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In this paper, we initiate the study of the interior of dynamical extremal black holes. The Penrose diagram
corresponding to maximal analytic extremal Reissner—Nordstrom and Kerr spacetimes is depicted in
Figure 1. In particular, if one restricts to a globally hyperbolic subset with an (incomplete) asymptotically
flat Cauchy hypersurface (see the region DT (X) in Figure 1), then these spacetimes possess smooth
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We study the nonlinear stability of the Cauchy horizon in the interior of extremal Reissner—Nordstrom
black holes under spherical symmetry. We consider the Einstein-Maxwell-Klein—Gordon system such
that the charge of the scalar field is appropriately small in terms of the mass of the background extremal
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1. Introduction

Cauchy horizons CH™, whose stability property is the main object of study of this paper.
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Since the pioneering work [Poisson and Israel 1989] and the seminal works [Dafermos 2003; 2005]
in the spherically symmetric setting, we now have a rather complete understanding of the interior of
dynamical black holes which approach subextremal limits along the event horizon, at least regarding the
stability of the Cauchy horizons. The works [Costa et al. 2015b; Dafermos 2003; 2005; 2014; Franzen
2016; Hintz 2017; Kommemi 2013; Luk 2018] culminated in the recent work [Dafermos and Luk 2017],
which proves the C? stability of the Kerr Cauchy horizon without any symmetry assumptions; i.e., they
show that whenever the exterior region of a black hole approaches a subextremal, strictly rotating Kerr
exterior, then maximal Cauchy evolution can be extended across a nontrivial piece of Cauchy horizon as a
Lorentzian manifold with continuous metric. Moreover, it is expected that for a generic subclass of initial
data, the Cauchy horizon is an essential weak null singularity, so that there is no extension beyond the
Cauchy horizon as a weak solution to the Einstein equations; see [Dafermos 2005; Gleeson 2016; Luk
and Oh 2017a; 2017b; Luk and Sbierski 2016; Van de Moortel 2018] for recent progress and discussion.

On the other hand, much less is known about dynamical black holes which become extremal along the
event horizon. Mathematically, the only partial progress was made for a related linear problem, namely the
study of the linear scalar wave equation on extremal black hole backgrounds. For the linear scalar wave
equation, the first author established [Gajic 2017a; 2017b] that in the extremal case, the Cauchy horizon
is more stable than its subextremal counterpart. In particular, the solutions to linear wave equations are
not only bounded, as in the subextremal case, but they in fact obey higher regularity bounds which fail
in the subextremal case (see Section 1A for a more detailed discussion). Extrapolating from the linear
result, it may be conjectured that in the interior of a black hole which approaches an extremal black hole
along the event horizon, not only does the solution remain continuous up to the Cauchy horizon as in
the subextremal case, but in fact there are nonunique extensions beyond the Cauchy horizon as weak
solutions. This picture, if true, would also be consistent with the numerical study of this problem by
Murata, Reall and Tanahashi [Murata et al. 2013].

In this paper, we prove that this picture holds in a simple nonlinear setting. More precisely, we study
the Einstein—-Maxwell-Klein—Gordon system of equations with spherically symmetric initial data (see
Section 3 for further discussions on the system). We solve for a quintuple (M, g, ¢, A, F), where (M, g)
is a Lorentzian metric, ¢ is a complex-valued function on M, and A and F are real 1- and 2-forms on M
respectively. The system of equations is

Ricyy —LguR =87 (TH) + TS,

T = $D.¢Dvd + 1 Dud Dy — 18, (87 Doy D + m2|9)2),
Ty = (gD Fua Fop — 181087 (87)7" Fay Fpo,
(g’ Dy Dy = m?¢,

F=dA,

(g™ )"V Fyuy =2mie(@ Dy — p Dy ).

(1-1)

Here, V denotes the Levi—Civita connection associated to the metric g, and Ric and R denote the Ricci
tensor and the Ricci scalar, respectively. We also use the notation D, = V, +i¢A,, and m >0, ¢ € R are
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fixed constants. The extremal Reissner—Nordstrom solution (see Section 3) is a special solution to (1-1)
with a vanishing scalar field ¢.

In the following we will restrict the parameters so that |e| is sufficiently small in terms of M. More
precisely, we assume

1— (10 +5v6 —3vV9+46)[e|M > 0. (1-2)

Under the assumption (1-2), our main result can be stated informally as follows (we refer the reader to
Theorem 5.1 for a precise statement):

Theorem 1.1. Consider the characteristic initial value problem to (1-1) with spherically symmetric
smooth characteristic initial data on two null hypersurfaces transversely intersecting at a 2-sphere.
Assume that one of the null hypersurfaces is affine complete and that the data approach the event horizon
of extremal Reissner—Nordstrom at a sufficiently fast rate.

Then, the solution to (1-1) arising from such data, when restricted to a sufficiently small neighborhood
of timelike infinity (i.e., a neighborhood of i * in Figure 1), satisfies the following properties:

o It possesses a nontrivial Cauchy horizon.

o The scalar field, the metric, the electromagnetic potential (in an appropriate gauge) and the charge
1

can be extended in (spacetime) C%2 N WIL’CZ up to the Cauchy horizon. Moreover, the Hawking mass

(2-10) can be extended continuously up to the Cauchy horizon.
o The metric converges to that of extremal Reissner—Nordstrom towards timelike infinity and the scalar

field approaches 0 towards timelike infinity in an appropriate sense.

Moreover, the maximal globally hyperbolic solution is future extendible (nonuniquely) as a spherically
symmetric solution to (1-1).

Remark 1.2 (solutions with regularity below C?). The extensions of the solution we construct have
regularity below (spacetime) C? and as such do not make sense as classical solutions. As is well known,
however, the Einstein equations admit a weak formulation which makes sense already if the metric is in
(spacetime) CON WIL’CZ and the stress-energy-momentum tensor is in spacetime LlloC
1987]. The weak formulation can be recast geometrically as follows: given a smooth (341)-dimensional

[Geroch and Traschen

manifold M, a C I%C N WIL’CZ Lorentzian metric g and an LllOC symmetric 2-tensor 7', we say that the Einstein
equation Ric(g) — % gR(g) =8nT is satisfied weakly if for all smooth and compactly supported vector
fields X, Y,

/ (V. XMV Y)Y — (Vi X))V (VL Y)H) = Sn/ (T(X,Y)—3g(X, Y)tr, T).
M M

It is easy to check that any classical solution is indeed a weak solution in the sense above. Moreover, the
extensions that we construct in Theorem 1.1 have more than sufficient regularity to be interpreted in the
sense above.

However, in our setting we do not need to use the notion in [Geroch and Traschen 1987]. Instead,
we introduce a stronger notion of solutions, defined on a quotient manifold for which we quotiented
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Figure 1. Maximal analytically extended extremal Reissner—Nordstrom.

out the spherical symmetry; see Definition 10.4. This class of solutions—even though they are not
classical solutions — should be interpreted as strong solutions (instead of just weak solutions) since a
well-posedness theory can be developed for them;! see Section 10.

Remark 1.3 (contrast with the subextremal case). Like in the subextremal case, the solution extends in
C" to the Cauchy horizon. However, the c%zn Wli)’cz extendibility and the finiteness of the Hawking
mass, as well as the extendibility as a spherically symmetric solution, stand in contrast to the subextremal
case. In particular, according to the results of [Luk and Oh 2017b; > 2019], see also [Dafermos 2005],
there are solutions which asymptote to subextremal Reissner—Nordstrom black holes in the exterior region
such that the Hawking mass blows up at the Cauchy horizon, and the solution cannot be extended as a
spherically symmetric solution to the Einstein—-Maxwell-scalar field system.?

