C? extension, at least near time-like infinity. As a by-product, we
see that the metric is not C' for the constructed continuous extension.”

Similar results are known in the special case m? = qo = Osee [7] and [18]. However,
in our case the expected decay of the scalar field on the event horizon is much slower,
which makes the stability part more difficult. The previous instability result depends
strongly on the special structure of the equation in the absence of mass and charge of
the scalar field.* When qo 7% 0 but m?=0,a previous work of Kommemi [15] shows a
stability result but his assumed decay on the event horizon is only expected to hold for
a sub-range of the charge go that depends on the black hole parameters. In [18], the key
argument for the instability is to use an almost conservation law that exists only in the
absence of mass and charge. This is the underlying reason why [15] does not contain
any instability result.

This work can also be viewed as a first step towards the understanding of the spheri-
cally symmetric charged black holes with one-ended initial data. This is because when
the scalar field is uncharged, the total charge of the space—time arises completely from
the topology. On the contrary, the model that we consider allows for a dynamical total
charge, which makes R3 type initial data possible.

The introduction is outlined as follows: in Sect. 1.1 we present the strong cosmic
censorship conjecture and mention earlier works, then in Sect. 1.2 we explain the reasons
to study a charged and massive scalar field and give the results of the present paper.
We then sketch the methods of proof in the last Sect. 1.3. Finally in Sect. 1.4 we outline
the rest of the paper.

1 This charge g is also the constant that couples the electromagnetic and the scalar field tensors.

2 Although an appropriate global setting—as opposed to the perturbative one that this paper is concerned
with—is necessary to formulate the C 2 inextendibility properly.

3 Although it does not give a general geometric impossibility to extend in C ! the metric across the Cauchy
horizon.

4 More precisely, in the work of Dafermos [7], it relies on a special mononoticity property occuring only
in that model.
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1.1. Context of the problem and earlier works.

1.1.1. Strong cosmic censorship conjecture. The study of self-gravitating isolated bod-
ies relies crucially on the vacuum Einstein equation:

1
Ricy,(g) — ER(g)gw =0. (1.6)

The simplest non-trivial solution, discovered by Schwarzschild is a spherically sym-
metric family of black holes, indexed by their mass. These black holes exhibit a very
strong singularity, as observers that fall into them experience infinite tidal deforma-
tions.

A more sophisticated family of solutions indexed by mass and angular momentum and
which describes rotating black holes has been discovered by Kerr in 1963. Unfortunately,
Kerr’s black holes have the very undesirable feature that they break determinism: the
maximal globally hyperbolic development of their initial data is future extendible as a
smooth solution to the Einstein Eq. (1.6) in many non-unique ways. In some sense, it
represents a failure of global uniqueness of solutions.

One way to restore determinism which has been suggested by numerous heuristic
and numerical works is that Kerr black holes feature of non-unique extendibility is non-
generic, in other words whenever their initial data is slightly perturbed then the maximal
globally hyperbolic development is actually future inextendible as a suitably regular
Lorentzian manifold.

The nature of this singularity was controversial though: it was widely debated in the
physics community whether perturbations of Kerr black holes exhibit a Schwarzschild
black hole like singularity and observers experience infinite tidal deformations when they
get close to it. One convenient way—although not exactly equivalent—to formulate this
question geometrically is to study C” inextendibility.

The inextendibility question has been formulated by Penrose in the following con-
jecture:

Conjecture 1.1 (Strong Cosmic Censorship, Penrose). Maximal globally hyperbolic
developments of asymptotically flat initial data are generically future inextendible as
a suitably regular Lorentzian manifold.

In the case of C” inextendibility, suitably regular is to be understood as continuous.

Remark 1. Without the word “generically”, the conjecture is false since Kerr black holes
would provide counter examples, in the sense that they have a Cauchy horizon over which
the metric can be smoothly extended in a non-unique way. Strong cosmic censorship
claims that these counter examples are non-generic.

Due to the complexity of the Kerr geometry, early works on this problem studied
instead Reissner—Nordstrom charged black holes. Although there are not solutions to
the vacuum Einstein Eq. (1.6), they solve the Einstein-Maxwell equations:

) 1
Ricu(g) = S R(@guw = T, (1.7)

1
T =2 (g"ﬂ FouFpy — 7 F Fa;;gw) : (1.8)
VAF,, =0, dF =0, (1.9)
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Reissner—Nordstrom black holes have the same global geometry as Kerr’s but have the
simplifying feature that they are spherically symmetric.

In their pioneering numerical work [27], Penrose and Simpson studied linear test
fields on Reissner—Nordstrom black holes and discovered an instability of the Cauchy
horizon.

Later Hiscock in [13], Poisson and Israel in [22,23] exhibited—in a spherically
symmetric but non-linear setting—a so-called weak null singularity with an expected
curvature blow-up i.e a C2 explosion of the metric, but finite tidal deformations allowing
for a C” extension.

They studied the Einstein-null-dust equations which model non self-interacting mat-
ter transported on null geodesics’:

Ricu,(g) — %R(g)g,w = Tu, (1.10)
Ty = £20,udyu +h>d,v9,v, (1.11)
g"dudu =0 (1.12)
g""9,vd,v =0 (1.13)
8" ud, f + (Ogu) f =0 (1.14)
g1 9,08,k + (Jgu)h = 0 (1.15)

In his seminal work [6,7], Dafermos studied mathematically the non-linear stability
of Reissner—Nordstrom black holes in spherical symmetry for the Einstein—-Maxwell-
scalar-field equations:

. 1
Ricu(8) = S R(@guw = T +Tul, (1.16)
1
Tﬁ\ﬂw=2<gaﬂFavFﬂ,u._ZFaﬂFaﬂguv>y (1.17)
1
Tif =2 <3M¢av¢ - E(g“ﬁ3a¢8ﬁ¢)gw> , (1.18)
VAF,, =0, dF =0, (1.19)
gV, Vi =0. (1.20)

Dafermos studied the interior of the black hole and proved conditionally the existence
of a Cauchy horizon near time-like infinity with a C° extension for the metric, but
C! inextendibility of the C° extension which manifests itself by the blow-up of the
(Hawking) mass, which partially confirmed the insights from the work of Poisson-Israel.

Later Dafermos and Rodnianski in [9] proved a stability result on the black hole exte-
rior (c.f. Sect. 1.23) which combined with [7] ruled out the C° inextendibility scenario:

Theorem 1.2 (Dafermos [7], Dafermos—Rodnianski [9]). For the Einstein—-Maxwell-
scalar-field Egs. (1.16), (1.17), (1.18), (1.19) and (1.20) in spherical symmetry, the C°
strong cosmic censorship is false.

5 This model can be thought of as a high frequency limit, away from {r = 0} of the Einstein-scalar-field
model.
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The question was finally settled in the work of Luk and Oh [18,19]: they confirmed
the weak null singularity scenario, due to a curvature instability:

Theorem 1.3. (Luk—Oh [18,19]) For the Einstein—-Maxwell-scalar-field Egs. (1.16),
(1.17), (1.18), (1.19) and (1.20) in spherical symmetry, the C* strong cosmic censorship
conjecture is true.

1.1.2. Earlier works relating to singularities at the Cauchy horizon. As sketched in the
previous section, singularities are tightly related to the extendibility question. For the
stability of the Cauchy horizon, recent progress have been made in different directions
c.f. [11,12] for the linear stability, [20,21] for the linear instability and [15] for the
non-linear problem.

In this section, we review in more details stability and instability results in the black
hole interior established in previous works leading to the proof of the C? strong cosmic
censorship conjecture. These results should be compared to the main theorems of this
paper, stated in Sect. 3.

In [7], Dafermos proves a C? stability and a C! instability result of the Reissner—
Nordstrom solution for an uncharged massless scalar field perturbation suitably decaying
along the event horizon.

The instability essentially relies on a blow-up of the modified mass @ over the Cauchy
horizon,as a consequence of a lower bound on the scalar field. Hence the metric is not
C! extendible® in spherical symmetry.

Theorem 1.4 (Costability, Clinstability, Dafermos [7]). Let (M, g, ¢, F) be a solution
of the Einstein—Maxwell-scalar-field equations in spherical symmetry such that for some
s > %, we have on the event horizon parametrized by the coordinate v as defined by
gauge (3.1) of Theorem 3.2:

|17+ (0, v) + 3y 134+ (0, v) S V77,
then:

1. Existence of a Cauchy horizon in a neighbourhood of time-like infinity, the space—
time has the Penrose diagram of Fig. 1.

2. Continuous extension if moreover s > 1 then the metric g and the scalar field
¢ extend as continuous functions along the Cauchy horizon CH*. Moreover; the
extended metric can be chosen to be spherically symmetric.

3. Mass inflation and C' inextendibility coming back to general case s > %,if we

assume the following point-wise lower bound’ on the scalar field for some € > 0:
VS il S0

then, the modified mass blows up as one approaches the Cauchy horizon:
@ (U, V) =y 100 +00 hence it is impossible to extend the metric g to a spherically
symmetric C' metric across the Cauchy horizon CH*. In particular the constructed
CO extension is not C'.

6 It can also be proven that the mass blow-up implies also the blow-up of the Kretschmann scalar (c.f. [15])
which establishes C2 inextendibility.

7 This lower bound—although supported by numerical evidences—has never been exhibited for any par-
ticular solution.
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Fig. 1. Penrose diagram for the characteristic initial value problem appearing in [7]

In contrast, the C? strong cosmic censorship conjecture paper dealing with the black
hole interior [18] relies on an averaged polynomial decay, as opposed to point-wise and
proves a curvature instability:

Theorem 1.5 (CZinstability Luk—Oh [18]).
Under the same hypothesis as Theorem 1.4, we also assume that s > 2 and the
following lower bound holds for some 2s — 1 < p < 4s — 2 and some C > O:

+00
CvP 5/ 180617 (0. v)dv’ (1.21)
v

The solution admits a continuous extension M across the Cauchy horizon.

Then a component of the curvature blows-up identically along that Cauchy horizon.

As a consequence, (M, g, ¢, F) is c? Sfuture-inextendible.

Moreover ¢ ¢ Wlt’cz(l\;l ) and the metric is not in C' for the constructed continuous
extension M.

1.2. A first version of the main results. In this paper we prove that the expected asymp-
totic decay of the scalar field on the event horizon—known as generalised Price’s law—3
implies some stability and instability features for a more realistic and richer generaliza-
tion of the charged space—time model of Dafermos in spherical symmetry.

Instead of studying this problem starting from Cauchy data, we will only consider
characteristic initial data on the event horizon with the “expected” behaviour. This should
be thought of as an analogue of the previous black hole interior studies [7] and [18].

1.2.1. Motivation to study a massive and charged field and the results of the present paper.
The goal of this paper is to generalize the known results for the Einstein-Maxwell-scalar-
field equations near a Reissner—Nordstrom background to the case of a massive and

8 Namely an polynomial decay for an initially compactly supported scalar field on the event horizon of the
black hole.
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charged scalar field model called Einstein-Maxwell-Klein—Gordon. Since the charge
and the mass are a priori two different issues, we give motivation for each of them.

1. A charged scalar field. The model of Dafermos is a good toy model which gave very
good insight on the Kerr case but it suffers from a major disadvantage: the topology
of the initial data—i.e the initial time slice which is a Riemannian manifold—is
constrained to be that of S> x R i.e two-ended initial data like for the Reissner—
Nordstrom case. This does not seem so relevant to study isolated collapsing matter:
we would like to consider one-ended initial data, diffeomorphic to R3, but it is not
possible in that model where the radius cannot go to O on a fixed time slice.

This fact is due to the topological character of the total charge of the space—time.
This is better understood by the formula:

F = gﬂzd undv,
2r2
where (u, v) are null coordinates built from the radius » and the time 7, Q is the
total charge of the space—time, £22 is the metric coefficient in (u, v) coordinates (c.f.
Sect. 2.2) and F is the electromagnetic field 2-form.

Heuristically we see that, if Q = e is fixed with e # 0, r is not allowed to tend
to 0 without a blow-up of F (if the metric does not degenerate). For more details on
these issues, c.f. [15].

It turns out that if we impose that the scalar field is uncharged then the charge of the
space—time Q is necessary fixed to be some e € R, as it will be seen in Egs. (2.20)
and (2.21) of Sect. 2.4.

As a conclusion, considering more natural R? initial data imposes to study a gen-
eralisation of Dafermos’ model namely the Einstein-Maxwell-Charged-scalar-field
equations.

2. A massive scalar field Another variant is to allow for the scalar field to carry a mass,
independently of the presence or absence of charge: it now propagates according to
the Klein—Gordon equation:

¢V, Vo = m2p. (1.22)

One reason to study the Klein—Gordon equation is to understand the effect of a
different kind of matter on the results of mathematical general relativity and the
strong cosmic censorship in particular.

Klein—Gordon equation is also fruitful to study boson stars. These uncharged
objects—already present in the simple framework of spherical symmetry—in addi-
tion to being interesting for theoretical physics, give an example of a non-black-hole
new “final state” of gravitational collapse.

More importantly, they are soliton-like (even though the metric is static), in
particular they are non-perturbative solutions which do not converge towards a
Schwarzchild or Kerr background! They even exhibit a new behaviour as the scalar
field is time-periodic in contrast to vacuum where periodicity is impossible (all peri-
odic vacuum space—time are actually stationary, c.f. [1]). If we let aside the fact that
the scalar field is not stationary, boson stars are counter-examples to the generalized
no-hair conjectures which broadly suggest that the set of stationary and asymp-
totically flat solutions to the Einstein equations coupled with any reasonable matter
should reduce to a finite dimensional family indexed by physical parameters mea-
sured at infinity, like Kerr’s black hole (indexed by mass and angular momentum) or
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Reissner—Nordstrom’s (indexed by mass and electric charge). For more developments
on boson stars, c.f. [2].

Outside of spherical symmetry,” a recent work of Chodosh—Shlapentokh—Rothman
[4] constructs a continuous 1-parameter family of periodic space—times between a
Kerr black hole and a boson star. Interestingly they exhibit solutions with exponen-
tially growing modes, which is impossible in vacuum as proved (in the linear case)
in [8]! In contrast, LeFloch and Ma prove in [17] that the Minkowski space—time is
stable for the Einstein—Klein—Gordon equations.

As a conclusion, the Klein—Gordon model enriches the dynamics of gravitational
collapse and generates behaviours that are not present for a simple wave propagation.
Despite these rich dynamics, the perturbative regime sometimes behaves like the
massless case as in [17] or the present paper, and sometimes behaves rather differently
as in the work [4].

In this paper, we are going to consider both problems simultaneously by studying
a charged and massive field propagating according to the Klein—Gordon Eq. (1.22).
The full problem is written in Sect. 2.1.

3. Mathematical differences with Dafermos’ model After dealing with physical aspects,
we want to emphasize the technical differences between our new model and the
uncharged massless one.

A first remark is that the monotonicity of the modified mass as defined in (2.10)
and that of the scalar field which is strongly relied on in the instability argument of
[7] are no longer available.

More importantly, the expected asymptotics [Price’s law (1.23)] of the field on the
event horizon are different: in particular, the oscillations due to the charge should
give only an averaged'® polynomial decay—as opposed to point-wise decay—and in
many cases, the decay is expected to be always much weaker than for the uncharged
and massless case. In particular it should be often non-integrable.

Moreover, the charge is no longer a topological constraint but a dynamical quantity
which obeys an evolutionary P.D.E and that should be controlled like the scalar field or
the metric, which is what renders one-ended asymptotically flat initial data possible.

1.2.2. Price’s law conjecture. We now state the expected asymptotics for the scalar
field on the event horizon. This was first heuristically discovered by Price in [24] for
the Schwarzschild solution, and proven rigorously by Dafermos and Rodnianski in [9]
on Schwarzschild and Reissner—Nordstrom perturbations for an uncharged and massless
field. The statement that the tail of the scalar field decays polynomially—for all models—
is now called generalized Price’s law.

This conjecture is still an open problem for the charged and massive model of the
present paper and requires a stability study of the black hole exterior. The statement is,
however, supported by numerical and heuristics studies of the black hole exterior, c.f.
[3,14] and [16].

Conjecture 1.6 (Price’s law decay). Let (M, g, ¢, F) be a spherically symmetric solu-
tion of the Einstein-Maxwell-Klein—-Gordon system which is a perturbation of a
Reissner—Nordstrom background of mass M and charge e satisfying 0 < |e|] < M,

9 Getting rid of the spherical symmetry assumption allows for a new very important physical phenomenon
to arise, namely superradiance. This instability feature results in the presence of exponentially growing modes
as discussed in [4] and [26].

10 Which does not make a difference to prove the co stability because we only need an upper bound but
does for the C! instability where point-wise estimates are no longer enough.
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with a massive charged field ¢ € CX°(X) of charge go—as appearing in Egs. (2.20) and
(2.21)—and of mass m2—as appearing in the Klein—Gordon Eq. (1.22)—where X is an
asymptotically flat complete Riemannian manifold initial data slice.