Remark 1.4 (regularity of the metric and extensions as solutions to (1-1)). The fact that we can extend
the solutions beyond the Cauchy horizon is intimately connected to the regularity of the solutions up to

1 n fact, in order to develop a well-posedness theory for strong solutions, one can even drop the assumption of spherical
symmetry, and instead require additional regularity along the “spherical directions” with respect to an appropriately defined
double null foliation gauge; see [Luk and Rodnianski 2017] for details.

2Though the estimates in [Luk and Oh 2017b] strongly suggest that the scalar field ceases to be in Wll)’cz for any €Y extension
of the spacetime, this remains an open problem unless spherical symmetry is imposed. In particular, it is not known whether the
solutions constructed in [Luk and Oh 2017b; > 2019] can be extended as weak solutions to the Einstein—-Maxwell-scalar field

system if no spherical symmetry assumption is imposed.
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the Cauchy horizon. In particular this relies on the fact the metric, the scalar field and the electromagnetic
potential remain in (spacetime) C° N Wlf)’cz. In fact, the solutions are at a level of regularity for which
the Einstein equations are still locally well-posed.?> One can therefore construct extensions beyond the
Cauchy horizon by solving appropriate characteristic initial value problems; see Section 10.

In this connection, note that we emphasized in the statement of the theorem that the solution can be
extended beyond the Cauchy horizon as a spherically symmetric solution to (1-1). The emphasis on the
spherical symmetry of the extension is made mostly to contrast with the situation in the subextremal
case (see Remark 1.3). This should not be understood as implying that the extensions necessarily are
spherically symmetric: In fact, with the bounds that we establish in this paper, one can in principle
construct using the techniques in [Luk and Rodnianski 2017] extensions (still as solutions to (1-1)) without
any symmetry assumptions (see footnote 1).

Remark 1.5 (assumptions on the event horizon). The assumptions we impose on the event horizon are
consistent with the expected late-time behavior of the solutions in the exterior region of the black hole, at
least in the ¢ = m = 0 case if one extrapolates from numerical results [Murata et al. 2013]. In particular,
the transversal derivative of the scalar field is not required to decay along the event horizon, and is
therefore consistent with the Aretakis instability [2015]. Of course, in order to completely understand
the structure of the interior, one needs to prove that the decay estimates along the event horizon indeed
hold for general dynamical solutions approaching these extremal black holes. This remains an open
problem.

Remark 1.6 (range of parameters of ¢ and M). Our result only covers a limited range of parameters of
the model; see (1-2). This restriction comes from a Hardy-type estimate used to control the renormal-
ized energy (see Sections 1B and 8B) and we have not made an attempt to obtain the sharp range of
parameters.

Remark 1.7 (the m = ¢ = 0 case and higher regularity for ¢). In the special case m = ¢ = 0, the analysis
is simpler and we obtain a stronger result; namely, we show that the scalar field in fact is Lipschitz up to
the Cauchy horizon (see Theorem 5.5).

Remark 1.8 (the m # 0, ¢ # 0 case). While the result we obtain in the m # 0, ¢ # 0 case is weaker, the
general model allows for the charge of the Maxwell field to be nonconstant, and serves as a better model
problem for the stability of the extremal Cauchy horizon without symmetry assumptions. Another reason
that we do not restrict ourselves to the simpler m = ¢ = 0 case is that in the m = ¢ = 0 case, extremal
black holes do not naturally arise dynamically:

o There are no one-ended black holes with nontrivial Maxwell field with regular data on R? since in
that setting the Maxwell field necessarily blows up at the axis of symmetry.

3Note that in general the Einstein equations are not locally well-posed with initial data only in cON w12 Nevertheless, when
there is spherical symmetry (away from the axis of symmetry), or at least when there is additional regularity in the spherical
directions (see footnote 1), one can indeed develop a local well-posedness theory with such low regularity.
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e In the two-ended case, given future-admissible* (in the sense of [Dafermos 2014]) initial data, the
solution always approaches subextremal black holes in each connected component of the exterior
region [Kommemi 2013; Luk and Oh 2017b].

On the other hand, if ¢ # 0, then in principle there are no such obstructions.’

Remark 1.9 (geometry of the black hole interior). One feature of the black hole interior of extremal
Reissner—Nordstrom is that it is free of radial trapped surfaces — a stark contrast to the subextremal case
(where every sphere of symmetry is the black hole interior is trapped!). Let us note that this feature
has sometimes been taken as the defining feature of spherically symmetric extremal black holes; see for
instance [Israel 1986]. We will not use this definition in this paper, and when talking about “extremal
black holes”, we will only be referring to black holes which converge to a stationary extremal black hole
along the event horizon as in Theorem 1.1. Indeed, while our estimates imply that for the solutions in
Theorem 1.1 the geometry of the black hole interior is close to that of extremal Reissner—Nordstrom, it
remains an open problem in the general case whether the black hole interior contains any radial trapped
surface.5

The fact that the extremal Cauchy horizons are “more stable” than their subextremal counterparts
can be thought of as related to the vanishing of the surface gravity in the extremal case. Recall that in
both the extremal and subextremal charged Reissner—Nordstrom spacetimes, there is a global infinite
blue shift effect such that the frequencies of signals sent from the exterior region into the black hole
are shifted infinitely to the blue [Penrose 1968]. As a result, this gives rise to an instability mechanism.
Indeed, Sbierski [2015] showed’ that for the linear scalar wave equation on both extremal and subextremal
Reissner—Nordstrom spacetime, there exist finite energy Cauchy data which give rise to solutions that are
not WIL’CZ at the Cauchy horizon. On the other hand, as emphasized in [Sbierski 2015], these types of
considerations do not take into account the strength of the blue shift effect and do not give information
on the behavior of the solutions arising from more localized data. Heuristically, for localized data, one
needs to quantify the amplification of the fields by a “local” blue shift effect at the Cauchy horizon,
whose strength can be measured by the surface gravity. In this language, what we see in Theorem 1.1 is a
manifestation of the vanishing of the local blue shift effect at the extremal limit.

This additional stability of the extremal Cauchy horizon due to the vanishing of the surface gravity
may at the first sight seem to make the problem simpler than its subextremal counterpart. Ironically, from

4The future-admissibility condition can be thought of as an analogue of the physical “no antitrapped surface” assumption in
the one-ended case.

5Nevertheless, it is an open problem to construct a dynamical black hole with regular data that settles down to an extremal
black hole.

6Note however that in the ¢ = m = 0 case, if we assume in addition that dyr < 0 everywhere along the event horizon, we
can in principle modify the monotonicity argument of [Kommemi 2013] in establishing the subextremality of two-ended black
holes (see Remark 1.8) to show that the interior in the extremal case is free of radial trapped surfaces. Indeed, the argument of
[loc. cit.] exactly proceeds by (1) showing that there are no interior trapped surfaces in the interior of extremal black holes and
(2) establishing a contradiction with the future-admissibility condition. See also the appendix of [Luk and Oh 2017b].

TThis statement is technically not explicitly proven in [Sbierski 2015], but it follows from the result there together with
routine functional analytic arguments.
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the point of view of the analysis, the local blue shift effect in the subextremal case in fact provides a way
to prove stable estimates! This method fails at the extremal limit.

To further illustrate this, first note that in the presence of the blue shift effect, one necessarily proves
degenerate estimates. By exploiting the geometric features of the interior of subextremal black holes, the
following can be shown: when proving degenerate energy-type estimates, by choosing the weights in
the estimates appropriately, one can prove that the bulk spacetime integral terms (up to a small error)
have a good sign, and can be used to control the error terms; see the discussions in the introduction of
[Dafermos and Luk 2017]. As a consequence, one can in fact obtain a stability result for a large class
of nonlinear wave equations with a null condition, irrespective of the precise structure of the linearized
system. This observation is also at the heart of [loc. cit.].