Then on the event horizon of the black hole H* parametrized by the coordinate v as
defined by gauge (3.1) of Theorem 3.2, we have:

P (v) 1 f(0)v S @a0m) (1.23)

where >~ denotes the numerical equivalence relation of functions and their first deriva-
tives when v — +00, f is a periodic function and s is defined by:

2 form? #0, qo#0,
s(e, qo, m?) = { 1+NG/1— 462613) form*> =0, qo#0, (1.24)
3

for m*> = gy = 0.

Remark 2. Notice that s (e, gg, m?) > % always but that the integral decay s > 1 holds'!
only form? =0, |e| < ﬁ. Since integrability is the crucial point in the C” extendibility
proof, it explains why we required the field to be massless and not too charged to claim
the C¥ extendibility.

Dafermos and Rodnianski in [9] first proved rigorously and in the non-linear setting
an upper bound for Price’s law in the uncharged and massless case m? = gy = 0.

Later, Luk and Oh proved in [19] the sharpness of this upper bound, still in the
non-linear setting, as a consequence of a L> averaged'? lower bound.

1.2.3. Statement of the main results. In this section we explain roughly the achievement
of the present paper. The stability result is very analogous to Dafermos’ in [7] and
the instability result is a local near time-like infinity version of Luk and Oh’s interior
instability of [18].

More precisely, we establish the following result:

Theorem 1.7. We assume Price’s law decay of Conjecture 1.6 on the event horizon
for a solution of the Einstein—-Maxwell-Klein—Gordon system of Sect. 2.1 in spherical
symmetry.

Then near time-like infinity, the solution remains regular'> up to its Cauchy horizon,
along which a C? invariant quantity"> blows up.

Furthermore, defining e € R to be the asymptotic charge of the space—time measured
on the event horizon'*—for m* = 0 and for 4qge2 < 1—the metric is C* extendible.

14

1T Note that the decay of the massless charged scalar field depends on the dimension-less quantity gge only.

12 Note that for the case qo = 0 itis expected that the function f is constant i.e the oscillations should not
arise when the scalar field is uncharged. Nonetheless, no point-wise lower bound has ever been established,
even for a particular solution.

13 More precisely, the Penrose diagram—Ilocally near timelike infinity—of the resulting black hole solution
is the same as Reissner—Nordstrom’s as illustrated by Fig. 1.

14 On the other hand in general the metric may not extend even continuously to that Cauchy horizon.

5N amely Ric(V, V) where V is aradial null geodesic vector field that is transverse to the Cauchy horizon.

16 ¢ corresponds to the parameter e of the sub-extremal Reissner—Nordstrom background (M, e) towards
which our space—time converges on the event horizon.
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The proof relies on a non-linear stability and instability study of the Reissner—
Nordstrém black hole interior. The C° extendibility was first proven by Dafermos in
[7] in the uncharged and massless setting but it is really a direct adaptation of the meth-
ods of [18] that gives C? extendibility in the massless and charged (for 4g3e? < 1 only)
scalar field setting.

Remark 3. One actually needs a much weaker assumption than Conjecture 1.6: only a
point-wise upper bound on the scalar field and its derivative is needed and an averaged
L? lower bound on the derivative (c.f. Sect. 3 for a precise statement).

Remark 4. Tt is remarkable that the instability part relies only on an (averaged) lower
bound on the scalar field but that no lower bound is required for the charge of the
space—time.

Remark 5. We do not prove co extendibility in the case 46[362 > 1, which remains an
open problem.

Remark 6. Even though we show that a C? invariant blows up, we do not show that
given characteristic initial data on both event horizon satisfying our assumptions, the
maximal globally hyperbolic development is (future) C? inextendible. This is because
our result only applies in a neighbourhood of time-like infinity, in contrast'” with [18,
19]. Nevertheless, it is likely that if one assumes that the data are everywhere close to
Reissner—Nordstrdm then one can use the methods of [18] to conclude C2 inextendibility.
We will however not pursue this.

1.3. Ideas of proof and methods employed. In this last introductory section, we describe
the techniques that we use to prove our main results as stated in Sect. 3 later. Some
methods are adapted and modified from the work [18] for the stability part and [21] for
the instability part.

1.3.1. Methods for the stability part. Inthe m*> = go = 0 case, stability was first proven
by the seminal work of Dafermos [7] in the case s > % His work considers geometric
quantities (r, ¢, @) where @ is the modified mass defined in (2.10), r is the area-radius
and ¢ is the scalar field. However, these quantities do not decay—in particular zr blows-
up. Remarkably, this was overcome using the very special structure of the equation. This
structure is not exhibited when the mass or charge of the scalar field are present.

In contrast, the approach of Luk and Oh in [18] controls a non geometric coordinate
dependent quantity £2% namely the metric coefficient (c.f. Sect. 2.2 for a definition).
They actually compare (92, r, ¢) to their counterpart (.QI%N, rrN, 0) on the Reissner—
Nordstrom background to which the space—time converges.

This has the advantage that the difference of these quantities and their degenerate
derivatives are bounded and in fact decay towards infinity, allowing for a C? stability
statement.

They establish this decay using the non-linear wave structure in a null foliation
(u, v)—as illustrated by Fig. 2—of the equation. They integrate the difference along the
wave characteristics with the help of a bootstrap method after splitting the space—time
into smaller regions.

7 In[18] a special monotonicity property is exploited to propagate the curvature blow-up along the whole
Cauchy horizon. Such a property is absent when gg # 0 or m? # 0.
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Fig. 2. Penrose diagram illustrating the division between a red-shift R and a blue-shift region 3

The result of Luk and Oh is therefore more quantitative but on the other hand it relies
crucially on the hypothesis s > 1 giving an initial integrable decay of 22 — .QI%N,
r — RN and ¢

This is why—although the method can be easily adapted in the presence of a charged
and massive field—the proof fails'® for s < 1 which is unfortunately the expectation in
many interesting cases as claimed by Price’s law of Conjecture 1.6.

In our proof, we will again control the non-geometric coordinate dependent metric
coefficients £22 but since the decay is so weak we cannot consider directly the difference
with the background value.

Instead, we consider new natural combinations of these quantities—adapted to the
geometry—which obey better estimates, notably those involving the degenerate deriva-
tives 0, and 0y.

In all previous work,!? the proof proceeds in splitting the space—time into a red-shift
region near the event horizon which is very stable and a blue-shift region near the
Cauchy horizon where many quantities can blow-up. This is illustrated by Fig. 2.

In our case, we follow a similar philosophy although we need to further divide the
space—time into more regions in view of the slow decay of the scalar field c.f. Fig. 3.

In the red-shift region, decay is proven using that | =3 43"' —1|and [ =3~ _43”' —1| decay
polynomially,? thanks to the Raychaudhuri equations, Wthh allows us to replace 9,r
and 3, r by 22 » 2K+ ®+v) which enjoys an exponential structure. This avoids to lose
one power when we integrate a polynomial decay on a large region c.f. Lemma 4.1.

In the blue-shift region, we essentially use the polynomial decay of 9,r, d,r and
the exponential decay of £22 to propagate the estimates.

18 Essentially because o2 ‘QI%N’ — rrN and ¢ are no longer integrdble

19 Notably in Dafermos’ proof, the gauge derivatives of the scalar field 3 d’ and 3v¢ decay in the red-shift
region and grow in the blue-shift region.

20 Note that on Reissner—Nordstrom, these quantities are zero.



Stability and Instability of the Sub-extremal Reissner—Nordstrom Black Hole Interior

0O +
A CH

\\ '+
LB

Fig. 3. Penrose diagram of the space-time M = RUN UEBU LB

Another important point is that we are able to find two decaying quantities”! which
capture the red and blue shift effect: 9, log (2%) — 2K and 9, log (22%) — 2K—where
K is a geometric quantity defined by (2.12)—and we control the sign of K: positive in
the red-shift region, negative®” in the blue-shift region.

In particular the good control of 3, log(£2%) — 2K can be fruitfully integrated to
control the smallness of 222 according to the different regions but requires a bit of
care close to the Cauchy horizon where 3, log(£2%) — 2K is no longer integrable in
general.

To sum up, unlike the strategy of [18] which purely deals with differences whose
decay is propagated like a wave, we mainly use propagative arguments for the scalar
field only and rely on the geometry of the space—time and on the Raychaudhuri Egs. (2.17)
and (2.18) to prove our estimates.

1.3.2. Methods for the instability part. The first instability result is due to Dafermos
in [7]. Like its stability counterpart, it relies crucially on the special structure of the
equation and notably a very specific monotonicity property that does not hold in the
presence of a massive or charged scalar field.

The work [18] also proves an instability statement. Nevertheless both the presence
of the mass or of the charge also destroy the main argument. Indeed the argument makes
use of an almost conservation law for the scalar field stress-energy tensor TS?. With a
non-zero mass, a new term appears [c.f. (1.3)] which has the wrong sign and cannot be
easily controlled. If the field is charged, this time the two conservation laws—previously
independent—coming from T and TEM are now coupled and therefore Luk and Oh’s
method does not apply.

Instead, we borrow ideas from a paper of Luk and Sbierski [21] in which the authors
prove the linear instability of Kerr’s interior. They simplify their methods and adapt
them to the Reissner—Nordstrém case? in an introductory section. The point is essen-

21 These two quantities are zero on a Reissner—Nordstrom background so we can expect them to be small
in the perturbative setting.

2 Except maybe close to the Cauchy horizon where K may blow-up like the Hawking mass.
23 For a scalar field that is not necessarily spherically symmetric, unlike in the present paper.
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tially to prove the blow-up of dy¢ on a constant u hypersurface close to the Cauchy
horizon, where (u, V) is a regular coordinate system near the Cauchy horizon thanks to
a polynomial lower bound on [,"°° 3,6 |*(u, v/)dv’.

For this they use an integrated L?> stability estimate coupled with a vector field
method’*—namely an energy estimate—using the Killing vector field 3, = 8, — 9,—
which boils down to the conservation of the energy. They manage to control the integral
of d,¢ on the event horizon by its values on an intermediate curve y, (which marks the
limit between their red-shift and their blue-shift region) on which 22 decays polyno-
mially like v™° for a very large power ¢ > 0.

After they control this value by the integral of 9, ¢ on a constant u hypersurface close
to the Cauchy horizon using again a vector field method with the vector field d,,. They
conclude using the positivity of the energy which allows for the 9, terms to control the
0y = 0y — 0, ones on Y.

Their approach relies on the linearity of the problem and in particular the use of a
Killing vector field of the Reissner—Nordstrom background, which does not exist any
more in the non-linear setting that we consider.

Another important difference is the existence—in the uncharged field case—of two
independent (approximate) conservation laws, namely one for the scalar field TSF —
which the authors of [21] use—and one for the electromagnetic field TEM _which
they ignore. In our case the charged field interacts with the charge of the black hole
coupling the Klein—Gordon and the Maxwell equation. This gives a single (approximate)
conservation law involving T = TXC + TEM

Moreover, the use of a vector field method in a blue-shift region for a charged and
massive scalar field generates terms which do not decay, in particular those related to
the charge® of the black hole Q and which have the inadequate sign.

Fortunately in the red-shift region the charge terms have a good sign and the
estimates of our stability part are strong enough to prove decay of the scalar field
terms having the wrong sign.

Moreover, despite Killing vector fields do not exist in general, the Kodama vector
field T—which is the non linear analog of 9,—induces a conservation law, which renders
possible the use of a vector field method in the red-shift region.

There is however a difficulty: the coefficients of the Kodama vector field, unlike d;, are
expected to blow-up near the Cauchy horizon in general so the limiting curve y’ between
the red-shift and the blue-shift region—unlike in [21]—must be close enough to the
Cauchy horizon so that we enjoy a sufficient decay of £22 in the future to propagate the
decay of the wave equations but must also be close enough to the event horizon so that
the Kodama vector field does not blow-up! Compared to [21] where the limiting curve
was chosen to be as far as possible in the future, this is a completely different strategy.

This challenge is addressed using fine stability estimates, notably the quantities
7?232” and % which are precisely the coefficients of 7' and that are controlled in the
vicinity of y’.

In the blue-shift region, since vector field methods are now hard to use, we simply
propagate point-wise 9,¢ using the wave equation and the sufficient decay of £2% in
the future of y’. We strongly rely on the stability estimates proven in the first part.

Lastly, once this lower bound is proven, we use exactly and without modifications the
techniques employed in [18] to prove the blow-up of a C? geometric invariant quantity

24 For an introduction to the vector field method and interesting applications c.f. [10].

25 Which is expected to tend to a constant e so that we cannot hope for decay, unlike for ¢ which is zero on
the underlying Reissner—Nordstrom background.
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for any s > % and the H! blow up of the scalar field if s > 1, leading to the C!
inextendibility of the C” extension constructed in the stability part.

1.4. Outline of the paper. We conclude this introduction by presenting the rest of the
article.

Section 2 is devoted to preliminaries: we notably define the main notations, introduce
the equations and express them in the form that we use later. A brief review of the
Reissner—Nordstrom background is also presented.

In Sect. 3, we phrase the main results of the paper precisely, namely the stability and
the instability theorems. They are preceded by a reminder on the characteristic initial
value problem and the coordinate dependency.

In Sect. 4, the proof of the stability theorem is carried on. The proof of one minor
proposition is deferred to “Appendix B” and a simple local existence lemma is proven
in “Appendix C”

In Sect. 5, the proof of the instability theorem is carried on.

Finally, in the “Appendix A”, we use our stability framework to “localise” in coor-
dinates the part of the apparent horizon that is close to time-like infinity.

2. Geometric Framework and Equations

2.1. The equations in geometric form. We look for solutions to the Einstein—-Maxwell
equations coupled with a charged and massive scalar field ¢ of constant mass?® m? > 0
and constant charge gop # 0 propagating according to the Klein—Gordon equation in
curved space—time?’:

A solution is described by a quadruplet (M, g, ¢, F)—where (M, g) is a Lorentzian
manifold of dimension 3 + 1, ¢ is a complex-valued®® function on M and F is a real-
valued 2-form on M—which satisfies the following equations:

. 1
Ricyuy(9) = 5 R(@) gy = Ty + Ty, (2.1)
1
TE{)W =2 (gaﬂFavFﬁu - ZFaﬂFaﬂg,u.v> ) (2.2)
R 1 _
Ty’ =2 (m(DmDm) — 5 (& Dug Dy + m2|¢|2)g,w> .23
0., ,—~—F —T

VIFu = Ti@D§ —$Dug). F =dA, (2.4)
§""D,Dyp = m*¢, 2.5)

where D := V +igoA is the gauge derivative, V is the Levi-Civita connection of g and
A is the potential one-form.” T and TXC are the electromagnetic and the Klein—
Gordon stress-energy tensor respectively.

26 12 > 0 ensures that the dominant energy condition is satisfied. It does not play a role for the proof of the
stability estimates but is crucial for the instability part.

27 One important difference compared to real scalar field models is that the Maxwell and the wave equations
are now coupled because the field is charged.

28 The second important difference with the uncharged case is that it is not no longer possible to take a real
scalar field: ¢ must be complex-valued.

29 F = dAis to be interpreted as “ there exists real-valued a one-form A such that F = dA ”. This
determines A up to a closed form only. It means that there is a gauge freedom, c.f. Sect. 2.2.
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Equation (2.1) is the Einstein equation, (2.4) is the Maxwell equation and (2.5) is the
Klein—Gordon equation. Note that they are all coupled one to another.

2.2. Metric in null coordinates, mass, charge and main notations. Let (M, g, ¢, F) be
a spherically symmetric solution of the Einstein—-Maxwell-Klein—Gordon equations. By
this we mean that SO(3) acts on (M, g) by isometry with spacelike orbits and for all
Ry € SO(3), the pull-back of F and ¢ by Ry coincides with itself.

We define Q@ = M /SO(3), the quotient 2-dimensional manifold induced by the action
of SO(3).

IT : M — Q is the canonical projection taking a point of M into its spherical orbit.

The metric on M is then given by ¢ = go + r’dog, where go is the push-forward
of g by IT and dog the standard metric on the sphere.

go as a general Lorentzian metric over a 2-dimensional manifold, can be written in
null coordinates (#, v) as a conformally flat metric:

92
go = —T(du ®dv+dv ®du).

We define the area-radius function r over Q by r(p) = 4/ %n_l(m).

We can then define « and ¢ as:

02
= RU{+ 2.6
K 20,7 € {00}, (2.6)
02
= R U {zo0}. 2.7
L 20, € {00} 2.7

Remark 7. Notice that « is invariant under u-coordinate change: if du’ = f (u)du, then
in the new coordinate system (u’, v), K (u’, v) = «(u, v). Similarly, ¢ is invariant under
v-coordinate change.’’

We can also define the Hawking mass and mass ratio as geometric quantities, at least
in spherical symmetry:

,
o 5(1 —go(Vr,Vr)),
2p
~

n=

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 same for ¢.
It turns out that spherical symmetry allows us to set:

0

= Q%du A dv,
2r2

F =

where Q is a scalar function that we call the electric charge.

Remark 8. Tt should be noted that in the Einstein—Maxwell-scalar-field of [7] and [18],
Q = e was forced to be a constant because it was coupled with vacuum Maxwell’s
equation div F = 0.

30 Note however that rescaling v also rescales « and rescaling u rescales ¢.
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F = dA also allows us to chose a spherically symmetric potential A written as:
A= A,du+ Aydv.
The equations of Sect. 2.1 are invariant under the following gauge transformation:

¢ — 0,
A — A+df.

where f is a smooth real-valued function.
Therefore we can choose the following gauge for some constant vg and for all («, v):

Ay(u,v) =0, (2.8)
Au(u,v) =0. (2.9)

Remark 9. Notice that this gauge depends only on the null foliation and therefore is
invariant if u or v is re-parametrized.

This gauge will be used in the rest of the paper, for vy to be specified in the statement
of Theorem 3.2.

For a more justified and complete discussion of the Einstein—-Maxwell-Klein—Gordon
setting, c.f. [15].

Now we introduce the modified mass @ that takes the charge Q into account:

Q> _ur @
g L& 2.10
CIELTL =T, (2.10)

An elementary computation relates coordinate-dependent quantities to geometric®!
ones:

—48,rd,r  —£22 2w Q?
1—pu= = =1-=—4+=. 2.11
’ 22 duk rooor? @1

We then define the geometric quantity>” 2K :

2
2K = %(w - Q—). 2.12)
r r

‘We will also denote, for fixed constants M and e:

2 &2
2K ye(r) = (M — ),
r r

Finally we introduce the following notation, first used by Christodoulou:

31 Notice that 1 — wn and K do not depend on the coordinate choice (u, v).
32 On Reissner—Nordstrom, 2K = 9, log |1 — u| = 9y log [1 — p].
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2.3. The Reissner—Nordstrom solution. In this section we present the sub-extremal
Reissner—Nordstrom solution. Because the space—time that we consider converges at
late time towards a member of the Reissner—Nordstrom family and that we aim at prov-
ing stability estimates, it is important to recall their main qualitative features to see which
are conserved in the presence of a perturbation.

2.3.1. The Reissner—Nordstrom interior metric. The Reissner—Nordstrom black hole is
a 2-parameter family of spherically symmetric and static space—times indexed by the
charge and the mass (e, M), which satisfy the Einstein—-Maxwell equations i.e the system
of Sect. 2.1 with ¢ = 0 with R* x S? initial data.

We are interested in sub-extremal Reissner—Nordstrom black holes, which is
expressed by the condition 0 < |e| < M.

Define then for such (e, M):

re(M,e) =M+ M? —¢e2 >0,

r-(M,e) =M —/M?—e2 > 0.

The metric in the interior of the black hole can be written in coordinates as:

QZ
gRN = %dﬂ — 425 2dr? + r?[d6* + sin(9)*d Y], (2.13)
2200y = 40— M 62) (2.14)
r) = —4(1 — =), :
RN r r2

Where (r,t,0,%) € (r—,ry) x R x [0, 1) x [0, 27].

2.3.2. (u, v) coordinate system on Reissner—Nordstrom background. We have seen in
Sect. 2.2 how to build any null coordinate (u#, v). Now that the metric is explicit, we
would like to find such a (u, v) system that is related to the variables (r, f) appearing in
Eq. (2.13).

Define

rF=r+

1
K. log(ry —r) + _2K_ log(r —r—),

where 2K, (M, ) and 2K _ (M, ¢), respectively called the surface gravity>> of the event
horizon and the surface gravity of the Cauchy horizon, are defined by>*:

2

KoM o) =~y ="""= g,
r; ry 2r2

K_(M,e) = L(M—é)z =" o
’ rZ r— 2r2

Remark 10. Note thatif oo = M and Q = ethen K(ry) = K:(M,e) > O0and K(r_) =
K_(M,e) <0, where K is defined in Eq. (2.12).

33 For an physical explanation of the terminology, c.f. [16].
3 Note that K— < 0 like in [20] but unlike in [18].
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We then set (u, v) € R x R as:
1, 1,
= — +1), = — —1),
v 2(r ), u 2(1’ )

and claim that Eq. (2.13) can then be rewritten as:

92
gRN = —%(du Q dv +dv ® du) + r’[d6* +sin(9)>dy?].

2.3.3. Behaviour of QI%N. We define?’ the event horizon H* = {u = —o00, v € R}, and
the Cauchy horizon CH*™ = {v = +00, u € R}
QI%N cancels on both H* and CH*. A computation shows that:

2 2K, r* 2K (u+
QRN ~r—ry Ce,Me = Ce,Me v v)a

and similarly that:

2 ’ 2K_r* ’ 2K _-(u+v
QRN N s Ce’Me L Ce’Me (u ),

for some C. y > 0, C, ,, > 0.

Remark 11. Notice that QI%N exhibits an exponential behaviour in (u + v), exponentially
increasing from O near the event horizon and exponentially decreasing to 0 near the
Cauchy horizon.

Notice also that for » bounded away from r; and r_, .QI%N is upper and lower bounded.

2.3.4. Kruskal coordinates (U, V) and Eddington—Finkelstein coordinates (U, v),
(u, V). From the previous section, one could fear that the metric could be singular
across the horizons H* and CH™*. Actually it is not: like for the Scharwzchild’s event
horizon horizon, it suffices to define Kruskal-like coordinates (U, V) from the (u, v)
coordinates as:

1
U= — 2K,
2K,
and
1 _ 1 2K_v
2|K_| ’

Note that U and V now range in (U, V) € [0, +00) x (—o0, 1] and that H* = {U = 0};
CHY*={V =1}.

We then write the metric in the Eddington—Finkelstein-type mixed (U, v) coordinates
as:

2
$2pnH
2

gRN = — (dU @ dv +dv @ dU) + r>[d6? + sin(9)*dy?].

35 We could have defined in more generality the event horizon to be the past boundary of the black hole
region and the Cauchy horizon the future boundary of the maximal globally hyperbolic development. Strictly
speaking the Cauchy horizon is not part of the space—time but can be attached as a double null boundary and
we then consider the space—time as a manifold with corners.
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We find that (U, v) is a regular coordinate system near the event horizon H*:

2
1 2M e 2Kev

Qjn, (U, v) = _2K+U(1 ———+3) ~u-0Cenme

In (u, V) coordinates we write now write the metric as:

92
gRN i= —%(du ®dV +dV ® du) + r*[d6? + sin(0)2dy2].

We then see that (i, V) is a regular’® coordinate system near the Cauchy horizon

CH™":

M é? B
‘QI%N,CH(”v V)= m(l - + r_2) Vo1 Cé,Me 2K-u

2.3.5. Constant quantities on Reissner—Nordstrom. Since we consider the stability of
a Reissner—Nordstrom background under perturbation, it is useful to identify which
quantities are zero on this fixed background: these are the ones that we can hope decay
for in the non-linear perturbative setting with the Klein—Gordon field.

Reissner—Nordstorm has four main qualitative features which distinguishes it from
general dynamical solutions:

1. Both the charge and the modified mass are fixed:

w =M,
Q=e.

=12 <
Hencel —pu =1 o

2. The metric is symmetric’” in u and v and in particular:

Oyt = Oy,
5 5 2 2
9y log(£2zN) = 0y log(23N) = r_Z(M — 7) =2Kp (7).

3. The horizons are constant » null hypersurfaces:

HY={u=—-oc0,veR}={r=ry},
CH* ={v=+o0,ucR}={r=r_}.

Hence 9,1+ = 0 and 9,r|c3+ = 0 which is consistent with the following relation:

M é?
Our =0yr =1——+—.
r r

36 Moreover, as mentioned in Remark 1 the metric is actually smoothly extendible beyond CH*, which
would pose a problem for the strong cosmic censorship conjecture but does not because Reissner—Nordstrom
is expected to be non generic.

37 Which is essentially equivalent to the fact that 9, is a Killing vector field or that SZIZ{N (r) is a sole function
of r.
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4. The event horizon H* coincides with the apparent horizon A := {9,r = 0} so all the
2-spheres inside the black hole are trapped.
This does not hold for general dynamical space—times where A is strictly in the future
of H*.
However, in the perturbative regime, we can expect that A is not too far’8 from H*,
c.f. “Appendix A”.

In the end, we can sum up all the relations by:

2M & 22
r=dyr=1— "+ = RN

= <0,
r r2 4

which also means that:

KRN = (RN = 1.

2.4. The Einstein—-Maxwell-Klein—-Gordon equations in null coordinates. Finally, we
express the Einstein—-Maxwell-Klein—Gordon system in spherical symmetry in any
(u, v) coordinates as in Sect. 2.2 and under the gauge choice for the potential (2.8),
(2.9).

We start by the wave part of the Einstein equation:

-2 0y oyr 02 5 m2r 22 02 m2r 2.0
0y 0pr = — — — =——2K+—8% , (2.15
O " il d Gl el 1 Sl (215)
5 — 22 2 27,
0,0y log(27) = —2R(DyPpdyp) + — + —— — — 07, (2.16)
2r2 r2 rt
the Raychaudhuri equations:
oyt —r 5
3u(ﬁ) = E|Du¢| ) (2.17)
oyt —r 5
D7) = 571001% (2.18)
the Klein—Gordon wave equation:
BuPdr  Burdud  qoi 22 m22? _ Gor .
0y = ———— — —— + ——— 0 — ¢ —iqoAy—— —iqoAudvp,
r r 4r 4 r
(2.19)
and the propagative part of Maxwell’s equation:
3 Q = —qor*3(@Dud). (2.20)
90 = qor’I(@du). .21)
Also the existence of an electro-magnetic potential A implies that:
—08?
WA, = . 2.22
vitu 2}’2 ( )

Now we can reformulate the former equations to put them in a form that is more
convenient to use.

38 Actually we can prove that 0 < drp+ S v i |9, < v
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It is interesting to use (2.15), (2.17), (2.18), (2.20), (2.21) to derive an equation for
the modified mass:
) m2
2 2 N
duw = S |Dudl + —rdurlgl — qoQr3(@Dud) (2.23)

}"2 m2
2 2 (o
D = (b + 5o i9 + 40 0r3 @), (2.24)

Moreover, the following reformulation of (2.15) will be useful:
3y log(|9,r]) = k(2K — rm?|¢|?). (2.25)
Remark 12. Note that the left-hand-side, like « is invariant under u-coordinate changes.

We also reformulate (2.16) as:

r

2
3,0, 10g(2%) = k8, (2K) — 2R(Dy ¢, P) — 2—'2{ (E)uw _ 0 )
r

- 9, 0%
=10, (2K) — 2RN(Dyupdvep) — r_z(avw - ). (2.26)
We can also rewrite (2.19) to control |9, ¢| more easily:
. u . u 7 2 2 2
e—tqofuo Auau(ezqofuo Auavd’) _ _8UFDL¢¢ _ 0y oy + qol.Q 06 — m-S2 é.
r r 4r2 4
(2.27)
or to control | D, ¢| more easily:
9,10 dyrD 202
9y (D) = — 2N rDud TS, (2.28)
r r 4
Finally we can also write the Raychaudhuri equations as:
4 4r 2
du(c™") = @IDMI ; (2.29)
_ 4r 5
() = E|av¢| . (2.30)

3. Precise Statement of the Main Results

3.1. Preliminaries on characteristic initial value problem and coordinate choice. Before
stating the theorem, we want to demystify a little the framework used to define the gauges
and the coordinate dependent objects. The context is the same as for [7] and [18], the
only difference is the presence of the (dynamical) charge of the space—time Q.

We want to phrase the characteristic initial value problem for the Einstein—-Maxwell—
Klein—Gordon system of Sect. 2.1. The reader familiar with the framework can skip this
section.

We first consider two connected and oriented smooth, 1-dimensional manifolds Cjy,
and Coy—each with a boundary point (c.f. Fig. 1).

We can identify the surfaces at their boundary point to get Cin Uypy Cour, 0n which
we now want to build a (U, v) null regular coordinate system. For this, we have four
choices to make:
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Choosing an increasing®® parametrization U of Ciy.

Choosing an increasing parametrization v of Coys.

Choosing the U-coordinate Uy € R U {£o00} of the intersection point p.
Choosing the v-coordinate vy € R U {400} of the intersection point p.

el e

In this coordinate system, Ci, and Coy¢ can be written as:

Cin = {(U, v0), U € [Up, Unax)},
Cout = {(Up, v), v € [vg, Vmax)},

with Upax € R U {00}, Vmax € R U {F00}.

As our initial data we shall consider (r, 912{7 ¢, A) as follows:

(r, ¢) are C! scalar* functions and A a C! 1-form on Cj, Uipy Cout-

r and ¢ induce—in the (U, v) coordinate system—some functions on [vg, Vmax) X
{Up} U {vo} x [Up, Unmax) that we still call » and ¢ by notation abuse.

A induces a function A, on [vg, Vmax) X {10} by A|c,,, = Avdv and another function
Ay on {vo} X [Ugy, Unax) by A|(;in = AydU.

The remaining part of the data will be a C I function QEI : [vo, Vmax) X {uo} U
{vo} % [Uo, Umax) — RZ. We will use this later to build a metric of the form g =

2
— (AU ® dv +dv ® dU) + r2[d6? + sin(0)2dy2].
The prescription of .(212{ as above will be coordinate dependent.
This coordinate dependent framework allows us to define the Raychaudhuri equations
on the initial surfaces, seen as constraints for the characteristic initial value problem.
However, they are still valid under any re-parametrization of U or v:

Definition 1 (Raychaudhuri equations). We say that the data (r, 23, ¢, A) satisfy the
Raychaudhuri equations if on {vg} x [Up, Unax):

dyr —r 2
u( 9}21) 912{| vl
And on [vg, Vmax) X {Up}:
oyr —r P
o0y(—) = —1|D ,

where D depends on A by D = 9 +iqoA as an operator on scalar functions.

We now want to talk of “the solution”—up to gauge transforms—of the Einstein—
Maxwell-Klein—Gordon equations. To do so, we solve the partial differential equation
system of Sect. 2.4 “abstractly” for some data (r, 22, ¢, A). Since it is standard that the
Raychaudhuri equations—once satisfied on the initial surfaces—are propagated, we see
the solution actually satisfies the Einstein-Maxwell-Klein—Gordon equations in their
geometric form of Sect. 2.1.

Theorem 3.1 (Characteristic initial value problem). Let Cin, Cout be as before.
We assume moreover that the data (r, .912{, ¢, A) are as before and satisfy the Ray-
chaudhuri equations. Moreover we suppose that r > 0.

39 By increasing, we mean parallel to the orientation of the 1-dimensional surface.
40 1t should be emphasized that r and ¢—Ilike the metric g will be later—are geometric quantities, namely
they do not depend on the coordinate choice. However ‘QI%I does depend on the coordinate choice.
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Then there exists a unique C ' maximal globally hyperbolic development (M, g, ¢, F),
spherically symmetric solution of Einstein—-Maxwell-Klein—Gordon equations of Sect. 2.1
such that

1. Cout and Ciy, embed into Q = M /SO(3) as null boundaries with respect to the metric

.

2. D*(Cin Ugpy Cou) N Q = J*({p}) N Q where D* denotes the future domain of
dependence and J* the causal future.

3. (M, g, ¢, F) satisfy:

‘QI%I 2 2 . 2 2
=" (dU®dv+dv®dU) +r7[d6> +sin(@)’dy?]. F=dA.

And (r, 2%, ¢, A) restrict on the initial surfaces to the value prescribed by the initial

2
data (r’ QH’ ¢’ A)lcinu{p)caul'
4. The equations in null coordinates of Sect. 2.4 are satisfied.

For a more thorough discussion of the uniqueness problem in that framework, c.f.

[S].

3.2. The stability theorem. We can now formulate the main stability theorem. The main
point is the presence of a Cauchy horizon, reflected by the form of the Penrose diagram,
instead of space—like Schwarzschild-type singularity.

Theorem 3.2 (Non-linear stability theorem).
Let Cip, Cout and (r, ¢, (212{, A) satisfy the assumptions of Theorem 3.1.
Moreover, we will make the following geometric assumptions:

Assumption 1 Co, is affine complete.41

Assumption 2 r > 0 is a strictly decreasing function on Cj, with respect to any increas-
ing parametrization.