In the extremal case, however, it is not known how to obtain a sufficiently strong coercive bulk spacetime
integral term when proving energy estimates. Moreover, if one naively attempts to control the spacetime
integral error terms by using the boundary flux terms of the energy estimate and Gronwall’s lemma, one
encounters a logarithmic divergence. To handle the spacetime integral error terms, we need to use more
precise structures of the equations, and we will show that there is a cancellation in the weights appearing
in the bulk spacetime error terms. This improvement of the weights then allows the bulk spacetime error
terms to be estimated using the boundary flux terms and a suitable adaptation® of Grénwall’s lemma.
In particular, we need to use the fact that (1) a renormalized energy can be constructed to control the
scalar field and the Maxwell field simultaneously, and that (2) the equations for the matter fields and the
equations for the geometry are “sufficiently decoupled” (see Section 1B). These structures seem to be
specific to the spherically symmetric problem: to what extent this is relevant to the general problem of
stability of extremal Cauchy horizons without symmetry assumptions remains to be seen.

The study of the stability properties of subextremal Cauchy horizons is often motivated by the strong
cosmic censorship conjecture. The conjecture states that solutions arising from generic asymptotically
flat initial data are inextendible as suitably regular Lorentzian manifolds. In particular, the conjecture,
if true, would imply that smooth Cauchy horizons, which are present in both extremal and subextremal
Reissner—Nordstrom spacetimes, are not generic in black hole interiors. As we have briefly discussed
above, there are various results establishing this in the subextremal case; see for example [Dafermos
2005; Luk and Oh 2017b; > 2019; Van de Moortel 2018]. In fact, one expects that generically, if a
solution approaches a subextremal black hole at the event horizon, then the spacetime metric does not
admit Wlé’cz extensions beyond the Cauchy horizon; see discussions in [Dafermos and Luk 2017]. On the
other hand, our result shows that at least in our setting, this does not occur for extremal Cauchy horizons.
Nevertheless, since one expects that generic dynamical black hole solutions are nonextremal, our results,
which only concern black holes that become extremal in the limit, are in fact irrelevant to the strong
cosmic censorship conjecture. In particular, provided that extremal black holes are indeed nongeneric
as is expected, the rather strong stability that we prove in this paper does not pose a threat to cosmic
censorship.

81n fact, using the smallness parameters in the problem, this will be implemented without explicitly resorting to Gronwall’s
lemma.
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Finally, even though our result establishes the C 02N WI})’CZ stability of extremal Cauchy horizons in
spherical symmetry, it still leaves open the possibility of some higher derivatives of the scalar field or the
metric blowing up (say, the C¥ norm blows up for some k € N). Whether this occurs or not for generic
data remains an open problem.

1A. Previous results on the linear wave equation. In this section, we review the results established in
[Gajic 2017a; 2017b] concerning the behaviour of solutions to the linear wave equation [l;¢ = 0 in the
interior of extremal black holes. The results concern the following cases:

« general solutions on extremal Reissner—Nordstrom,
« general solutions on extremal Kerr—Newman with sufficiently small specific angular momentum,
o axisymmetric solutions on extremal Kerr.
In each of these cases, the following results are proven (in a region sufficiently close to timelike infinity):
(A) ¢ is bounded and continuously extendible up to the Cauchy horizon.
(B) ¢ is C%“ up to the Cauchy horizon for all « € (0, 1).
(C) ¢ has finite energy and is WIL’CZ up to the Cauchy horizon.

As we mentioned earlier, these results are in contrast with the subextremal case; (A) holds also for
subextremal Reissner—Nordstrom and Kerr [Franzen 2016; Hintz 2017], (B) is false’ on subextremal
Reissner—Nordstrom [Dafermos 2005; Angelopoulos et al. 2018] and (C) is false on both subextremal
Reissner—Nordstrom and Kerr [Luk and Oh 2017a; Luk and Sbierski 2016]. (In fact, in subextremal
Reissner—Nordstrom, generic solutions fail to be in Wllo’cp for all p > 1; see [Dafermos 2005; Angelopoulos
et al. 2018; Gleeson 2016].)

At this point, it is not clear whether the estimates in [Gajic 2017a; 2017b] are sharp. In the special
case of spherically symmetric solutions on extremal Reissner—Nordstrom, [Gajic 2017a] proves that the
solution is in fact C! up to the Cauchy horizon. Moreover, if one assumes more precise asymptotics along
the event horizon (motivated by numerics), then it is shown that spherically symmetric solutions are C2.

Our results in the present paper can be viewed as an extension of those in [Gajic 2017a] to a nonlinear set-
ting. In particular, we show that even in the nonlinear (although only spherically symmetric) setting, ¢ still
obeys (A) and (C), and satisfies (B) in the subrange o € (0, %] Moreover, the metric components, the elec-
tromagnetic potential, and the charge, in appropriate coordinate systems and gauges, verify similar bounds.

1B. Ideas of the proof.

Model linear problems. The starting point of the analysis is to study linear systems of wave equations
on fixed extremal Reissner—Nordstrom background. A simple model of such a system is the following
(where a, b, ¢, d € R):

DgeRN¢ =a¢+by, DgeRNw =cy +dg. (1-3)

9This result is not explicitly stated in the literature, but can be easily inferred given the sharp asymptotics for generic solutions
in [Angelopoulos et al. 2018] and the blowup result in [Dafermos 2005] appropriately adapted to the linear setting.
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It turns out that in the extremal setting, we still lack an understanding of solutions to such a model system in
general. (This is in contrast to the subextremal case, where the techniques of [Franzen 2016; Dafermos and
Luk 2017] show that solutions to the analogue of (1-3) are globally bounded for any fixed a, b, ¢, d € R.)

Instead, we can only handle some subcases of (1-3). Namely, we need a >0, ¢ >0and b=d = 0.
Put differently, this means that we can only treat decoupled Klein—Gordon equations with nonnegative
mass. Remarkably, as we will discuss later, although the linearized equations of (1-1) around extremal
Reissner—Nordstrom are more complicated than decoupled Klein—Gordon equations with nonnegative
masses, one can find a structure in the equations so that the ideas used to handle special subcases of (1-3)
can also apply to the nonlinear problem at hand.

Estimates for linear fields using ideas in [Gajic 2017a). The most simplified case of (1-3) is the linear
wave equation with zero potential [, . ¢ = 0. In the interior of extremal Reissner—Nordstrom spacetime,
this has been treated by the first author in [Gajic 2017a]. That paper is based on the vector field multiplier
method, which obtains L2-based energy estimates for the derivatives of ¢. The vector field multiplier
method can be summarized as follows: Consider the stress-energy-momentum tensor

Ty = 0, 00 — 58,00 (8~ Bup 0p .
For a well-chosen vector field V, one can then integrate the identity for the current T,, V",
VAT V) = 5T (VAVY 4 VI V9,

to obtain an identity relating a spacetime integral and a boundary integral.

When V is casual, future-directed and Killing, the above identity yields a coercive conservation law.
In the interior of extremal Reissner—Nordstrém 9, = %(Bv + 9,) (see the definition of (u, v)-coordinates
in Section 3) is one such vector field. This vector field, however, is too degenerate near the event
horizon and the Cauchy horizon, and one expects the corresponding estimates to be of limited use in a
nonlinear setting. A crucial observation in [Gajic 2017a] is that the vector field V = |u|? 3, + v? 9, (in
Eddington-Finkelstein double null coordinates, see Section 3) can give a useful, stronger, estimate. More
precisely, V = |u|? 8, + v* 9, has the following properties:

(1) V is a nondegenerate vector field at both the event horizon and the Cauchy horizon.