From now on we will denote H* := Cou and call H* the event horizon.
For some constant vy > 0, we parametrize H* := Coyy = {U =0, v > v} with a
coordinate v defined** by

—22(0,v)

49y (0, v) b G-

K+ = ( )+

U(),O < U < Umax,} with a

and for some Unax > 0, we parametrize Ci, = {v
coordinate U defined by
Qur)c,, (U, vo) = —1. (3.2)

3

We also make the following no-anti-trapped surfaces® assumption:

Assumption 3 9yr (0, v)j+ < 0

41 We define affine completeness by the relation f;’om"“ .QI%I(UO, v)dv = +4oo. This is a coordinate-
independent statement.

42 It is then easy to see that (2.15) and Assumption 4 together with the affine completeness prove that
Umax = +00.

43 Notice that this assumption together with (2.17) proves that dyyr < 0 everywhere on the space—time.
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We assume the following decay on the field in (U, v) coordinates : there exists C > (0
and s > % such that

Assumption 4

¢ (0, V) |13+ +[3up (0, V) |3+ < Cv™7,

Assumption 5 *

[Dy¢|(U, v) < C.

We also ask the following convergences towards infinity on the event horizon:

Assumption 6
i+ (0, v) — Foo

as v — +00, where ro, > 0 is a constant.

Assumption 7
0< Q0+ <re,

where Q4 = limsup, . |Ql3+

We consider the unique C' maximal globally hyperbolic development (M, g, ¢, F)
of Theorem 3.1,

Then, after restriction to a small enough connected subset p € C;, C Ciy, i.e C], =
{v=10,0 <U < Uy, } for0 < U small enough, D*(C{ Uy Cou) N Q has the Penrose
diagram of Fig. 1.

Moreover, if s > 1, (M, g, ¢, F) admits a continuous extension to the Cauchy hori-
zon.

More precisely, we can attach a future null boundary CH* := {v = +00,0 < U <
Us} to the space—time (M,g) such that (g, ¢, F) each admits a continuous extension to
the new space—time M := M UCH™ seen as a manifold with boundaries.

Remark 13. Because of (2.11), (3.1) is exactly equivalent45 to:

20 Q2
avr|'H+=1——+—2=1—M. (3.3)
r r

Remark 14. The present paper introduces the first stability result dealing with all the
possible values of m? and go. However the continuous extension statement when s > 1
was already established in the work [7] and [18] although stated in the chargeless case
qo = 0 only. Some continuous extension results for the charged case have also been
proved in [15]. Notice (c.f. Sect. 1.2.2) that the case s > 1 should be relevant in our
context only if the scalar field is massless and not too charged*® compared to the black
hole.

44 Notice that in the gauge (2.9), this is equivalent to saying |3y ¢| (U, vp) < C.

45 Notice that the gauge 3.1 is the same as [7] but slightly different from [18], although it actually only
differs from a multiplicative function of v bounded above and below.

46 Namely m? =0 and lqoe| < % with the notation of Sect. 1.2.2.
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Remark 15. Notice also that the assumptions are (almost) the same as those of [18],
except for the strength of the decay rate, which was integrable unlike in the present

paper.

In the rest of the paper, we will write A < B if there exists a constant C =
C‘(C, 0+, qo, m2, Too, S, Vo) such that A < CB.

If we need to specify this constant, we shall call it consistently C when there are no
ambiguities.

We denote also A ~ Bif A < Band B S A.

3.3. The instability theorem. We can now phrase our instability theorem that relies very
much on the non-linear stability claimed in the preceding section.

Theorem 3.3 (Non-linear instability theorem). Let Ciy, Coyt and (r, ‘QIZ{’ ¢, A) satisfying

all the assumptions of Theorem 3.2 and in particular Assumption 4 with s > %

We assume, using the same gauges as for Theorem 3.2, that the field in addition
satisfies the following L* averaged polynomial lower-bound on the event horizon Coy =
H*:

Assumption 8.

+00
v P Sf |0y |73+ (0, V)dV, (3.4)
v

for 2s — 1 < p < min{2s, 65 — 3}.

Then for any u € R negative enough, and for all v large enough (depending on u),

+00
f 13,1 (u, v')dv' = v7P. (3.5)
v

In particular the following component of the curvature blows-up on the Cauchy
horizon:

lim sup Ric(2728,, 2728,) (u, v) = +00.

v—>+00

Moreover fors > 1, ¢ ¢ WIL’CZ and the metric is not C! for the continuous extension
constructed in Theorem 3.2.

Remark 16. This theorem is the very first instability result outside the uncharged and
massless case. As explained in Sect. 1.3.2, the methods of previous instability works do
not apply here.

Remark 17. In view of the result of [ 18], one can very reasonably hope that this curvature
blow up leads to a C? inextendibility of the metric in an appropriate global setting.*’
The reason for this is that Ric(£2729,, £2729,) is a geometric quantity since £2 29, is
a geodesic vector field. The only remaining argument is to extend the blow-up far from
time-like infinity namely to get a global statement as opposed to perturbative.

47 At least for two-ended black holes.
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4. Proof of the Stability Theorem 3.2

We recall that we write A < B if there exists aconstant*® C = C(C, Q4. go, m?, roo, 5, V0)
such that A < CB. ~

If we need to specify this constant, we shall call it consistently C when they are no
ambiguities.

We denote also A ~ Bif A < Band B < A.

When we write “with respect to the parameters”, we actually mean “with respect to
C, 0+, qo, m2, Too and s”.

We shall use repetitively the following technique: if we are in aregion where |u| < Dv
where D is a constant, then we can take |u| large enough (equivalently U, small enough)
so that for any # < uy and any function of v, €(u, -) = o(1) where v — +00 and any
positive number 7 then |e(u, v)| < n for all |u| < Dv. When we do so, we write “for
|ug| large enough” or equivalently in (U, v) coordinates “for Uy small enough”.

4.1. Strategy of the proof. The main idea of the proof is to split the space—time into
smaller regions where the red-shift and blue-shift effect manifest themselves as already
done in [7] and [18] and to integrate along the characteristic for the wave equations.
The main novelty is to deal with a non-integrable field decaying on H* like v™* with
s > % only. The reason why stability estimates still proceed is that the Raychaudhuri

equation on H* involve the square of the field of the order v—2* which is integrable.
We will use five different regions:

1. The event horizon H* := {U = 0, v > vo} where we use crucially the Raychaudhuri
equation and exhibit the right Reissner—Nordstrom space—time to which our dynam-
ical space—time is expected to converge at infinity. We find that £2> behaves likes
e2Ke(urv+h() — o g 17 2K+ (+h(W)) \where h(v) = o(v).

2. The red-shift region R = {u + v + h(v) < —A}: this is a large region where 22 is
small enough and | D, ¢| < £22v~*. This strong stability feature is the key to prove
the estimates. Another important feature is that £2 can almost be written as a product
f(u) - g(v) which simplifies most of the calculations. This comes from the fact that
.QI%I(U , V) is almost .(2}21 (0, v), up to a arbitrary small constant e =4,

3. The no-shift region N := {—A < u +v + h(v) < Ay}: the function of this small
region is to allow r to vary from its event horizon limit value r, to its Cauchy horizon
limit value r_, up to arbitrarily small constants. The smallness of the region allows
us to conserve the estimates of its past region R while initiating the blue-shift effect
in its future.

4. The early blue-shift transition region® B = {Ay < u+v+h() < —A' +
% log(v)}: this small region is the first where the blue-shift happens and as a

consequence the metric coefficients §22(u, v) start to be small enough to facilitate
the decay of propagating waves but do not decay too much so that we can still treat
the problem as almost linear: in particular’® x~' and (~! stay bounded.

48 This is equivalent to saying that C will depend only on gq, m2, v, the initial data and on (e, M) as defined
in Sect. 4.3.1.

49 The idea to have a curve at a logarithmic distance from the no-shift region comes back—in a different
form—to the early papers of Dafermos [6,7].

30 Recall that x and ¢ were defined in (2.6) and (2.7).
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5. The late blue-shift region LB := {—A'+ ZI?J log(v) < u+v+h(v)}: this very large

region exhibits the strongest blue-shift: the metric coefficients £22(u, v) start from
inverse polynomial decay but decrease exponentially in v near the Cauchy horizon.
We use this smallness to prove decay for the propagation problem. However, we do
not prove enough decay to get a continuous extension of the space—time in the case
s < 1.

The core of the proof is to control 9, log(.Qz) and 0, log(.Qz) and use Lemma 4.1:

In H* and R, as a consequence of the red-shift effect, they are lower bounded by a
strictly positive constant, which allows us to consider £22 as an increasing exponential
in # and as an increasing exponential in v, avoiding the loss of one power when we
integrate a polynomial decay.

In N, 9, log([)z) and 0, log(Qz) change sign and can be close to 0, but it does not
matter for the decay of the scalar field because the region is small enough.>!

In £B and LB, as a consequence of the blue-shift effect, they are upper bounded? by
a strictly negative constant, which allows us to consider £22 as a decreasing exponential
in u and as a decreasing exponential in v, which also avoids the loss of power when we
integrate a polynomial decay.

4.2. A calculus lemma. We begin this proof section by a calculus lemma, which broadly
says that integrating a polynomial decay—as expected for p—with a £22 or £2~2 weight
avoids to lose one power as we would otherwise.

Lemmad.1. Letg > 0,a = a(e, M, qo, m2, s) > 0 and y) be a one-dimensional curve
on which |u| &~ v with ui (v) being the only u such that (u, v) € y1 and vi(u) being the
only v such that (u, v) € yj.

Then for any positive C' function 2%, the following hold true:

1. Red-shift bounds in |u|: assume that for all u' € [uy(v), u), 9, 1og(2%)(u’, v) > a.
Then:
u
2@ vl |’ S 27w, v)lul
uy(v)

u
Q72 o) |7 du’ < 272 (uy (v), v)v 9.
u(v)

2. Red-shift bounds in v: assume that for all v' € [vy(u), v], 3, log(2*) (', v) > a.
Then:
v
2%, V)W dv < 2% (u, v)v 9.
vy (u)
v
272w, v)v " dv < 27 (u, vi () |ul 9.
vy (u)
3. Blue-shift bounds in |u|: assume that for allu’ € [uy(v), u], 9, log(.Qz)(u’, V) < —a.
Then:
u
2, )| du’ < 2%y (v), v)v 9.
ui(v)

51 More precisely the u difference is bounded.
52 Strictly speaking, we do not prove however that 9y, log(Qz) is upper bounded in LB if s < 1.
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u

Q72 )| du’ S 27w, v)lul 7.
ui(v)

4. Blue-shift bounds in v: assume that for all v' € [v)(u), v], 9y log(.Qz)(u’, V) < —a.

Then:
v
22 (u, V)W dv < 2% (u, vy (u))|u) 79,
vy (u)
v
272w, v)v"dv < 27 (u, v)v 9.
vy (u)

Proof. We will only prove one case when 9, 1og(£22) > a, the others being similar. For

u > ui(v):
u 1 u
272!, v)0, log(2%) (', v)|u'| " 1du’

Q72w )| du’ < —
u1(v) a Juy(v)

] u
= ——/ 0,(27H W' v)|u') .
a Jui(v)

IA

Then we integrate by parts to write:
u

g Q72 , )| !
a Juy(v)

+127200w), @ = 2272w, v)jul .
a a

u
Q72w o)W |"du’ <

uy(v)

Then clearly fuul(v) Q72w 0|7 du = o(fu"l(v).Q_z(u/, W|u'|~9du’) so the
dominant term is the second, and a depends on the parameters only, giving:

u
Q72w o)W |Tdu’ < 27 i (v), v)|ur (v)| 7.
uy(v)
O

4.3. The event horizon .

4.3.1. Convergence at infinity towards a Reissner—Nordstrom background.

Proposition 4.2. There exists constants 0 < |e| < M such that on the event horizon

HY ={U =0,v > vy}
“4.1)

| (0, v) — M| S v' ™,
4.2)

1000, v) —e| Sv'7%,
And moreover roo = r+(M, e) where ro is as in hypothesis 6 and

K@0,v) > K.(M,e) > 0,

as v — +oQ.
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Proof. First we use (2.21) together with the decay of Assumption 4 and the boundedness
of r to get the existence of ¢ € R such that (4.2) holds. In particular Q is bounded.
Moreover, due to Assumption 7, e # 0.

For the mass, notice that by integration by parts and the decay of Assumption 4:

+00 +00 _ r2
| / rourlglPdy’| = | / PG — 19l 0, 0] S 0!
v v

Therefore—the other terms being easier in (2.24)—by using gauge (3.1) and Assump-
tion 4, together with the boundedness of r, we prove that there exists M € R such that
(4.1) holds.

Gauge (3.1) then gives the following convergence when v tends to +oo on H*:

2 2
8vr:1—,u:1——+Q—2—> 1—2—M+eT::l.
r r Too T3

Since r admits a limit at infinity, / = 0 so r is a strictly positive root of the polynomial

x2 — 2Mx + €2 hence:
Fo =M £V M? — €2,
le] < M|,
0<M.

We then use Assumption 7 to rule out the case roo = M — v/ M? — 2 since r_ (M, e) <
le| forall0 < |e| < M

Assumption 7 also gives the sub-extremality condition |e| < M.

The last claim follows from the definition of K and the fact that forall 0 < |e| < |M],

e
— T > 0. O

Now that M and e are known, we shall denote K, instead of K,(M,e) and K_
instead of K_ (M, e).

We know the Reissner—Nordstrom background—indexed by (M, e)- towards which
our space—time converges at infinity and we can define the null coordinates u and V
in the spirit of Sect. 2.3—given that the (U, v) coordinates are already defined by the
statement of Theorem 3.2:

Definition 2. Recalling that (U, v) € [0, U] x [vg, +00], we define u € [—00, us] by
the relation:

U= L K,
2K+
and V € [Vp, 1] by:
1 1 eZK,v.
2|K_|

We write the metric>® on Q in these different coordinates systems as:
22 27
go = —T(du ®dv+dv®du) = _T(dU ®dv+dv®dU)

92
= —%(du QdV +dV @ du).

53 C.f Sect. 2.2 for a definition.
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Notice that:
2K URQHU, v) = 2% u, v) =2|K_|(1 = V)%, u, V).

We will also define vy := dyr. Notice that vy < 0 everywhere on the space—time. This
is because it is strictly negative on H*—due to the no anti-trapped surface assumption—
therefore so is ;’; and this quantity is decreasing in U due to (2.17).

Now that the parameters (M, e) are determined, We translate the notation <: A < B
means that there exists a constant C = C(C, e, g0, m?, M, s, vg) such that A < CB.

4.3.2. Reduction to the case where K is lower bounded on the event horizon. In order
to use the red-shift effect in all its strength near the event horizon, we have to prove that
K is close enough to its limit value—the surface gravity K.—and in particular is lower
bounded by a strictly positive constant on the event horizon.

To do so, we need to be far away in the future, i.e to consider large v.

We are going to prove that for vy, = v, (C, e, M, qo, m?, s) large enough—with the
assumptions of Theorem 3.2—bounds of the following form are still true:

|Du¢U, vl < D(vp),
[9ur (U, vp)l 2 1.

In the second step, we restart our problem, replacing vo by v, in the hypothesis of
Theorem 3.2—in particular Cj, is redefined to be Ci, = {v = v(’), 0 <U < U} and
(2.9), (3.2) are true on v = v, instead.

This is can be done introducing a new coordinate system (U’, v) with dyr(U’, v6) =
—1. This can only multiply the bound for Dy¢(U’, v}) by a constant. Notice that
|Dyr¢ (U, vyy)| is not modified by any gauge transform on A. After this section, we will
abuse notation and still call (U, v) this new coordinate system (U, v).

We now take v, = vy(C, e, M, qo, m?, s) to be large enough so that 2K — 2K, +
rm?|¢|? is arbitrarily close to 0.

To be able to do it, we must use>* the Einstein-Maxwell-Klein—Gordon equations on
the space—time rectangle [0, Us] x [vo, v6] which is the object of the following lemma:

Lemma 4.3. Under the same hypothesis than before and for v, > vo, if Uy is sufficiently

small there exists a constant D > 0 depending on C, e, M, qo, m2, s, vy and v6 such
that
0y r (U, v)| ™" + Dy (U, vp)| < D. (4.3)

Therefore, for any n > 0 independent® of any parameter; there exists a v, > 0 such
that

Dy (U, vp)| < C,
and for all v > v):
2K (0, v) —2K4| = nK,,
rm?|*(0, v) < 7K.
The proof, which is not difficult, is deferred to Appendix C.

In what follows, we will not refer to v;, any longer, and when we will write vy in the
rest of the paper, we actually mean v

54 This essentially boils down to an easy local existence theorem.
55 We insist that n must be a numerical constant that do not depend on any of the C, e, M, qq. m?, Vg or
/
V).
0



4.3.3. Main bounds on the event horizon.

Proposition 4.4. The following bounds hold on the event horizon:

O<i=1—-p<v>,
0<ry—r0,v) < =2,

18, log(£23)(0, v) — 2K (0, v)| S v,
|9y log(£2)1(0, v) < £23(0, v),

10U 1(0,v) S 250, v)v™*

|Au1(0,v) < 230, v).