(2) V is causal and future-directed. Hence, together with (1), this shows that the current associated to V,
when integrated over null hypersurfaces, corresponds to nondegenerate energy.

(3) Moreover, although V is not Killing, V* V" +V"V* has a crucial cancellation'? so that the spacetime
error terms can be controlled by the boundary integrals.

These observations allow us to close the estimate and to obtain nondegenerate L2 control for the derivatives
of ¢. Furthermore, the boundedness of such energy implies

16| (u, v) < Data(v) + |u| 2, (1-4)

10More precisely, VVV# 4+ V¥ VYV = — % Q2 (0,u? + 902+ 5272(142 A +v23,)Q%) < Q2 whereas each single term, e.g.,

Q2 dy V2~ v§272, behaves worse as |u|, v — oo. Without this cancellation, the estimate exhibits a logarithmic divergence.
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where, provided the data term decays in v, ¢ — 0 as |u|, v — co. Moreover, using the embedding
W2 <5 %3 in one dimension, we also conclude that ¢ € C%3.

In spherical symmetry, it is in fact possible to control the solution to the linear wave equation up to the
Cauchy horizon using only the method of characteristics.!! Here, however, there is an additional twist to

the problem. We will need to control solutions to the Klein—Gordon equation with nonzero mass'?

DgeRN¢ = m2¢'

For this scalar equation, however, whenever the mass is nonvanishing, using the method of characteristics
and naive estimates leads to potential logarithmic divergences. Nonetheless, if m? > 0, the argument
above which makes use of the vector field multiplier method can still be applied. In this case, one defines
instead the stress-energy-momentum tensor as

Tyuv = 3,0 9 — 28,0 (™) 300 dp¢p + m*p?).

As it turns out, the observations (1), (2), and (3) still hold in the m? > 0 case for the vector field
V =ul? 3, +v°d,. In particular, there is a crucial cancellation in the bulk term as above, which removes
the logarithmically nonintegrable term and allows one to close the argument. Again, this consequently
yields also decay estimates and €% bounds for @.

Let us recap what we have achieved for the model problem (1-3). The discussions above can be used
to deal fully with the casea >0, c>0and b=d =0. If a < 0 or ¢ <0, one still has a cancellation in the
bulk spacetime term, but the boundary terms are not nonnegative. If, on the other hand, b # 0 or d # 0,
then in general one sees a bulk term which is exactly borderline and leads to logarithmic divergence.

Renormalized energy estimates for the matter fields. In order to attack our problem at hand, the first step
is to understand the propagation of the matter field even without coupling to gravity. In other words,
we need to control the solution to the Maxwell-charged Klein—Gordon system in the interior of fixed
extremal Reissner—Nordstrom. (A special case of this, when m = ¢ = 0 is exactly what has been studied
in [Gajic 2017a].)

One difficulty that arises in controlling the matter fields is that when e # 0, the energy estimates for
the scalar field couple with estimates for the Maxwell field. If one naively estimates each field separately,
while treating the coupling as error terms, one encounters logarithmically divergent terms similar to those
appearing when controlling (1-3) for b # 0 or d # 0. Instead, we prove coupled estimates for the scalar
field and the Maxwell field simultaneously.

In order to prove coupled energy estimates, a natural first attempt would be to use the full stress-
energy-momentum tensor (i.e., the sum T = T®D 4 T®m) and consider the current T,, V", where

UTn fact, as in shown in [Gajic 2017a], the method of characteristics, when combined with the energy estimates, yields more
precise estimates when the initial data are assumed to be spherically symmetric. While [loc. cit.] does not give a proof of the
estimates in the spherically symmetric case purely based on the method characteristics, such a proof can be inferred from the
proof of Theorem 5.5 in Section 11.

12 As we will discuss below, the need to consider the Klein-Gordon equation with nonzero mass stems not only from our
desire to include mass in the matter field in (1-1), but when attempting to control the metric components, one naturally encounters
a Klein—-Gordon equation with positive mass.
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V = |u|? 3, +v? 3, as in [Gajic 2017a]. However, since the charge is expected to asymptote to a nonzero
value (as it does initially along the event horizon), this energy is infinite!

Instead, we renormalize the energy to take out the infinite contribution from the background charge.
We are then faced with two new issues:

o The renormalized energy is not manifestly nonnegative.

o Additional error terms are introduced.

Here, it turns out that one can use a Hardy-type inequality to show that the renormalized energy is
coercive. (This is the step for which we need a restriction on the parameters of the problem.) Moreover,
the additional spacetime error terms that are introduced in the energy estimates also exhibit the cancellation
described in footnote 10 on page 271.

Estimates for the metric components. Having understood the uncoupled Maxwell-Klein—Gordon system,
we now discuss the problem where the Maxwell-Klein—Gordon system is coupled with the Einstein
equations. First, we write the metric in double null coordinates:

g=—Q%u, v)dudv+r’(u,v)os,

where o is the standard round metric on $? (with radius 1). In such a gauge, the metric components r
and €2 satisfy nonlinear wave equations with ¢ and d¢ as sources. In addition, r satisfies the Raychaudhuri
equations, which can be interpreted as constraint equations.

We control r directly using the method of characteristics. As noted before, using the method of
characteristics for wave equations with nontrivial zeroth-order terms'? leads to potentially logarithmically
divergent terms. To circumvent this, we use both the wave equation and the Raychaudhuri equations
satisfied by r: using different equations in different regions of spacetime, one can show using the method
of characteristics that

—1 -1 -2 -2
r=MISv +lul™, [l SvT (0] S lulT

For €2, instead of controlling it directly, we bound the difference log €2 —log €29, where 2 corresponds
to the metric component of the background extremal Reissner—Nordstrom spacetime. We will control it
using the wave equation satisfied by €2; see (2-2). Again, as is already apparent in the discussion of (1-3),
to obtain wave equation estimates, we need to use the structure of the equation. Using the estimates for ¢
and r, the equation for log Q2 — log ¢ can be thought of as follows (modulo terms that are easier to deal
with and are represented by - - - ):

3y log%} e Y G ) MR (1-5)

Thus, when Q is close to 2, (1-5) can be viewed as a nonlinear perturbation of the Klein—Gordon
equation with positive mass, which is moreover essentially decoupled from the other equations. Hence,
as long as we can control the error terms and justify the approximation (1-5), we can handle this equation

13The wave equation for r indeed has such zeroth order terms; see (2-1).
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using suitable modifications of the ideas discussed before. In particular, an appropriate modification of
(1-4) implies that 2 — € in a suitable sense as |u|, v — 0.

Finally, revisiting the argument for the energy estimates for Maxwell-Klein—Gordon, one notes that it
can in fact be used to control solutions to the Maxwell-Klein—Gordon system on a dynamical background
such that r and log €2 approach their Reissner—Nordstrdom values with a sufficiently fast polynomial
rate as |u|, v — oco. In particular, the estimates we described above for the metric components are
sufficient for us to set up a bootstrap argument to simultaneously control the scalar field and the geometric
quantities.

Note that in terms of regularity, we have closed the problem at the level of the (nondegenerate) L> norm
of first derivatives of the metric components and scalar field. As long as r > 0, this is the level of regularity
for which well-posedness holds in spherical symmetry. It follows that we can also construct an extension
which is a solution to (1-1).