Moreover there exists a fixed function h(v) such that:
270, v) = —4vy(0, v) = 2K+ V@),

with
9,h(v)] S v,

Proof. We use (2.25) and gauge (3.1) to write:

3y log(25) = 8, log(—vy) = 2K — rm?|¢|°.

Equation (4.6) then follows directly from Assumption 4.
We first prove that

A
— (v =+00) = 0.
9124( )
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(4.4)
4.5)
(4.6)
4.7)
4.8)
(4.9)

(4.10)

@.11)

(4.12)

Let 0 < 89 < 1 suitably small enough to be chosen later, independently of all the

parameters.
Then, by Sect. 4.3.2 we are allowed to assume that:

2K — rm?|¢|* — 2K4| < 280K,
Then, we integrate (4.12) on [vg, v] to get:

62K+(1780)v 5 ‘QI%I(O’ U) 5 62K+(1+80)v'

Using (2.18) written as Bv(%) = =L19,¢|%, we get that
‘QH ‘QH

A _ _ _

|8 ( )| <€ 2K+(l So)vv 2s

v 92 ~ ’

H

which is integrable. Therefore é admits a limit / € R when v — +oo. Integrating>®

H
on [v, +00], we get after multiplication by .{212{ 0,v):

|)\' _ lgl%ll 5 e4K+80vv—2S'

/ /
% Recall that [ e2K+(1=00)0"y/=25 gy < o= 2K+(1=-80)vy=25  Similarly, Lo K +hov =25 gy <

eHK+80v =25
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Integrating again and using the boundedness of r, we get after absorbing the r dif-
ference in ¢*K+00vy=2s

v
|lf Q%I' S e4K+50vv—2S'
)

Hence, using the lower bound for .912{:

|l|e2K+(1’50)” < oAKdov =25
If 59 < %, it proves that / = 0. Since 8&%) < 0, we have that
H

A >0.
Using (4.12) and the earlier Sect. 4.3.2, we are allowed to assume that:
3y log(23) = Ky > 0.
Therefore using a variant of Lemma 4.1 on [v, +0o0]:
10,02 .
Therefore we proved (4.4) and (4.5). It also gives—using (4.1) and (4.2)-:
2K (U, v) = 2K+(M, e)] Sv' 7%,
and therefore giving (4.11) from (4.6).

Equation (4.9) follows from (2.9) and (2.22) written as d,Ay =
Lemma 4.1 with ¢ = 0.

From then it is easy to use (2.28), the gauge (3.1) and the decay of ¢ and 9,¢ to
establish (4.8).

Now writing (2.16) as

|U/|72S

+00 +00
0 < (0, v) = £22(0, v)/ dv' < 2340, v)/
v v

_ 02j0,v)

57— >using

20y royr

22 22
1800 log(2R)| = | = 2W(Dyddnd) + =5 + ——— — —L0% £ 250, v)

gives immediately (4.7) after integration. O

4.4. The red-shift region. We define for § > 0 suitably small to be chosen later, the
red-shift region as:

log(2K+8) o
2K,

In this region, we expect that 22 will be exponentially growing in u + v while still
remaining very small as it is the case for Reissner—Nordstrom, which is a manifestation
of the red-shift effect.

However already on the event horizon
set

XK wrvth() — 2 K, U Q2(0, v) to be small instead of 2K+ ¢V,

The most emblematic consequence of the red-shift effect—and the main difficulty—
is the bound for the field | D,¢| < £2%v™ from which we derive the others.

R := (U0, v) <8} = {u+v+h(v) < —Al.

2%(0,v)
62K+v

may be unbounded’’ so we decide to

57 This quantity may grow like v2725 If s > 1 like in [18], this problem does not exist so R can be defined
using e2K+ @+ directly.
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4.4.1. Main bounds on the red-shift region.

Proposition 4.5. We have the following control®® on the field and the potential on R

|| +0yp] Sv°, (4.13)
oyl < 250, v)v7", (4.14)
|Aul < 250, v). (4.15)
We also have:
Q2(U,
| log(82%(u, v)) — 2K, - (u+v+h(v))| = |10g(#)| S UR50,v),
2500, v)
(4.16)
0<1—«(U,v) < Q2*U, v %, (4.17)
19y log(2{) (U, v)| < 250, v), (4.18)
|9y log(£2%) (U, v) — 2K (U, v)| S v, (4.19)
0<ry—rU,v) <2%+017%, (4.20)
1Q(U, v) —e| Sv'™, 4.21)
| (U, v) — M| < v' ™%, (4.22)
2K (U, v) — 2K, < 2% +v'7%. (4.23)
Proof. We bootstrap> the following estimates® in R:

|| + [0pp] <4Cv ™, (4.24)
Dyl < D250, v)v*, (4.25)
—vn(U, v) < 250, v), (4.26)

1
SEesL, (4.27)
|0 —e| <4Cv' ™. (4.28)

Where C is the constant of estimate (4.2) and D is a large enough constant—
independent of —to be chosen later. Recall also that C is defined in the statement
of Theorem 3.2.

We can first write (2.23) using bootstraps (4.24), (4.25), (4.26), (4.27) as:

v | S (D?[A]+ DO, v)v .
Using (2.15), it is not difficult to prove that |A| is bounded hence after integrating in
U:
| (U, v) — @ (0, v)| < D*sv=%. (4.29)

Then it gives (4.22), using the bound on the event horizon with § small enough with
respect to D notably.

58 Note that (4.13), (4.14) and (4.15) also give [Dy ¢ (U, v)| < URA(0, v).
59 For an introduction to bootstrap methods, c.f. chapter 1 of [28].
60 Notice that bootstrap (4.26) and (4.27) combined give 24 (U, v) < 423(0, v).



Stability and Instability of the Sub-extremal Reissner—Nordstrom Black Hole Interior

Similarly we get:
1Q(U, v) — Q(0,v)| < Dsv™, (4.30)

which proves (4.21) and closes bootstrap (4.28) for § small enough.

We now write (2.22) as:

20«

r

Then bootstraps (4.26), (4.27) and (4.28) give

3UAU = — VH(U, v).

l0vAu| S 250, v).

Hence with gauge (2.9) and the bound on the event horizon (4.10), (4.11), we use
Lemma 4.1 with ¢ = 0 to get (4.15) :

Aul < 250, v).
Now using the last equation we get with bootstrap (4.24) and (4.25) :
oyl < DR{O, Vv~
We can then integrate to get:
(U, v) — (0, v)| < DSv™°. (4.31)
which implies that for § small enough:
|p| <2Cv~°.

Let 0 < a be a constant suitably chosen later. We can rewrite (2.19) together with
(2.15) as:

D D
Bv(e“”r—U¢) = (a — k2K — rm2|¢|2)> e“”r—U¢ — ey + kerm?p. (4.32)
VH VH

We first need to prove that K is lower bounded in R. The bootstrap (4.26) gives:
0<r@,v) —r(U,v) <6.
Then, making use of (4.29) and (4.30), we write:

[K(U,v) — K+ < |KU,v) — K(0,v)| +]|K(0, v) — K|
< (1+D+D»8+|K(0,v) — Kyl
‘We then recall that the discussion of Sect. 4.3.2 allows us to consider that | K (0, v) —

K.| < nK, and also that rm?|¢|>(0, v) < nK, for any 5 not depending on the param-
eters. Hence for § small enough, we can assume that

2K (U, v) — rm*1¢)>(U, v) > K,.

Choosing say 0 < a < % gives with bootstrap (4.27) thata — k QK — rm?|¢|?) <
Ky
i
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We then use the Gronwall Lemma combined with the boundedness of bootstrap
(4.27), the lower boundedness of r, the decay of bootstrap (4.24) and Assumption (5)
with gauge (3.2) for the initial condition to get:

Dy¢

_ vo— _
|r |§vs+e“<°”)§vs.

It also closes®! bootstrap (4.25) if D is large enough compared®? to the constant that
arises which depends on C, e, M, qo, m2, s, vo only and proves:

IDye|(U, v) S 250, v)v~". (4.33)

By (U, v) + 130 Q*|(U, v) S 250, v)v ™. (4.34)
Using the preceding bounds on ¢ and Ay, we get (4.14):

lduel < lvulv™.
Now using (4.15), we can write (2.19) as:
0 (Bu9)| < 10| + 25l + 1up]) S —vr(U, v)v~".

Hence by (4.26), bootstrap (4.24) is validated for § small enough.
Recall from Sect. 4.3.2 that we established that everywhere on the space—time:

0<k <l

Writing (2.17) in (U,v) coordinates, we get—using (4.33)—:
r _
[0 log()| = ——1Dugl” 5 Iumlv™™.

Using bootstrap (4.26) we get the amelioration:
0<1—k SURHO, v %, (4.35)

Hence bootstrap (4.27) is validated for § small enough.
Now we write (2.16) as:

10,0y 10g(Ri)| < [va| < 230, v) = 2K+,
Hence we establish (4.18) using Lemma 4.1 and (4.11) :
v
0 og(2R)(U )] 5 180 og(2R)I (U, v0) + [ gy

vo

L okeen 2
S5 Ke b)) < 220, v),
where we used that on C,,, and due to (2.17), Assumption 5 and gauge (3.2):
|0u 1og(21(U, vo) = rIDy¢*(U, vo) < 1.

61 We used that r is bounded below by a constant depending of vy and the parameters for § small enough.

62 In particular, D is taken large enough independently of §, hence taking § small enough compared to D
was licit and boiled down to taking § small enough compared to the parameters.
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Hence we establish (4.16), that we write with a constant C > 0 as:

. 2 .
—CUREOY) 25U, v) < LCUREOY),
220, v)

and in particular:

2
—-Cs < 25U, v) < e
Qﬁ((), v)

’

which together with (4.35) closes bootstrap (4.26) for § small enough. It gives®® also
(4.17).
Moreover we have the more precise estimate:

~Cs _ —4V2H(U, v) - e~ca .
.QH(O, U) 1— C’Sv_zs

e

We get the more refined bound (4.20) on r, using (4.5):
1 & ~
0<re=rU,v) < 2ePULHO,v) +Co' ™ S QAU v) +v! 72

As a consequence of (4.20), (4.21) and (4.22) we get (4.23).

Finally we can rewrite (2.26) in (U, v) coordinates and using our estimates we get:

|0y (3, log(2%) — 2K)| < |k — 1|9y RK)| + |Dy¢l1d,¢| + oy | + 0y Q|
< Q2750, v)v.

Hence with (4.6), we prove (4.19). O

4.4.2. Control of v in the late red-shift transition region. Notice that in Proposition 4.5,
we have an estimate for 1 — « but nothing for the v-analogue 1 — ¢. This is because ¢~
blows-up in general near the event horizon where 1 — (~1(0, v) = +o0.

It is important to get a bound for 1 — ¢ as it will give control of 9, log(£2?) — 2K, in
the same manner 1 — k bounds in R gave control of 3, log(£2%) — 2K .

Still we will show that we can control 1 — ¢ on a subset®* of R defined as

LR = {Cov™ 1 < ULE(0,v) < 5},

where g (s) = l{s<1) +s1{s>1) and we call this subset the late red-shift transition region.
The name transition simply comes from the fact we aim at bounding 9, log(£2%) —2K

instead of 9, log(£2?) — 2K, = 9, log(.Q]%[) so there is a transition from 2K, to 2K.
Notice that in this region |u| ~ v.

63 Notice that § small enough is to be understood as § < €(C, e, M, qq, mz, s, vg) with € small enough.

64y is chosen such that Cg an(s) <.
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Proposition 4.6. In LR = {Cov™9®) < URZ(0,v) < 8}, we have the following
estimates :

11— <o PW), (4.36)
|0, log(2%) — 2K | < v P, (4.37)

where 9 p(s) = (2s — Dlgg<1y + 511y
Proof. Use (2.15) to write:

0 (2% +40) = 2%(9, og(2%) — 2K +rm>|¢)?).

We can integrate from the event horizon for u’ € (—o0, u] to get:

u
127 + 401 (u, v) S [Al(—00, v) e+ +/ Q%' v)rm?|¢|* + 8, log(2%) — 2K |du’.
—00

Notice that (4.18)—thanks to (4.16)—can be alternatively written as
18, log(2H) (u, v) — 2K4| < URZ(0, v) ~ 2% (u, v).
In particular if § is chosen to be small enough, 3, log(£2%) > K.
Moreover, (4.13) and (4.23) give:
u
127 +40] < Al +/ %W, v) (2%, v) + v ) du
—00

u u
= |l +/ 4, v)d1/+v1_23/ %W, vydu'.
—00 —00

We then divide by 9, log(§22) which is lower bounded to use Lemma 4.1 and with
(4.4) we get66

127 + 47 (u, v) < 2%, V)2 w, v) +v' ) + v,

Therefore—dividing by $22—on the past boundary of LR defined as yyr =
{UR3(0,v) = Cv™19} we get

11—y S0T90) 41725 4 d()725 < =P ),

We then integrate (2.18) from y,g i.e on [v),,. (1), v], using (4.13):

v
11—, v) < 11—, vy (1)) +/ Q72 (u, V)W dv.

Vy,r (u)

Thanks to (4.19) and for |us| large enough, 9, log(Qz) > K, hence using Lemma
4.1:

65 The behaviour is different for s > 1 but still gives integrability when s > 1 and non-integrability if s < 1.
66 Recall that 2% (u, v) = 2K+ U R (U, v).
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v
f 272 u, V)TV < 27U, vy )0y ()T S 07O
Uy ()

where we have used in the last inequality that in this region v, (u) ~ [u] ~ v.
Hence (4.36) is proved:
11— L_1| < p7PG) 4 ya()=2s < =)
Notice that because of (4.13) and the boundedness®’ of :~! we have:

|y | +18,0% S v,
10, 2K)| < 22+ v,

Hence using (2.26) and the red-shift region main bounds we get:
10y (3, 10g(2%) — 2K)| S (27 +v )0 PO + 22072 1 (07 < v + %07 PO),

Integrating using that 3, log(£2?) > K, and Lemma 4.1 gives (4.37), after noticing
that:

19 102(27) (1, Vy g (U)) — 2K (1t Vy e ()] S 2% (1, vy ()
+2K — 2K |(u, vypp ()
<TI0 4l

4.5. The no-shift region. We now define the no-shift region as:

N
/\/:=U/\/k,

k=1

where
Nei={Ak_1 i ==A+(k—1De <u+v+h(v) < Ap:=—A+ke},

€ > 0 small enough and N € N large enough are to be chosen®® later.

We take the convention that Ny = y_, is the past boundary of \V.

This is the region where the transition between the red-shift effect and the blue-shift
effect occurs: 2K goes from positive values for r close to r; towards negative values for
r close to r_.

Since the derivatives of log(§22) are broadly 2K which changes sign hence cancels,
we cannot use the technique arising from Lemma 4.1 as before.

Moreover, we cannot hope for any decay of £22 that is small on the past and future
boundary but is only bounded in between.

However, this region is easy because the u + v + h(v) difference is finite so that
essentially, we do not lose the bounds proved in the red-shift region.

67 Since v ~ |u| in this region we can take |u;| to be large enough so that—say—|1 — Fll < 0.01.

68 Later, we will first choose € small compared to C, e, M, qq, m? and § in this section. Once € is chosen
and small enough, we will choose Ne large enough compared to C, e, M, gg, m and § in the next section.
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There are two difficulties: the first is to prove decay for the wave equations. We do
it by splitting A/ into small enough pieces which allows us to close the bootstrapped
bounds.

The second and main difficulty is to prove that the blue-shift indeed appears, i.e that

. . . 2 . ..
r is decreasing enough so that it reaches M — - < 0i.e Ky (r) < 0, giving also

K <0.

Note that in N: |u| ~ v, due to (4.11) which gives h(v) = o(v).

We will denote for 0 < k < N: v := {u+ v+ h(v) = Ax}. We also denote uy(v)
the unique u such that (g (v), v) € yx. We define similarly v ().

4.5.1. The main estimates in the no-shift region. This is the first part where we address
the propagation of the bounds established in the past sections.

Since A is now fixed definitively, we define the new notation: A 3 B if there exists
aconstant C = C(A) such that A < CB. B

If we need to specify this constant, we shall call it consistently C when there are no
ambiguities.