1C. Structure of the paper. The remainder of the paper is structured as follows. In Section 2, we will
introduce the geometric setup and discuss (1-1) in spherical symmetry. In Section 3, we discuss the
geometry of the interior of the extremal Reissner—Nordstrom black hole. In Section 4, we introduce the
assumptions on the characteristic initial data. In Section 5, we give the statement of the main theorem
(Theorem 5.1, see also Theorem 5.5). In Section 6, we begin the proof of Theorem 5.1 and set up the
bootstrap argument. In Section 7, we prove the pointwise estimates. In Section 8, we prove the energy
estimates. In Section 9, we close the bootstrap argument and show that the solution extends up to the
Cauchy horizon. In Section 10, we complete the proof of Theorem 5.1 by constructing a spherically
symmetric solution which extends beyond the Cauchy horizon. In Section 11, we prove additional
estimates in the case m = ¢ = 0.

2. Geometric preliminaries

2A. Class of spacetimes. In this paper, we consider spherically symmetric spacetimes (M, g) with
M = Q x S? such that the metric g takes the form

g=go+ r2(d6? +sin 0 d?),

where (9, go) is a smooth (141)-dimensional Lorentzian spacetime and r : Q@ — R is smooth and
can geometrically be interpreted as the area radius of the orbits of spherical symmetry. We assume that
(Q, go) admits a global double null foliation,'* so that we write the metric g in double null coordinates as

g =—Q%u, v)dudv+r’(u, v)(d6* +sin’ 6 dg?),
for some smooth and strictly positive function 2 on Q.

14Note that for sufficiently regular gg, the metric can always be put into double null coordinates locally. Hence the
assumption is only relevant for global considerations. We remark that the interior of extremal Reissner—Nordstrom spacetimes
can be written (globally) in such a system of coordinates (see Section 3) and so can spacetimes that arise from spherically
symmetric perturbations of the interior of extremal Reissner—Nordstrom, which we consider in this paper.
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2B. The Maxwell field and the scalar field. We will assume that both the Maxwell field F' and the scalar
field ¢ in (1-1) are spherically symmetric. For ¢, this means that ¢ is constant on each spherical orbit,
and can be thought of as a function on Q.

For the Maxwell field, spherical symmetry means that there exists a function Q on Q, so that the
Maxwell field F takes the following form

Q

= T )2”*(92 du A dv),
r

where m denotes the projection map & : M — Q. We will call Q the charge of the Maxwell field.

2C. The system of equations. In this subsection, we write down the symmetry-reduced equations in a
double null coordinate system as in Section 2A (see [Kommemi 2013] for details). Before we write down
the equations, we introduce the following notation for the covariant derivative operator with respect to the
1-form A:

D, ¢ =0,¢+icA,d.
2C1. Propagation equations for the metric components.

rdy dyr = —3Q% — 31 dpr + WPt QPP + Q7 207, (2-1)
r?d, 8y log @ = —27r*(Dy¢ Dy + DydDyp) — Q2r 2 Q% + 1Q + 91 dyr-. (2-2)

2C2. Propagation equations for the scalar field and electromagnetic tensor.

DDy + DyDy¢ = —3m*Q%¢ — 2~ (3,7 Dup + 8,1 D), (2-3)
DyDyp — D, Dy = 37 >Q%ieQ - §, (2-4)
0,0 =2mir’e(¢Dud — p D), (2-5)
00 =—2mir’e(pDyp — pDy). (2-6)
Furthermore, we can write

Q0 =2r*Q2(8,A, — 0,AL). (2-7)

2C3. Raychaudhuri’s equations.
3(Q20,r) = —4nrQ %D, (2-8)
3 (Q72 9yr) = —4nrQ %Dy (2-9)

2D. Hawking mass. Define the Hawking mass m by

(2-10)

. r r 48,,,7' 31)7‘
m:= 5(1 —g0o(Vr, Vr)) = 5(1 + oy )
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By (2-1), (2-8) and (2-9),

2 2

um = 87D, g7 + 20wl i+ 3 PO (2-11)
2 2

dm = 87 (8 )|y + 20,y ) +1(8 ne (2-12)

2E. Global gauge transformations. Consider the following global gauge transformation induced by the
function x : D — R, D C R*:

P, v) = e X"V (u, v),
Ay (u,v) = Ay (u, v) + 3, x (u, v),

with & = u, v. Let us define D=d +icA. Then,
Dyp=e""XD,¢.

As a result we conclude that the norms |¢| = |q~5| and |D,¢| = |5u¢~’| are (globally) gauge-invariant.

In most of this paper, the choice of gauge will not be important. We will only explicitly choose a gauge
when discussing local existence or when we need to construct an extension of the solution. Instead, most
of the time we will estimate the gauge-invariant quantities |¢| and |D,¢|. For this purpose, let us note
that we have the following estimates regarding these quantities:

Lemma 2.1. The following estimates hold:
[, v) < |@|(u1, v) +/ |Dugp| (', v) du’, (2-13)
u
v
$lsv) < gl o)+ [ 1Dglw. v av -14
vy

Proof. We can always pick x such that A, = 0 and 5,,{5 = 9,¢. This fact, together with the fundamental
theorem of calculus and the gauge-invariance property above, imply

u u
$1sv) = 191 0) <1910 0+ [ 1BGI v du’ = gl v) + [ 1Dl v
ui ui
which implies (2-13).
Similarly, by choosing x such that A, = 0, we obtain (2-14). O

3. Interior of extremal Reissner—Nordstrom black holes

The interior region of the extremal Reissner—Nordstrom solution with mass M > 0 is the Lorentzian
manifold (McrN, gerN), Where Mgy = (0, M), x (—00, 00), x S? and the metric g.ry in the (¢, r, 0, @)-
coordinate system is given by

8eRN = —Q(z)dtz + Qazdr2 + rg(d@2 +sin® 0 dg?),
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M
Qoz(l——).
ro

We define the Eddington—Finkelstein r*-coordinate (as a function of r) by

where

2

= M 2M'1 — 1
P =+ 2M log(M —r) 1, (3-1)

and define the Eddington—Finkelstein double-null coordinates by
u=t—r*, v=r+r*. (3-2)
In Eddington-Finkelstein double-null coordinates (u, v, 8, ¢), the metric takes the form as in Section 2A:
gerN = —2(u, v) du dv + r}(u, v)(d6? + sin® 6 dp?),

where rg is defined implicitly by (3-1) and (3-2) and Q(z)(u, v) = (1 —M/(ro(u, v)))>~

For the purpose of this paper, we do not need the explicit expressions for ry and ¢ as functions of
(u, v), but it suffices to have some simple estimates. Since we will only be concerned with the region of
the spacetime close to timelike infinity i * (see Figure 1),"> we will assume v > 1 and u < —1. In this
region, we have the following estimates (the proof is simple and will be omitted):

Lemma 3.1. Forv > 1and u < —1, there exists C > 0 (depending on M) such that forv>1andu < —1,

C C
ro—Ml(u,v) < ———, oyrol(u, v) + |0, ro|(u, V) < ————.
ro |(u, v) RN [0yrol (i, v) +[yrol(u, v) RN

Given any B > 0, we can find a constant Cg > 0 (depending on M and B) such that for v>1and u < —1,
2M
v+ |ul
18, (v* Q) + 8, ()|, v) < Cp (v + lu)) 7>, (3-4)

0— (u, v) < Cp(v+|ul)~>*P, (3-3)

3A. Regular coordinates. We would like to think of Mrn as having the “event horizon” and the “Cauchy
horizon” as null boundaries, which are formally the boundaries {# = —oo} and {v = oo} respectively. To
properly define them, we will introduce double null coordinate systems which are regular at the event
horizon and at the Cauchy horizon respectively. We will also use these coordinate systems later in the

paper
« to pose the characteristic initial value problem near the event horizon, and

« to extend the solution up to the Cauchy horizon.

15Forrnally, it is the “2-sphere at u = —o0, v = 00”.
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3A1. Regular coordinates at the event horizon. Define U by the relation

dU
— =Qu, )= (1-
du o, 1) (

2
o, 1)) , U(—00)=0. (3-5)

By Lemma 3.1, there exists a constant C (depending on M), so that we can estimate
dUu
0<——<C+uh (3-6)
du

Define the event horizon as the boundary {U = 0}. We will abuse notation to denote the event
horizon as both the boundary in the quotient manifold {(U, v) : U = 0} C Q and the original manifold
{(U,v): U =0} x S* C Mern (see Section 2).

After defining u(U) as the inverse of u — U, we abuse notation to write ro(U, v) = ro(u(U), v) and
Qo is defined by

QU v) = Q2 w(U), D), v),

and the extremal Reissner—Nordstrém metric takes the following form in the (U, v, 6, ¢)-coordinate
system:
gerN = — Q3 (U, v) dU dv + 12 (U, v)(d6* + sin® 6 dg?).

In particular, by (3-3), it holds that
Q0(0,v) =1 (3-7)
for all v. Additionally, we have, for all v,

r0(0, v) = M.

Hence, inthe (U, v, 6, ¢)-coordinate system, QO(U , v) and ro(U, v) extend continuously (in fact smoothly)
to the event horizon. Moreover, for every v > 1 and u(U) < —1, ﬁ(z)(U , v) is bounded above and below

as follows: 5
—— <QU,v) <1. 3-8
1S oU,v) = (3-8)
3A2. Regular coordinates at the Cauchy horizon. Define V by the relation
v Qi(-1,v) =1 LY V(00) =0 (3-9)
- = —1,v) = -, o0) =0. -
dv 0 ro(—1,v)

By Lemma 3.1, there exists a constant C (depending on M), so that we can estimate
Ofd—sC(1+v) . (3-10)
v

Define the Cauchy horizon as the boundary {V = 0}. (Again, this is to be understood either as
{(u, V):V =0} C Q or the original manifold {(u, V) : V =0} x C Mcrn.) After defining v(V) as the
inverse of v — V, we abuse notation to write ro(u, v(V)) = ro(u, v(v)) and 50 is defined by

Gou, v(V)) = Q2 (=1, v(V)Q(u, v(V)),
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and the extremal Reissner—Nordstrém metric takes the following form in the (u, V, 6, ¢)-coordinate
system:

gern = — S (u, V) dudV +rd(u, V)(d0* +sin® 0 dgp?).

In analogy with Section 3A1, it is easy to see that Ezé and rg extend smoothly to the Cauchy horizon.

4. Initial data assumptions

We will consider the characteristic initial value problem for (1-1) with initial data given on two transversally
intersecting null hypersurfaces, which in the double null coordinates (U, v) are denoted by

Hy:={U,v):U=0}, Hy :={U,v):v=nrvp}.

Here, the (U, v)-coordinates should be thought of as comparable to the Reissner—Nordstrom (U, v)-
coordinates in Section 3A1; see Section 4A for further comments.

The initial data consist of (¢, r, €2, Q) on both Hy and H,,, subject to (2-5) and (2-8) on H,,, as well
as (2-6) and (2-9) on H.

We impose the following gauge conditions on the initial hypersurfaces H,, and Hy:

QU, vo) = Qo(U, v) for U € [0, Upl, Q0,v) = Qp(0,v) =1 forve[vy,o0),  (4-1)

which can be thought of as a normalization condition for the null coordinates.

The initial data for (¢, r, 2, Q) will be prescribed in Sections 4C—4F, but before that, we will give
some remarks in Sections 4A and 4B: In Section 4A, we discuss our conventions on null coordinates; in
Section 4B, we discuss which parts of the data are freely prescribable and which parts are determined by
the constraints. We then proceed to discuss the initial data and the bounds that they satisfy. In Section 4C,
we discuss the data for ¢; in Section 4D, we discuss the data for r; in Section 4E, we discuss the data
for Q; in Section 4F, we discuss the data for dyr on Hj.

4A. A comment about the use of the null coordinates. In the beginning of Section 4, we normalized
the null coordinates (U, v) on the initial hypersurfaces by the condition (4-1) so that they play a similar
role to the (U, v)-coordinates on extremal Reissner—Nordstrom spacetimes introduced in Section 3A1.
This set of null coordinates has the advantage of being regular near the event horizon and therefore it is
easy to see that the Einstein—Maxwell-Klein—Gordon system is locally well-posed with the prescribed
initial data.

However, in the remainder of the paper, it will be useful to pass to other sets of null coordinates. For
this we introduce the following convention. We use all of the coordinate systems (U, v), (u, v) and (u, V),
where u and 'V are defined (as functions of U and v respectively) by (3-5) and (3-9).

All the data will be prescribed in the (U, v)-coordinate system and we will prove estimates for ¢,
r and Q in these coordinates. Nevertheless, using (3-5), they imply immediately also estimates in the
(u, v)-coordinate system, and it is those estimates that will be used in the later parts of the paper.
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4B. A comment about freely prescribable data. Since the initial data need to satisfy (2-5), (2-6), (2-8)
and (2-9), not all of the data are freely prescribed. Instead, we have freely prescribable and constrained data:
» A normalization condition for # and v can be specified. In our case, we specify the condition (4-1).

e ¢ on Hy and H can be prescribed freely.

o r and Q can then be obtained by solving (2-5), (2-6), (2-8) and (2-9) with appropriate initial conditions,
namely,

— r and Q are to approach their corresponding values in extremal Reissner—Nordstrom with mass
M > 0;1i.e.,
lim (0, v) = lim Q(0,v) =M.
V—>00 vV—> 00
— (dyr)(0, vy) can be freely prescribed; see (4-7).

We remark that in order to fully specify the initial data, it only remains to pick a gauge condition for A.
For this purpose, it will be most convenient to set Ay (U, vg) =0 and A, (0, v) = 0. (This can always be
achieved as each of these are only set to vanish on one hypersurface; see the discussions following (9-6).)
Nevertheless, the choice of gauge will not play a role in the rest of this subsection, since all the estimates
we will need for ¢ and its derivatives can be phrased in terms of the gauge-invariant quantities |¢|, | Dy |
and | D, ¢|.

4C. Initial data for ¢. We assume that there exist constants D; and D, such that
Uo
/ |Dy¢|*(U, vo) dU < D, 4-2)
0

o0
f V2 Dy (0, ') dv' < D, (4-3)

vo
where we will take o > 0. We additionally assume that
lim ¢(0, v) =0. (4-4)
V—>00
Lemma 4.1. The following estimate holds:
1_a

191(0,v) < y/Dov™ 2" 2. (4-5)
Proof. By (4-4), (2-14) and the Cauchy—Schwarz inequality, we have

o0 o0 o0
1610, v) < / |Dv¢|<o,v’>dv’§\/ f v’“dv/-\/ / VD10, v)) v,
v v v

so we can conclude using (4-3). U

4D. Initial data for r. We assume that

lim r(0,v) =M (4-6)

vV—>00
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and we prescribe freely dyr (0, vg). Let us assume that
aur(0,v9) <0, [9yr|(0, vg) < MD;. 4-7)
We use (2-8) and (2-9) as constraint equations for the variable r along Hy = {U =0} and H,, = {v=vo}.
4D1. Initial data for r on Hy. We obtain along Hy
32r (0, v) = —4mr (0, v)| Dyo|*. (4-8)
The above ODE can be solved to obtain (0, v).