Proposition 4.7. For small enough € > 0, we have: the following control on the field
and the potential on N :

| +[0up| 2N, (4.38)
1Dyl 3 2% u| ™ ~ 2V, (4.39)
|Aul < (N +1)8. (4.40)
and we also have®:
2M €2
|log 2% (u, v) — log(—4(1 — =— + 6—2))| 2 4Npl=2s, (4.41)
r r
0<1—x 35N>, (4.42)
11— 2 5Np=P6), (4.43)
18, log(2%) = 2K| 3 5N v™P, (4.44)
10y log(22%) — 2K | 2 5N, (4.45)
1Q(u, v) —e| 3 4Nv! ™%, (4.46)
o (u, v) — M| 3 4Vv' =2, (4.47)

The proof essentially relies on a partition of AV into sub-regions with small u+v+h(v)
difference, in the style of the methods of [7] and [18]. Since the proof does not present
so many original ideas, we put it in Appendix B for the sake of completeness.

4.5.2. Estimates on the future boundary of the no-shift region. We now address the
second difficulty: we need to have K < 0 at some point to initiate the blue-shift effect,
get £22 small on the future boundary and therefore r close to r_. To do that, we use a
simple contradiction argument.

69 Being a bit more careful, we can prove an improved version of (4.46) and (4.47) without the 4N factor.



Stability and Instability of the Sub-extremal Reissner—Nordstrom Black Hole Interior

Proposition 4.8. There exists a constant K, > 0, independent of N and € such that, for

u < ug:
Q2p, S e KeNe, (4.48)
riyy —r—| 3 e KelNe (4.49)
12K |y —2K_| 3 e KelVe, (4.50)

Proof. We will start by the following lemma, proved by contradiction :

Lemma 4.9. Forall §, > 0, there exists 0 < A, large enough so thatr < r—_(e, M)+6
onya, N{u < ug}.

Proof. By contradiction, take a 8, > 0 such that for all 0 < A,, there exists u < u;
such that on y4,,

r(u,va, (u) = r— + 8
Then because A, v < 0, for all up(va, (1)) < u’ < u we have:
o438 <r(u,va, () <rp—86. 4.51)

_ Using (4.41) and (4.42), we see that for |u,| large enough, there exists a constant
C > 0 depending on A only such that for all ug(va, (1)) <u’ <u

C
—V(u/, UA*(M)) z < -
8

Then we can integrate in u’ from yp to ya,:

C C
r(uo(wa, @), va, w)) —r(u,va,(u)) > 6—(u —up(va,())) = 5_A*'

Hence, using (4.51):
C
re — 8 >r_ +68 + — A,
3

So at fixed §,, we can take A, large enough so that the inequality is absurd. Therefore
the lemma is proved. O

Now, since r_(e, M) < %, we choose a §, such that 0 < §, < % —r_(e, M) and
pick a A, such that r < r— + 8, on ya,.

Then, because v, A < 0, r < r— + 8, as well in the future of y4,.

Therefore there exists’® K. > 0 depending on (e, M) only, such that on A, <
u+v+h@) < Ay:

K(u,v) < — K,

-where we used again (4.46), (4.47) with |u,| large enough.
So from (4.45), we see that (4.48) is true:

_leyN < Ql%/A*eK*A*efK*(fA+Ne) < o~KiNe,

2
70 Notice that if r < &; then K 7o (r) < 0.
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Then recalling from (2.11) that

L (- @ Vo= ) (r— @ - Vom0 = 1—p= 2t - =2

22 4k

we prove that, thanks to (4.42), (4.43) and (4.46), (4.47):

e
Py — (@ — V@ — 09| 3 — .
o — @ YT = 0]~ Iy — el — Gl

Then, since the monotonicity of r ensures that r is uniformly bounded away from r
on y 4 and using (4.46) and (4.47) again on the left-hand-side, we get (4.49) and (4.50)
for |ug| large enough. O

—Ky«Ne e—K*NG

4.6. The early blue-shift transition region. We define the early blue-shift transition
region:

EB:={Ay <u+v+h(v) <-A+ log(v)},

ZIK |

where |uy| is large enough so that vy + h(vg) — 2|1< ‘ log(vo) < |ug| — A’ and A’ is a

large’! constant to be chosen later.

We will denote’? y ={u+v+h(w)=-A"+ 2|K I log(v)}, the future boundary of
EB.

Similarly to the region of Sect. 4.4.2, the goal in £B is to obtain bounds for
0y log(.Qz) —2K_ando, log(&?z) —2K_ onthe future boundary instead of 9, log(.Qz) —
2K and 0, log(.Qz) — 2K. For this to be true, we need to prove that the blue-shift in this
region is strong enough, in particular we need |r —r_| < |u|'=% ~ v1=2 close enough
to the future boundary.”?

This region exhibits enough blue-shift so that there is a good decay of the interesting
quantities, but not too much so that «~Vand (! are still under control. Moreover, the size
of the region is small enough—of the order of log(v)- so that we do not lose too much
the control proved in the previous sections—but the decay of the metric coefficients has
started and will be strong enough in the future to make the wave propagation decay
easier to prove.

Note that in £B again: |u| ~ v.

We define the new notation: A < B if there exists a constant c=C (N, €) such that
A 2 CB. We denote A ~ Bif A S Band B 3 A.

If we need to specify this constant, we will call it consistently C when there are no
ambiguities.

Proposition 4.10. For Ne large enough, we have the following control on the field on
EB:

71 Compared to N, €, A and the initial data.
72 A similar curve has been first introduced by Dafermos in [7].
73 Actually this bound is already attained in the future of the curve u + v+ h(v) = 2| K I log(v) and in fact,

one cannot get better in general. Note that this last curve is very close to y’ exhibited in the instability section.
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l¢] < v log(v), (4.52)
0,81 T v, (4.53)
1Dyl S lul™ ~ v, (4.54)

and we also have:

Ilog 2%2(u,v) —2K_ - (u+v+h())| < Ae 2K4 ~ §5|log(8)],  (4.55)

1
0<l-k=g, (4.56)

1
1=t =3, (4.57)
19, log(22%) — 2K | < v log(v)?, (4.58)
19, log(£2%) — 2K| S v~ log(v), (4.59)
0@, v) —e| Sv' 7%, (4.60)
o (u, v) — M| v 7%, (4.61)

Moreover, on the future boundary y we have:
My (v), 0)] S K142, (4.62)
v, vy )] S K14 | =%, (4.63)
Ir(uy (v),v) — r— (M, )| S K-147p1=2, (4.64)
18y 10g(£28 ) (uy (v), v)| S v' 7%, (4.65)
22(uy (v), v)  AIK1Ay =2, (4.66)
Proof. First we take’* vy > 2 so that 1 < |log(v)| = log(v).
‘We make the following bootstrap assumptions:
10,0 < 4CA2Nv 77, (4.67)
|Dug| < 4CA2V07, (4.68)
1
[1—x| < > (4.69)
1

1— < > (4.70)
9, log(2>) < K_ <0, (4.71)
3y log(2%) < K_ < 0. (4.72)

For a constant C 4 such that [9,¢| < CA2¥v™* and |D,¢| < CA2Nv™* are true
initially on the past boundary yy := {u + v + h(v) = Ay}, using the estimates of N
An immediate consequence of bootstrap (4.71), (4.72) and the boundedness of 02
in NV (c.f. “Appendix B”) is the existence of a constant .Qéax(M , ¢) > 0 such that
22 <22

max

(M, e).

74 This can be assumed by Sect. 4.3.2 but is really not a restriction, we simply write | log(2 + |v|)| instead
of log(v).
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We now want to prove a decay on £2"¢ for n arbitrarily small.
Let n > 0. We write:

0 (2%1¢) = n - 0, log(2%) - 2%1¢ + 2710,¢.
Then, because of bootstraps (4.67), (4.72) we have
3 (2¥1¢1%) =21 3, log(27) - 27| [* + 22719 (0,$p) < 8CA2N v 2V|4],
which implies:
3,(227¢|) < 4CA2Nv 52275,

Then it is enough to integrate using (4.72) and Lemma 4.1, the bound on the previous
region and the fact that |27 (u, vy, () (u, vy ()| < |u| ™ to get :

2] < Cylul ™ ~ Cyu~. (4.73)

Using (2.28) together with bootstraps (4.67), (4.68), (4.69), (4.70) and (4.73) we
show that forall0 < n < 1:

10, (Du)| S (1+C)Ca2V 2721070,

We can take n = %
Integrating using (4.72) with Lemma 4.1 and |u| ~ v gives:

|Dup| < Ca2Nv™5 + C2V 92y, (u, vy (W) v ™ < CA2N 075 + CCoNe=5Ney=s.

Therefore, we can choose Ne large enough compared to A and parameters so that
CC2Ne=KoNe < € 42N which closes bootstrap (4.68).
Bootstrap (4.67) is validated similarly, using (4.71), (2.27) and the boundedness of

0.
Notice that bootstrap (4.68) and (4.71) used together with Lemma 4.1 give:

u D 2 —2s
/ ! u?' ', v)du' = 4N —; .
uy (v) 2 £24(u, v)

We integrate (2.17) on [uy (v), u] and multiply by 22 to get, using the bounds from
the past:
[4v + 22|(u, v) v, (4.74)

Similarly with (2.18):
40 + 2% (u, v) S v + 2207PE) < p7P), (4.75)

Integrating bootstrap (4.67) over [v,, (1), v] whose size is at most C log(v), we get
(4.52):

|9l < Ca,nv™"log(v).

From this, we get:
19,01 +18,0] < C3 yv > - log(v) (4.76)
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And we can integrate to get (4.60). The main contribution comes from the past since
v log(v) = o(v!'=%) so for |uy] large enough:
0 — el 34172,
Using this together with bootstrap (4.69), (4.70) and Eqs. (2.23), (2.24) we get:
|y | + 8y | < CH yv > log(v)®. 4.77)
We also integrate to get (4.61):
o — M| 34N,
Notice that under our bootstrap assumptions we have—using (4.76) and (4.77)-:
l(k — D3, 2K)| < [4v + 2%+ C yv~ > log(v)*.

Now integrating (2.26) in # and remembering that |u—u y (v)|+|v—vy (u)| < log(v),
we get (4.59) as

19, log(£2%) — 2K| < €5 yv~ > log(v)°.
Where we used (4.74). Similarly, using (4.75) we prove (4.58):
|9, log(22%) — 2K | < C5 yv P9 log(v)’.

Notice that with (4.60), (4.61) and bootstrap (4.69), (4.70) used with (2.11) we have,
for |uy| large enough’> and using the precedent section:

2K —2K| S 27+ Cpad™0' ™ S Q) Z e fNe

Hence if Ne is large enough and |u,| is large enough, bootstrap (4.71) and (4.72) are
validated.

Notice that since log(v)v! =2

= o0(1), we still have:
v—uoyu)=u+v+h(v) — Ay +o(l).
From what precedes, we know that:
19y 10g (28 )| = |3, log(2%) — 2K_| < 27+ C5 y (v > log(v)® +v' ™). (4.78)

Hence we can integrate from vy (¢) to v, using the upper bound (4.72) with Lemma
4.1 and the bounds from the past:

[log(£2?) —2K_ - (u+ v +h()| < (log(2%(u, vy (u))) — 2K_An) + 2% (u, vy (1))
+C3 v (0 log(v)? +v' ™) - log(v).

With what precedes, we see that
2% (u, vy W) + C5 y (v log(v)® +v' ) log(v) 5 e FNe,
Hence to get (4.55), we choose Ne¢ large enough compared to § and the initial data.

75 |ug| is taken large enough to annihilate the dependence in N and A of Ci Nv]*z‘.



M. Van de Moortel

Now we have proved that

92 ~ eZK_~(u+v+h(v)).

It proves (4.66). Using (4.78), we get (4.65).
Notice that it also proves (4.62), (4.63) using (4.74) and (4.75).
Then, dividing (4.74) by 2% we get:
™! — 1] S PIK-larveh ) =25 < o 2K-14"

Hence for A’ large enough compared to N, €, A and the initial data, we close bootstrap
(4.69) and prove (4.56) with

1 <
Similarly using (4.75), we get:
|L_] _ 1| é 62|K7|<(u+v+h(v))v—2s +U—p(s)’

which closes (4.70) and proves (4.57), for |ug| large enough.
Finally (4.56), (4.57) and (4.66) give—using (2.11)—that

(e . 0) = @ + Vo> = Q) (r(uy (), 0) = (@ = Vo7 = 09))|

. ;o
< Go 2K 147 =25

Then using (4.60) and (4.61) with the same type of argument as in Sect. 4.5.2—
notably that  is far away from r, (M, e) = M + ' M? — e2—, we get (4.64):

!
Ir @y (v), v) — r_(M, e)| S X K141 725,

4.7. The late blue-shift region. We then define the late blue-shift region:

2s

LB :={-A"+
2K_|

log(v) <u+v+h()}.

This large region is where the essential of the blue-shift occurs: £22 goes from a
polynomial decay in v on the past boundary to an exponential decay in v.

In this region, « ! and ! are expected to blow-up’® exponentially near the Cauchy
horizon if the initial bound on the field is sharp so we cannot trade A and v—which decay
no better than what (4.62) and (4.63) suggest—for £2% which decays exponentially.

However, there is enough decay of £2%, v and A on the past boundary y so that we
can prove decay for the scalar field with (2.19) using a bootstrap method.

In £B, we will not prove decay for ¢ and D,¢—due to |u| < v only—and we do
not know if —a, log(.Qz) is lower bounded like before if s < 1.

Nevertheless, we can still prove that —a, log(_Qz) is lower bounded which will allow
us to prove most of the estimates.

76 Indeed, we prove in the instability part that ! blows up identically on the Cauchy horizon, for u < uy.
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We now recapitulate the constants choice: we have chosen A large enough
depending on C, e, M, qo, m?, vy in 4.4, then € small enough depending on A and
C,e, M, qo, m2, voin4.5, then Ne large enough dependingon Aand C, e, M, qo, m2, Vo
in 4.6 and finally A’ large enough depending on N, €, A and C, e, M, qo, m2, vg also in
4.6.

This been said, we can consider that all the constants mentioned above depend on
C.e, M, qo, m?, vy so we are going to write again A < B if there exists a D depending
on these constants such that A < DB.

Proposition 4.11. We have the following estimates in LB:
For all n > 0, there exists C;, > 0:

QM| < Cpu, (4.79)
MO —el < C'TE. (4.80)
And

[0,0] S v77, (4.81)
18, 10g(22 ;)| S ' ™ 0™ Loy + 0 7 Lgoqy + Loy log)v ™!, (4.82)
0<—x<v 2, (4.83)
0<—v < |ul™. (4.84)

Moreover if s > 1 we have:
Dyl S lul™*, (4.85)
19, log(22 ) — 2K | < |ul'™%, (4.86)
19,01 < ful' v, (4.87)
19,01 < ul' . (4.88)

Proof. We make the following bootstrap assumptions:

Irdyg| < 2Cv", (4.89)
A <2Dv™%, (4.90)
3y log(2%) < K_, (4.91)

for C > 0 chosen so that on the past boundary y we have: |rd,¢| < CvSand Disa
large enough constant to be chosen later such that [A| < Dv™> on y.

Notice that because of (2.18), ¢ decreases in v so by the previous bound on y we can
write:

R < 61 <12Dv %, (4.92)

For the proof, we introduce a curve yy := {u + v + h(v) = 5} whose future domain
V={u+v+h(w) > %} is called the vicinity of the Cauchy horizon.

We start to integrate (4.91) to get, using the bounds on the previous region and
choosing |uy]| large enough so that log(£2?) < 0:

10g(2%) (u, v) < 1og(£2%) (u, v, (W) + K_ - (v — vy () < K_ - (v — v, (u)),
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and since vy, (1) < —%u for us negative enough, we get:

Q2 < K—=3lul),

Notice that on V, |u| < % + h(v) hence v — % > g +o(v)soinV for |ug| large

enough’’ since K_ < 0:
2 K_
2% <5, (4.93)
The following lemma will prove (4.79) and (4.80):

Lemma 4.12. Assuming the bootstraps stated above, we have the following estimates
in LB: for all n > 0, there exists Cyy > 0 such that:

Q%] < Cpu, (4.94)
QMO —el < Cp'TE. (4.95)

Proof. Let n > 0. We write:
3 (271¢) = n - 3, log(2%) - 2%1¢ + 2713,¢.

Then, because of bootstraps (4.89), (4.91) we have

_4C
3, (21p1%) = 21 - 3, log(£2%) - 2% + 221N (B,00) < — v 24|¢),
r

which implies:

2C ‘
3,(2%p)) < =%,
.

Then it is enough to integrate using (4.91) and Lemma 4.1, the bound on the previous
region and the fact that

1277 (u, vy ) (u, vy ()] < Jul™*
to get :
27p| < Cylul ™.

Now in the past of yy, |u| ~ v so (4.94) is true.

In V, we can integrate (4.89) to get |¢p| < |u|1’sl{s>1} + vl’sl{Kl} +log(v) ls=1}
but the exponential decay of £22 in v from (4.93) is stronger than this potential growth
for |ug| large enough, so that (4.94) is true also.