Lemma 4.2. There exists a unique smooth solution to (4-8) satisfying (4-6). Moreover, if vy satisfies the
inequality
Dovy ' < o (4-9)

8>

then the following estimates hold for v > vy:
IM<r,v) <M, |r—MI[0,v) <4rMDyv~", 13,r(0,v) <4wMDov 2.

Proof. Existence and uniqueness can be obtained using a standard ODE argument. We will focus on
proving the estimates.

First, observe that by integrating (4-8), and using the assumptions r (0, v) — M and (4-3), it follows
that lim, _, 5 (9,7)(0, v) exists. Now using again the assumption r (0, v) — M, we deduce that

lim (9,7)(0, v) = 0. (4-10)
vV—> 00
Together with (4-8) this implies
d,r (0, v) > 0.
Since (0, v) — M, we can then bound
r0,v) <M. 4-11)

By (4-8) and (4-10),

oo
18,7 (0, v)| <4 sup r(0, v)-/ 1Dy (. v') dv'.
v

vo<v<00

We deduce, using (4-3) and (4-11), that

10,7 (0, v)| < 4w MDov 27, (4-12)
and therefore
A M lea
(0, v) — M| < H—aDOv (4-13)

for all vg < v < oo. In particular, given (4-9), it holds that for all v € [vg, 00),
r0,v) = 3 M. (4-14)

The estimates stated in the lemma hence follow from (4-11)—(4-14). O
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4D2. Initial data for r on Hy. We similarly obtain along H
3y (Q (U, vo) dyr (U, vp)) = —4wQ (U, vo)r (U, v9)| Dy $|*. (4-15)
The above ODE can be solved to obtain (U, vg).

Lemma 4.3. There exists a unique smooth solution to (4-15) satisfying (4-6). Moreover, if Uy, vy satisfy
the inequality

Dovy ' <&, MDwiUp < (4-16)

1
8w 367
then the following estimates hold for U € [0, Up]:
M <rU,v) <3iM, |dyr|(U,vo) <97 MDjvg.

Proof. As in Lemma 4.3, since existence and uniqueness is standard, we focus on the estimates. To this
end, we introduce a bootstrap argument, starting with the assumption

(U, vo) < 2M. (4-17)

Integrating (4-15) and using (4-1),

U
1Q72(U, vo) dyr (U, vo) — dyr(0, vo)| <4 sup Q (U’ vo) r(U’, vp) - / |Dy|>(U”, vo) dU".
0<U’'<Uy 0

By (3-8), (4-2) and (4-7), this implies

vo+ 1

2
[0yr(U, vg)| < MD;+ 87 M - ( ) -Di=MDi(1+2n'(v0+1)2)§9nMDiv§. (4-18)

Integrating in U, this yields (for U € [0, Up])),
7 (U, vo) — (0, vo)| < 97 MD;v§Up,
which implies, using Lemma 4.2 (or more precisely (4-11) and (4-14)),
IM — 9 MDivUs < r(U, vo) < M + 97 MD;v3Up.

Hence, by (4-16), it holds that
IM <r(U, v) <3M, (4-19)

and we have improved the bootstrap assumption (4-17). This closes the bootstrap argument, and the
desired estimates follow from (4-18) and (4-19). O

4E. Initial data for Q. In view of (2-5) and (2-6) which have to be satisfied on the initial hypersurfaces,
it suffices to impose Q on one initial sphere. We assume that

lim Q(0,v) =M. (4-20)
vV—> 00
Lemma 4.4. Assume (4-9) holds. Then the following estimate holds on Hy:
10(0, v) — M|(0, v) < 4m|e|]MDyv~ ', (4-21)
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Proof. Using (2-6), (4-11) and the Cauchy—Schwarz inequality we estimate

1Q(0, v) — M[(0,v) <4mle| sup r?(0,v")- / 9] - Dyl (0, v") dv'

v €lvg,00)

<4nlelM® sup (0, \// o gy \// V2| DyI2(0, v') dv,

v<v’'<00

so we can use (4-3) and (4-5) to conclude (4-21). O

4F. dyr along Hy. The function d,r along Hy is not freely prescribable, but is dictated by (2-1) and the
freely prescribable data for (dy7)(0, vg) (which obeys (4-7)). We will need the following estimate for
dyr along Hy.

Lemma 4.5. Suppose (4-9) holds. Then there exists a constant C > 0 depending only on M and wm such
that for every v € [vg, 00),
10y r (0, v)| = C(Do + Di). (4-22)
Proof. By (2-1) we have
3y (r dyr)(0, v) = 4M*m*mr?|p|* + M*r—2(Q* — r?)
=AM’ r?|p* + MPr 2 (Q% — MP) + MPr 2 (M? — ).

Hence,

|(r 3yr)(0, v) — (r dyr)(0, vo)| S

o0
/ m2r2|¢|2+%M—2(Q2_M2)+4%M—2(M2_r2)dv/
vo

where we have used Lemmas 4.1, 4.2 and 4.4 (and we crucially used that o« > 0). Together with (4-7), we
can therefore conclude (4-22). O

5. Statement of the main theorem

We are now ready to give a precise statement of the main theorem. Let us recall (from Section 4A) that
we also consider the coordinate system (u, v), where u(U) is defined via the relation (3-5). It will be
convenient from this point onwards to use the u-(instead of U-) coordinate.

Theorem 5.1. Suppose

o the parameters M and ¢ obey'®

1 — (104 5v6 —3vV9+4v/6)[e|M > 0. (5-1)
o the initial data are smooth and satisfy (4-1), (4-2), (4-3), (4-4), (4-6), (4-7) and (4-20) for some finite

D, and D;.

Then for |ug| sufficiently large depending on M, m, ¢, a, Do and Dj and vg sufficiently large depending on
M, m, ¢, o and D, (but not Dj!), the following hold:

16Note that (10 4+ 546 —3v/9 +4/6) ~9.24 . . ..
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o (existence of solution) There exists a unique smooth, spherically symmetric solution to (1-1) in the
double null coordinate system in (u, v) € (—o0, ug] X [vg, 00).

o (extendibility to the Cauchy horizon) In an appropriate coordinate system, a Cauchy horizon can be
attached to the solution so that the metric, the scalar field and the Maxwell field extend continuously to it.

o (quantitative estimates) The following estimates hold for all (u, v) € (—00, ug) X [vg, 00) for some
implicit constant depending on M, m and ¢ (Which shows that the solution is close to extremal Reissner—

Nordstrom in an appropriate sense):
l_«a 1
|61(t, v) SDV™272 + (Do +D)ul 2, |r = M(u, v) S Dov™" + (Do +D)lul ™",
1922 = 31, v) 5 Jul 72 (lul +v) 2,

187 | (u, v) S (Do +Di)|ul ™2, 18,7 |(u, v) < (Do +Di)v 2,

o0 uo
/ 210,61, v>dv+/ w2134 2, v) du < Do + D,
Ui

0 —00

ug 2 Voo 2
*(ou(10z ) *(ouftoz gy ) ;
/_ ” (au(log o (u,v)du—i—/vo v (o0 (log 5. )) @ vy dv < 5.

o0

o (extendibility as a spherically symmetric solution) The solution can be extended nonuniquely in (space-
time) C 03N le)’cz beyond the Cauchy horizon as a spherically symmetric solution to the Einstein-Maxwell—
Klein—Gordon system.

Remark 5.2 (vo > 1, ug < —1.). Without loss of generality, we will from now on assume that vy > 1
and ug < —1.