We use the same technique to get (4.95), using (4.94), bootstrap (4.89) and
(2.21). O

77 Of course this bound is far from sharp: actually for all €y > 0, there exists a region sufficiently close to
the Cauchy horizon so that 22 < e(2K—+€0)v We will not need such a sharp bound.
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Now we can use (2.15) and what precedes to write:
18, (rv)| < 2%+ C, 272172,

Integrating, choosing n small enough and using (4.91) with Lemma 4.1 and the
bounds on the former region we prove (4.84):

IS ful =,
Then we can use (2.28), (4.84) and (4.89) to get:
|0y (r Du)| < lu| 07" + C 2% 2.

Integrating, choosing 7 small enough and using (4.91) with Lemma 4.1 to absorb of
the C,,.QZ_Z”U_S term in |u| ™%, we get:

1Dyl < ul™ + |ul " b(u, v), (4.96)

with b(u, v) = v =S Ligoy + Jul ™ g1y +log(v) L=y
We can then use (2.27) and bootstrap (4.90) to get:

100 (€0 fuo A 3, 8) | < Do~ u) ™ + D=2 |ul "> b(u, v) + Cp 2772y,

Integrating on [u, (v), u] and taking the absolute value we get:
v ~ v v 2s
Iroyd| < Cv™* + C(Dv™b(u, v) + Du|" v ™"b(u, v) + vl_m)v_s,

2s
where we used that 22727 < v~ 77 because of (4.92) and |u — uy, (V)| Sv.

Noticing that v=*b(u, v) = o(1) when v — +00, uniformly in u and vl_l% =o(1)
for n small enough, we can close bootstrap (4.89) for |u| large enough.”®

Now in the past of yy, we can prove, using v ~ |u/|, the bounds proved before, (2.16)
and arguments similar to those of Sect. 4.6 that:

|0, log(2%2) — 2K_| < v' 7%,

Hence 9,22 < 0 for |u,| large enough so—denoting C, the constant appearing in
estimate (4.66)—we have:

2%u, v) < 2%, (v),v) < C,v~%.

—2s

Moreover the exponential decay of (4.93) makes 2%, v) < Cyv also true for

|ug| large enough in V.
Now we integrate (2.18), using (4.91) and the bound (4.57) to get:

3 -
4)A| < 592 +Cv™2.

So for 4D > %CV +C, bootstrap (4.90) is validated.

78 Notice that D is absorbed by the decay and does not play any role.
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Now using the preceding bounds, we get’?:

10,0, 108(28 ;)| S 1l 0™ + [ul 7207 b(u, v) + 07 + Q27T

We can integrate and—using similar methods than before—for 1 small enough we
get (4.81), which also closes bootstrap (4.91) for |u| large enough:

19y log (22 ;)| < b(u, v)v™™.

Where we used that v! =2 = O (v™*b(u, v)). To prove (4.85), (4.86), (4.87), (4.88),
it is enough to use the equations, (4.96) and the fact that b(u, v) = |u|1_s when s > 1,
similarly to what was done in the past regions. O

Then we finish the proof of Theorem 3.2: from (4.83) and (4.84), it is clear the r
admits a continuous limit rc g (1) when v tends to +oo and that regy (u) — r— (M, e)
when |u| tend to +o0.

This is because we can integrate from y as:

+00

ren () = r(u, vy (1) +/ A, v)dV = r(u, vy, () + O(Ju]' ™).

vy (u)

Where we used (4.83) and vy, (u) ~ |u|. Then (4.64) proves the claim.

Moreover, we see that®° ert )] S lu| =25 is integrable, therefore rc g () is lower
bounded for |u,| large enough. Hence the space—time admits the claimed Penrose dia-
gram for |u,| large enough.

Moreover if s > 1, v!=% and v™* are integrable in v so we can use the estimates of
the last proposition and the argument from Proposition 8.14 of [18] to get a continuous
extension of the space—time.

5. Proof of the Instability Theorem 3.3

5.1. Recalling the stability estimates. Before starting the proof of Theorem 3.3, we recall
the stability estimates—established in the proof of Theorem 3.2—that are necessary to
prove the instability argument. Notice that they are valid in this framework because all
the hypothesis of Theorem 3.2 are present in the hypothesis of Theorem 3.3.

First we recall the different regions:

The event horizon H* = {u = —00, v > vp}

The red-shift region R = {u + v + h(v) < —A}.

The no-shift region N := {—A < u+v+h(v) < Ay}

The early blue-shift transition region £B8 := {Ay < u+v+h(v) < —A" +
2s

kT log(v)}

5. The late blue-shift region LB := {—A" + % log(v) < u + v+ h(v)} composed of

the past of yy, := {u + v + h(v) = 3} and its future called V = {u + v +h(v) > 5}.

L=

Then we gather the different bounds from Sect. 4 that we will use in this section:

1. on ‘H*, we know that:
A>0. (5.1)

79 Recall that 3, log(222 ;) = 3, log(2%) — 2K _.
80 The fact the v admits a continuous limit when v tends to +0o follows easily from the estimates.
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2. We have the following estimates: in R,
|Dup|(u, v) < 22 (u, v)v~>.

3. InNUEB:
[Dyp|(u,v) Sv°,

4. M RUNUERB:
o — M| +|Q —e| <v'7%.

5. InéB:
92 ~ eZK_'(u+v+h(v))

[r —rel 2 1.

6. InEBULB:
3y log(2%) < K_ <0,

|Du|(u, v) < ul ™ + |u| "> b(u, v),

19, log(22 )1, v) < v b(u, v),

with b(u, v) == Lg=ylu|' ™ + 0! 1521y + log (V) L5=1).
For all €p > 0, there exists a constant C¢, > 0 such that:

2%0|¢] < Cev™,

92€0|Q _ €| 5 C€0U1_2Sa

A < 2%+07%,

7. nEBU LB —V:
3, log(2%) < K_ < 0.

8. In LB:
92 < U—2s
M Sv
1. InV:
K;

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)
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5.2. Reduction to the proof of (3.5). In this section, we want to highlight that the poly-
nomial lower bound (3.5) for the derivative of ¢ transversally to the Cauchy horizon is
enough to establish all the other claims of Theorem 3.3

The blow-up of the curvature follows directly from 3.5 as first highlighted in the
pioneering work®! [18]: indeed we can consider

Ric(£2720,, 2720,) = 27 *|9,¢.
Equation (3.5) then gives that:

lim sup Ric(2 728y, 2728,) (u, v) = +00,

V—>+00

using for instance the exponential lower bound for .Q"_‘ given by (5.18) in V.

If s > 1, we consider the continuous extension M and the future boundary null
CH*:={V =1,0 < U < Uy} mentioned in the statement of Theorem 3.2.

Notice that (5.11) proves in that case that d,, log(.Q% ;) (u, ) is integrable in v hence
(u, V) is a regular coordinate system across the extension: in particular .Qé g > 0on
CH*.

If U is a neighbourhood in M with compact closure—in particular with a finite range

of u—of a point p € CH™, and ¢ is a spherically symmetric function, its Wzlf norm
can be expressed in (u#, V) and (u, v) coordinates—as developed in [20]—as:

16131200 = /M (1ov P + 0,61 +161%) dudV
~/ ([2_2|8v¢|2+.(22(|8u¢|2+|¢|2)>dudv. (5.19)
u

Since U is a neighbourhood of p, consider the smaller neighbourhood U’ :=U NV.
Then, using the fact from (5.9) that 81)[22 <0:

16121200 2 /u 2 agldua.

We can then use (5.18)—valid in U/'—with (3.5) to get

léllwi2@s = +o0,
ie
1.2
¢ ¢ Wloc :
Now we want to prove that the continuous extension to CH* of Theorem 3.2 is not

cl.
We integrate (2.18) on [vy,, (1), v]. Using that > 0we get:

U 3P, V)

02 dv’.

_1 _1 /‘” 4r
o (u,v) 20 (u, vy, () +

NORCE

19,017 (u, v)dv' > /

Uyy, (u)

81 Note that [18] proves more: in a appropriate global setting, they manage to prove the C 2 inextendibility
of the metric.
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Fig. 4. Penrose diagram of the space-time M = R UN U EB U LB with the inclusion of y’

Which means using the same argument as a few lines above that for all u < ug and
when v — +00:

l (u,v):F—>+oo.

And since ¢! is unchanged for the coordinate system (u, V) that is regular near the
Cauchy horizon, i.e the system allowing for the continuous extension, it proves that the
metric is not®? C! in the continuous extension of Theorem 3.2 for s > 1.

5.3. Strategy to prove (3.5). This time we split the space—time into two sub-regions
only, namely the past and the future of the curve y’ := {r — r_ = v'=2%} for a
well-chosen 0 < n < 2s — 1 small enough. This curve is similar to y introduced in
Sect. 4.6—although it has a different power-, we will see that is comparable near infinity
to{u+v+h(v) = Ay + szl] log(v)}.

For the sake of comparison, as we will see y’ lies entirely in the early blue-shift
transition region EB for |ug| large enough c.f. Fig. 4. The key use of this property is that

Uand (.~ are still bounded in £B.

Since only the averaged—opposed to pointwise—lower bound of hypothesis 8 is
available, we use a vector field method in the past of ¥’ with the Kodama vector field
T := k'3, — 1~'9, which is the geometric analog of the Killing vector field d; on
Reisser-Nordstrom. However notice that unlike d; on Reisser-Nordstrom, 7 is not a
Killing vector field in general i.e ITT) £ 0.

The study of T is particularly relevant for two reasons: first there is no bulk term

when we contract the deformation tensor 7 ,%) := V(. T)) of T with the stress-energy
tensor T = Tgy + Tkxg: H,(LC)"JI‘/“’ =0.

Despite IT(T) # 0, this is remarkable that we still get an exact conservation law,3
that we want to integrate.

82 More precisely, |dy 7| blows up identically on CH* because .Q% y > Oand ! blows up.
83 This can be interpreted as the conservation of the Hawking mass.



M. Van de Moortel

Second, the good control of ¥ ~! and :~! allows us to capture |,¢| appropriately. In
particular on the event horizon H*, we see fH+ |8U¢>|2 in gauge (3.1) which is exactly
the term for which we have a lower bound that we want to propagate. The other terms,
notably crossed terms, either enjoy a stronger decay or have a favourable sign.

In the future of 3/, we simply use the propagation Eq. (2.27) and integrate along the
u characteristic taking advantage on the upper bound® 22 < v=2 on y/, using similar
techniques to that of Sect. 4.7. The key point is that the energy flux on y’ is controlled
by the integral of |8,¢|% on y’. This is due to the fact that k ~' and (! are bounded on
y’ and also that y’ is rather symmetric in u and v apart from the term v!=2*7 which
decays sufficiently.®> This symmetry avoids to consider terms of the form x ! — (=1
which are bounded but do not a priori decay.

5.4. Up to the blue-shift region: the past of y’. We will use the same notations as in the
stability part.

Moreover, for v > vg, we introduce y,, := {(u’,v") € y’, v' > v} and denote u,(v)
the unique u such that (v, v) € y" and H} := H* N {v/ > v}. n’ denotes the future
directed unit normal of y’.

vol is the standard volume form induced by the metric, and is written in (u, v)
coordinates as

vol = 2%r? sin(0)dudvdody,

where (6, /) are the standard coordinates on S2.
We also define the Kodama vector field T := « 19, — (—19,,.

Proposition 5.1. Under the hypothesis of Theorem 3.3 and for v large enough, we have:

/ T(T, nyvol (', -) > v 7. (5.20)
J//

v

Proof. We state the following lemma, which is proven using elementary calculus only:

Lemma 5.2.
Tuu = 2|Dul*, (5.21)
Tow = 208u¢1%, (5.22)
92 Q2
Tuy = —- 0?16 + =), (5.23)
D = —2r\D,e, (5.24)
ol =2rd,el, (5.25)
m =y =my) =o. (5.26)

As a consequence, we see that I7, I(LC)TW =0.

84 This is actually where the remainder term O(v3_65 +4’7) of Lemma 5.6 comes from.
85 This is actually where the remainder term O(vfz") of Lemma 5.5 comes from.
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Using the precedent lemma and applying the divergence theorem®® to the region
delimited by H;, v, and {v' = v, u < u,/(v)} we get:

/T(T,n’)vol(n/, .)5/ 10,0)% + 41 0% + 4X|p|?
)/ +

/
v v

+/ — N Duo)? — 0% — 4v|¢p|%. (5.27)
’=v,u§uy/(v)

Now notice that A4+ > 0 as proved in 4.3.3, and v < 0 so all the terms in the right
hand side are non-negative, except —! |Du¢|2. For this one, we write:

uy/(v) uR(v)
/ T, v Dy P vydu' = f T ) Dy P, v)du!

—00 —00
uy/(v)
+/ TN ) Dy (i, vy,
uR (v)
where uy (v) is the unique u such thatu +v+h(v) = —Ai.e (u, v) belongs to the future
boundary of R.

The first term can be bounded using (5.2):
uR (v) uR (v)
| f TN ) Dyl v)du'| < v f 4r2%du'| S o7,
—00 —0o0

The second term using (5.3), (5.4) and |u,(v) — uR (v) < log(v):

uy/(v)
| TN, 0 Deg P, vydu'| < v Tog(v).
uR (v)

To sum up since p < 2s, it proves that ffg;(”) e, v)|Du¢|2(u’, v)du' = o(v™P)
hence, as claimed

/ T(T, n"yvol(n',-) = v 7P.
y/

v

O

Before moving to the next section, we will need to localise y’ with respect to the
regions of the stability part to be able to use the stability estimates. This is done by the
following lemma:

Lemma 5.3. For |uy| large enoughandn > 0small enough, y' := {r—r_ = v'=25*1} c
EB.

Moreover we have:
2% (uyr (v), v) ~ V! T (5.28)

86 This is the classical use of the vector field method: the key point being that T(¢, F) is divergence-free
because (¢, F) is a solution to the Maxwell-Klein—Gordon equations.
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Proof. Using (2.11), we can write:

202
r—ro)(r—ry) = —2r(w — M) + Q% — &°.
ik
As a consequence of this equation and (5.4), (5.5), (5.6), (5.7) and (5.8)—all valid in
EB—wegetthat |[r —r_| S v ™ onyy | = {u+v+h(v) = % log(v)} so, since

v <0, ¥/ lies in the past of y»5_1 for |us| large enough.
Using the same equation as above, we prove easily, still using (5.6) that on yy =
{u+v+h(v) = Ay} and for |uy| large enough,

r—r_ 2 1.

Hence, because v < 0, itis clear that y lies in the future of yy, providing 2s —1—n > 0.
We conclude by noticing that the intersection of the future of y, and the past of y»5_1
is included in £B for |u,| large enough.
The last claim (5.28) follows from using the above equality in the other way around:
there exists C > 0 such that:

R*=Clr—r_|+00'™),

where we used the remarks mentioned earlier in the proof. O

5.5. Towards the Cauchy horizon: the future of y’. We now want to propagate our lower
bounds to the future of y’. To circumvent the lack of decay of Q and @ near the Cauchy
horizon, we do not use a vector field method any more but a more classical integration
along the constant v characteristic, as it was done in the stability part.

Given the bound of Proposition 5.1, and since p < min{2s, 6s — 3}, it will be enough
to prove the following

Proposition 5.4. The following lower bound for 9,¢ near the Cauchy horizon is true:

+00
f T(T, nyvol(n', -) < f 10yp|% (1o, V)dV' + O(v™ %) + O30+ (5.29)
v v

v

Proof. The proof will be decomposed into two steps: the first one is expressed by the
following lemma: we identify T(7, n’) in terms of the scalar field using the decay of £22
and the control of k!

Lemma 5.5. The following estimate is true:
/ T(T, ' ol(n', ) < | 18,01*(u (V) V)V + O (™). (5.30)
s 7

Proof. We now write y' = f~1{0} where f(u, v) := r(u, v) — r_ — v!=25%1,
Using g*? = —202 72, we can write for 0 < < 2s — 1:

—1 —1
dft = (L7 —20272Q2s — 1 — 2+, + %av.
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Using the definition of 7', we can derive:

-2 -2 —1,,—2s+
K L 22s — 1 —nmk~ v n
T(T9 df#) = TTvv - TTuu - 92 Tuv
2(2s — 1 — ) to=25+1
+ 7 Tuu.
2

Now notice that the second and third term are negative if 2s — 1 — n > 0, which can
be arranged for n sufficiently small.
For the fourth, notice that on y’:

L—lv—23+n —1,,—2s+n

[
022

T = — g5 —IDugp? = 0727,

where we used (5.3), (5.28) and the fact that ¢ ~! is bounded on y' by (5.4).
This gives, recalling that T, = 2|8U¢|2 and that « ~2 is bounded on y' by (5.5):
T(T, df*) S 10.61° + 0w,

Now, an elementary computation gives that there exists a bounded function w such
that:

1
V—g@ft, df

df

—gdftdfty’

the claimed lemma. 0O

vol(n', ) = w(u, v)dvdogy.

Noticing that n’ = we integrate T(7T', n')vol(n’, -) on y, which gives

Now we want to propagate point-wise using (2.27) and then integrate:

Lemma 5.6. The following estimate is true for all u < uy:

+00
1801 (uy (V) V)V / 10,017 (u, v')dv' + O (W3~ 4+ o(v™2). (5.31)
V{v v

Proof. We now place ourselves in the future of y,, a region that lies in EB U LB.
We use (2.27) to get—after adding and subtracting a 2%62|¢| term-:

. u Ay /) du’
1, ("0 D0 A0V o 0] < 0l Dy + 22 (m? + D] + 0% — €21

We now deal with each term separately. To the future of y,, included in EBU LB we
use (5.14):

A <22+ 07,
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We can also use in the same region the estimate (5.10):
1Dl < lul ™" + |u| "> b(u, v),

with b(u, v) == [u]' = Lg=1y + 017 1 go 1y + log(v) 1s=1}-
All put together, we get:

M Dup (u, v) < 2% ul ™5 + 22 [ul "> b(u, v) + v u| ™ + v |ul " b(u, v).

We start by the third and fourth terms:
u
/ (v_2s|u’|_s I R v)) du' < v %b(u, v).
u.,(v)

The first and second terms are more complicated: at fixed v we have to split between
the part of [,/ (v), u] thatisin £B: [u,(v), u,, (v)] and the one thatis in LB: [u,, (v), u].
For [u, (v), u], we use (5.16):

u
/ (92@/, |~ + 22!, o)\ |2 b v)) du’
My(v)

u
5/ (U—ZS|u/|—S +v—2S|u/|—2sb(u/’ v)) du/ s v—2sb(u’ U).
”y(v)

On [uy(v), uy (v)], we use (5.15) the strictly negative lower bound on 3, log(£2?)
with Lemma 4.1 to get that:

M]/(U) . )
/ (Qz(u’, |~ + 22!, v) | |2 b v)) du’
uV/(v)

< 2%ty (v), V) |y (V)| + 2%ty (v), V) 1ty V)| 7Dty (v), V) S 0TI
where we used in the last inequality that v1_4s+’7b(u),/(v), v) = o(v! 73+,

To estimate $2%((m? + €)|p| + |$|| Q% — €2|), we use a similar technique, splitting
[uy vy, u]into [ur (), gy, (V)]1U 1y, (v), u] where yy, is defined in Sect. 4.7 as the past
boundary of V.

Using estimates®’ (5.12), (5.13) in EB together with calculus Lemma 4.1 and (5.15),
we prove that—choosing €y = zy—”ln :

Uy (v)
/ T2, (0 + D) plw, v) + 191w, v)|QF — Pl vdu’ S vl T,

Uy (v)

Using (5.18) in V and |¢| + |Q — e| < b(u, v) gives a negligible contribution on
[uy,, (v), u], because 22 is exponentially decreasing, which proves:

u

Q2w V) (1w ) + 181, 1)1 Q* — | v)du < v 7,
uy/(v)

87 These bounds are not strictly speaking stated in £3 in the stability part but they are an easy consequence
of the estimates.
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Now we can use that v 2b(u, v) = v_2‘v|u|l_sl{s>1} + o732y §f 5 is small
enough, combine all the estimates and integrate the first equation:
u_ (v

)
1 u A /’ du’ . Y ’ /
|elq0 qu uw (' v)du r8v¢(u, U) _ elqo f”O A, (u',v)du rav¢(uy,(v)’ U)|

5 v1—3s+2n + v—ZS|u|1—sl{S>1}.
Making the difference, using upper and lower bounds for r and squaring, we get:
180 (1t (0), V)1 S 180 (u, V)P + 07O+ 0™ P72 gy,

To conclude, it is enough to integrate the last estimate on [v, +00] and noticing that
U174S|u|27231{s>1} — 0(1)72‘5'). O

The combination of the two lemmas proves the proposition after choosing n small
enoughsothat p < 6s —3 —4n. O
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A. A Localisation of the Apparent Horizon A

As a straightforward by-product of our framework, we prove that in a non-linear setting,
the apparent horizon®® A := {9,r = 0} cannot be too far or too close of the event
horizon if the decay of the perturbation is upper and lower bounded.

Proposition A.1. We keep the same hypothesis as for Theorem 3.2. h is defined in
Egq. (4.10).
We assume the following on the event horizon H*:

Assumption 9.

2 ’
|av¢;| 0,v) o AD)
$£25(0,v")

18,010, v) < Cv™°, (A2)

+00
C'v P < 240, v)/
v

for2s —1 < pand C,C’ > 0.

88 Indeed A coincides with {A = 0} on the whole space—time in our coordinate choice. This is because A
becomes strictly negative while A
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Then there exists constants C, > 0, C_ > 0 such that

i 1
AC(C o7 < 22w v) < Cov=2) = (€ — LD 1000)
2K+
Ut h) < — 2 log(v) + €)
s u v V) = 2K+ Og v .

Remark 18. Notice that because of the exponential growth of .QE[ established in
Sect. 4.3.3, Assumption 9 is consistent with the conjectured tail of the field as for-
mulated in Price’s law of Conjecture 1.6.

Remark 19. Notice that if ¢ does not become constant near infinity on the event horizon,
Ais strictly to the future of 7{*. This is in particular true®” if one assumes a lower bound
on dy¢,like (3.4) or (A.1). Coupled with (A.2), it proves that A must asymptotically
approach time-like infinity.

Proof. Using Assumption (9) and (2.18) on the event horizon and recalling (4.4), we
get:

v Pl <A <o,

We can rewrite (2.15) in (U, v) coordinates as:

2
Hok —m?ri¢)).

dyA = )

Using (4.13), 4.23 and Sect. 4.3.2, there exists § > 0 small enough so that K, <
2K —m?r|$|? < 3K, in R.

We can then integrate between the event horizon and the apparent horizon for U €
[0, U 4] to get:

Ua

4 4
-l < Q0 QAU v)dU' < — (0, v) < v,
v N3K+(,v)< A qU’,v) <K+(,v)Nv

Then we can use (4.16) to prove that:
Ua
/ QEU' v)dU' ~ 22U 4, v).
0

Which gives the result. O

B. Proof of Proposition 4.7 of Sect. 4.5.1
We recall proposition 4.7 for convenience:

89 Notice that an upper bound that assures that ¢ tends to 0, like that of hypothesis 4, is enough to reduce
the problem to either the trivial case ¢ = 0 where A= H* or the case where A asymptotically approaches
time-like infinity.
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Proposition. For small enough € > 0, we have:

|| +0up| + | Dugp| 3 2Nv~, (B.1)
[Aul < (N +1)8, (B.2)
we also have:
oM ¢ ,
|log £2%(u, v) — log(—4(1 — =— + 6—2))| < 4Nyl =28 (B.3)
r r
0<1-k 35N>, (B.4)
11— Z5Nv=P®), (B.5)
|0, log(2%) — 2K | < 5Ny PO, (B.6)
10, log(2%) — 2K | 2 5N v™2, (B.7)
10(u, v) —e| S 4Nv! ™%, (B.8)
| (u,v) — M| S 4No! 72 (B.9)

Proof. We want to prove by induction on k the following estimates on Ny := {u +v +
h(v) = —A + ke}:

|p| +10,¢| < Drv™", (B.10)

|rDu¢| < Drv™", (B.11)

[Aul < Ak, (B.12)

|log 2% (u, v)| < Cy, (B.13)
%< EQEW(M, e), (B.14)

0<1—« < Eq, (B.15)

11— < EpuP®), (B.16)

10, log(2%) — 2K | < Exv= P, (B.17)
10, log(22%) — 2K | < Exv™>, (B.18)
1Q(u, v) —e| < D', (B.19)

| (u, v) — M| < DIv' ™, (B.20)

with Dy = 2Dy, Ex = S5E;_1, Cr = Cir—1 + Kmax€, Ar = (k+ 1)§ and Kpax
depending on (e, M) only. 22 (M, e) is defined as:

max

2 M? M &2
‘Qmax(M’e) = 4(_2_1)= sup 4|1——+—2|
e relr—(M,e),ry(M,e)] r r

The initialization of the induction comes directly from the bounds of proposition
(4.5), after choosing Dy, Eq and A consistently. Notice that Ag < 3.
Supposing the bounds are established for Ax_1, we bootstrap the following on N :

22 <202 (M, e), (B.21)
[p] + [9p¢p] < 2Dgv™", (B.22)

1 —k| <2Exwv™ >, (B.23)
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11— <2Ev™%. (B.24)

Notice that because v < 0 and A+ > 0, we have r < r, everywhere.
We first use (B.22) to prove (B.19) with (2.21):

10, v) —e| < DR,

Then we can use (B.21) with (B.24) to prove that |A| is bounded, (B.22), (B.23) to
prove (B.20) with (2.24) for |u,| large enough:

o (u, v) — M| < DRv'=%.

Notice that since 22 = —4w (1 — 22 + Q—zz)—as seen in Eq. (2.11)—we have—
r r

forming the differences @w — M and 0% — 2 and using (B.23), (B.24) for |u,| large
enough:

20 Q2 2M e

2
0<—(I——+=)==(1-"=+5)+0DQ'™).
r 1’2 r 2

,
So—since r_ cancels (1 — 27M + %)—for all n > 0, there exists |ug|(n) large enough

sothatr_ —n <r.Forn >0 smal{ enough, it can be easily shown that the supremum
on [r— — n, ry] is attained on [r—, ry]:

2 2M 62
‘Qmax(M7e)= sup 4|1__+_2|-
relr—(M,e)—=n,r+(M,e)] ro.r

Since |22] < 4|1 — % + f—§| +Col™2%, bootstrap (B.21) is validated for |u;| large
enough and proves (B.14).

Moreover, with the same technique using (2.11), (B.19), (B.20) and bootstrap (B.23),
(B.24) we can prove (B.3), choosing |u,| large enough.

(B.19), (B.20) also prove that:

12K (1, v) — 2K a1 (r(u, v))| < DFv' ™. (B.25)

Using the same argument as in the red-shift region and (B.24) we get—for |u,| large
enough—:

10, 2K)| S 27 <2022, (B.26)
We denote v; = v; (1) the unique v such thatu + v + h(v) = A;.
Notice that from (4.11):
(k1) — R S v o — v & ful' ™ v — v | & 0" o — v ).
Hence, because u + v + h(v) — Ar_1 < € is bounded:
+v+h(v) — Ap_
oy = VRO T At hw) — A+ 0 (B2T)

1+ 0(vl=2)
We use (2.22) and (B.21) to get:

10y Aul S 1.
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Hence by induction, we get (B.12) with
|Aul < Ar—1 + Ce < Ay,

after choosing € small enough compared to §.
Then we use (2.28) with (B.21), (B.22), (B.23) to get:

Ir Du¢| < Di—1lul™ + CDgev™.

Hence for € small enough compared to (C, e, M, go, m), we get (B.11).
Using (2.27) and the same type of argument, we close bootstrap (B.22) and get (B.10)
after integrating d,¢ on a e-small region.

We can then use bootstrap (B.21), (B.22) and (B.23) and notice that |9, @ |+]9), Q2| <
D,%v’zs to get from (2.26):
19, log(2%) — 2K| < (Ex + DHv > < Epo™ %, (B.28)
Then, because of the discussion above, ﬂ < r < ry(e, M) therefore there exists
Kmax = Kmax(e, M) > O such that |K| < Kpax-
Using (B.28) and the induction hypothesis, we prove (B.13) and get—choosing |u|
large enough—:

02 < 2Kmaxke
Hence from (2.29) and (B.11) we get:
Ik — 1| < Ex_y + CD}e¥mkec — iy 4 C DRel0e®+2Kmax)ke

We proceed in two times: first with choose € small enough so that log(4) + 2 Kyaxe <
log(5). We get:

lik — 1| < Eg_y + CDje*Kmkée — gosk=1 4 CDlske.

Than we can choose € even smaller so that bootstrap (B.23) is validated. (B.15), and
(B.18) are proved simultaneously, using (2.26) for (B.18) similarly to what was done
before.

Symmetrically in v we use the same methods to close bootstrap (B.24) and to prove
(B.16), (B.17).

The induction is then proved and the estimates of the proposition follow directly. O

C. Proof of Lemma 4.3 of Sect. 4.3.2
We recall Lemma 4.3:

Lemma. Under the same hypothesis than before and for v\, > vy, if Uy is sufficiently

small there exists a constant D > 0 depending on C, e, M, qo, m2, s, vy and v6 such
that

|Dy¢ (U, vy)| < D. (C.1)
10y r (U, vp)| ™' < D. (C.2)
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Therefore, for any n > 0 independent®®

that

of any parameter, there exists a v, > 0 such

|Dy¢ (U, vy)| < C,
and for all v > v:

12K (0, v) — 2K4| < nKy,
rm?|$1%(0, v) < nkK.,.

Proof. We will make the following bootstrap assumptions:

lva| < B (C3)
|Q1 + @] +[0u¢] < By (C4)

The set of points such that the bootstraps are valid is non empty because of the
hypothesis of Theorem 3.2, for B, large enough with respect to C, e and vp and By > 1.

Notice that with our hypothesis 7 (0, v) > 0 and since [vo, v6] is a compact, it is clear
that (0, v) is upper and lower bounded by strictly positive constants that depend on vy
and v),.

If %ve integrate (C.3) for U; small enough compared to By, we see that the same
conclusion holds true for (U, v) on the whole rectangle [0, U] X [vo, v(’)]. We write
0 < Fmin <7 < Fmax.

Then, notice that (0, v) = 1 and the positive right hand side of (2.29) give that
0 < k < I everywhere on the space—time namely .(2]2{ < —4vy.

Then we write (2.15) as

2 2
0, Qog(—rvin) = +(1+ 2) 4 m2rlgl < —— + 2 + g B,
r r Fmin T

We can then integrate in v and use gauge (3.2) to get:

r 1 B}
[Tog(—vi)| < [Tog(===)| + (— + —> + M’ rmax B3) (v — vo).
Fmin Fmin T

This closes bootstrap (C.3) for By large enough with respect to By, vo, v, and the
parameters and proves (C.2).
Now we want to bound A: to do so we write (2.15) as:

Q2 B2
0y 2] < —vn(1+ =+ w2 1g) < Bi(1L+ —2 +mPry B3).
min

Now notice that on the compact [vo, v(’)], [A[(0, v) < Amax Where Apax depends on
vo, v, and the parameters.

Then we can integrate the previous equation and take U small enough to get every-
where:

[A(U, v) < 2Amax-

90 We insist that 7 must be a numerical constant that do not depend on any of the C, e, M, qq. m?, Vo or
/

v
0
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Now we write (2.28) as
|8, Dug)| < —vi(m?|p| +13u¢]) < (m* +1)B1 Ba.
Then we integrate and use Assumption 5 and the bounds on r to get:

Fmax (vy — vo)(m?* + DBiBy

|Dyo| = (C5)

Fmin "min
Now we use gauge®! (2.9) to integrate (2.22):

2B1B;
lAy| = ——(vy — vo).
min

This, with bootstrap (C.4) and (C.5) gives:

: 0 —vo)B1 B 2q0B
|3U¢|§ﬂc4_w[(m2+1)+ 9052

"min "min "min

1.

It now suffices to integrate for Uy small enough to close the ¢ part of bootstrap (C.4).
The Q part of bootstrap (C.4) is validated when we integrate (2.20) using (C.5).
For the 9,¢ part, we write (2.27) as:

a0 [U A 0l0ll8
100 (€0 A 15,6)] < |AIDy| + vl (rm2|g] + qf

)

Then, from all the bounds that precedes it is clear that we can integrate on [0, U] and
close the d,¢ part of bootstrap (C.4) if we chose U, small enough.

Notice that B, can be chosen to depend on C, vy and e only. Hence Bj can be chosen
to depend on vy, v, and the parameters only.

In the end both bootstraps are validated.

Notice that (C.5) gives actually (C.1) now that the bootstraps assumptions are proved.

From the last Sect. 4.3.1, 2K(0,v) — 2K, — 0 when v — +00 and from the
hypothesis 4 and the boundedness’? of r we know that rm?|¢|> — 0 when v — +00.
We can write max{|2K (0, v)—2K.|, rm?|¢|*} = K,e(v)ande(v) — Owhenv — +00.

Therefore for all 7 > 0—independent of all the other constants—there exists v,—
depending only on the parameters and vg such that for all v’ > vy, [e(v")| < 7.

Therefore, combining with (C.1), the lemma is proven. O
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