Remark 5.3 (validity of the estimates in Section 4). Recall that in Section 4, some of the estimates that
were proven depend on the assumptions (4-9) and (4-16). From now on, we take vy sufficiently large and
ug sufficiently negative (in a manner allowed by Theorem 5.1) so that (4-9) and (4-16) hold.

Remark 5.4 (relaxing the largeness of vy). Note that vy is assumed to be large depending on M, m, e,
« and D, so that we restrict our attention to a region where the geometry is close to that of extremal
Reissner—Nordstrom. However, in general, if we are given data with vy ; = 1 (say) and D, not necessarily
small, we can do the following:

(1) First, find a v (sufficiently large) such that vy is sufficiently large depending on M, m, ¢, & and D, in
a way that is required by Theorem 5.1.

(2) Solve a finite characteristic initial value problem in (—o0, ug] x [vo ;, vo] for some uq sufficiently
negative. (Such a problem can always be solved for ug sufficiently negative. This can be viewed as a
restatement of the fact that for local characteristic initial value problems, one only needs the smallness of
one characteristic length, as long as the other characteristic length is finite; see [Luk 2012].)

(3) Now, let Dj be the size of the new data on {v = vy} which is obtained from the previous step. By
choosing u smaller if necessary, it can be arranged so that |ug| is large in terms of M, m, ¢ and D, + D;
in a way consistent with Theorem 5.1.
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(4) Theorem 5.1 can now be applied to obtain a solution in (—o0, ug] X [vg, 00) such that the conclusions
of Theorem 5.1 hold.

In the case e = m = 0, we obtain the following additional regularity of the scalar field:
Theorem 5.5. In the case e = m = 0, suppose that in addition to the assumptions of Theorem 5.1, the

following pointwise bounds hold for the initial data:

sup  |ul?|3,¢](u, v0) + sup v?]d,¢|(—00, v) < 00. (5-2)

u€(—o0,u] ve[vg,00)

Then, taking ug more negative if necessary, in the (u, V)-coordinate system, see (9-1), the scalar field is
Lipschitz up to the Cauchy horizon.

6. The main bootstrap argument

6A. Setup of the bootstrap. We will assume that

« there exists a smooth solution (¢, 2, r, A) to the system of (2-1)—(2-9) in the rectangle Dy [y, v.) =
{(U,v)|0<U < Uy, vg <V < Vs}, such that

« the initial gauge conditions are satisfied, i.e., QZ(U, vy) = ﬁ%(U, vg) and QZ(O, V) = 53(0, v), and
« the initial conditions for ¢, r, Q are attained.

On this region, we will moreover assume that certain bootstrap assumptions hold (see Section 6B). Our
goal will then be to improve these bootstrap assumptions, which then by continuity, implies that the above
three properties hold for all v > vy, i.e., in the region Dy, , = Duj.[vy,00)-

Recall again that we often use the (u, v)- instead the (U, v)-coordinates. Abusing notation, we will
also write

Doy 1vo,v00) = DU [vo,v00) = 11, V) | =00 < u < ug :=u(Up), vo <V < Vo).

6B. Bootstrap assumptions. Fix n > 0 sufficiently small (depending only on ¢ and M) so that
1— (10 +5v6 —3vV9+4v6)(1 4+ n)|e|M > 0. (6-1)

(Such an 7 exists in view of (5-1).) Define

1= (1-10+5v6—3v9+4/6)(1 +n)le|M). (6-2)
Let us make the following bootstrap assumptions for the quantities (¢, €2, r) in Dy, .., for some Ay > 1
to be chosen later:

o 12 Q 2 ’ I oo 12 Q 2 / I
sup u <8u<10g 5())) (w',v)du" + sup v <8v(log 50)) (u,v)dv <M, (Al

veE[v),Ve0] J —00 ue(—oo,up] J g
uo Voo
/2 20/ / 12 2 / /
sup / u”|Dy@|"(u',v)du"+ sup / VDol (1, v') dv' < Ay(Do + Di), (A2)
ve[vg,Veo] J —00 ue(—oo,up] Jug

sup Ir — M| (u,v) < 3M. (A3)

ue(—o0,ugp], vE[vo,voo]
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Our goal will be to show that under these assumptions, for |¢g| sufficiently large depending on M, m, e,
o, 1, D, and D; and vy sufficiently large depending on M, m, ¢, o, n and D,,

o the estimate (A1) can be improved so that the right-hand side can be replaced by %M ;

« the estimate (A2) can be improved so that the right-hand side can be replaced by C (D, + D;), where
C is a constant depending only on M, m, ¢, o and n;

o the estimate (A3) can be improved to |[r — M| < A—ILM .
6C. Conventions regarding constants. In closing the bootstrap argument, the main source of smallness

will come from choosing |ug| and vy appropriately large. We remark on our conventions regarding the
constants that will be used in the bootstrap argument:

« All the implicit constants (either in the form of C or <) are allowed to depend on the parameters M, m,
¢ and «. In particular, they are allowed to depend on 7, defined in (6-1), and w, defined in (6-2). There
will be places where the exact values of these parameters matter (hence the corresponding restriction in
Theorem 5.1): at those places the constants will be explicitly written.

e |ug| is taken to be large depending on M, m, ¢, «, 17, D, and Dj, and vy is taken to be large depending
on M, m, ¢, o, n and D,. In particular, we will use

_1 1
DOUO U« 1, (,Do‘i‘,Di)llft0|7m <1

without explicit comments, where by << 1 we mean that it is small with respect to the constants appearing
in the argument that depend on M, m, ¢, o and 7.

o Ay > 1 will eventually be chosen to be large depending M, m, ¢ and «, but not on D, and D;. In
particular, we will also use

_ L 1
A3Dovy <1, AG(Do+Di)lugl T < 1 (6-3)
without explicit comments.

7. Pointwise estimates

Proposition 7.1. For all —co < u < ug, vg < v < vo, We have

o 1
61, v) S VDov™ 2% + A2 /Do + Dilu] 2, (7-1)

10 — M|(u, v) < Dov™ "= 4+ Ay (Do + D) u| ", (7-2)
12 — Qol (s v) < Jul 2w+ Jul) ", (7-3)
197 — Q2[(u, v) S Jul 2 v+ ul) %, (7-4)
Q- —M vy Sl + fup! (7-5)
Wt u,v) Slu v u ,
4M? 1
2 -3 -2
‘Q —m (u,v) Slul" 2+ |u)~". (7-6)
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In particular,
IM <0l v) <3M, (7-7)
IM*(v+ |ul) 2 < Q%(u, v) < 6M*(v + |u]) 2. (7-8)

Proof. Proof of (7-1). By (2-13) and the Cauchy—Schwarz inequality, we obtain

9], v) < |p|(—00, v) + |u|—%\/ / u?| D>, v) du. (7-9)

Using (4-5) and the bootstrap assumption (A2) to control the first and second term respectively, we obtain
(7-1).
Proof of (7-2). Using the estimate (7-1) for ¢, the bootstrap assumption (A3) for r together with (2-5),

we obtain a pointwise estimate for |Q — M|:

u

|1Q — M|(u, v) < |Q — M|(—o0, v)+f 19, 01(u’, v) du'

—0o0

<10 —M|(—o0, v)+471|e|/ 1ol Dug| ', v) dud

u
<10 — M|(—00, v) +4rle||ul"2 sup r2|¢|<u’,v>-\// u?| Dy (', v) du’
—00

—oo<u'<u

<1Q = MI(=00, v) + C/Ag(Dy + Dp)lul = (|u] 2/ Ag(Dy + D) + v~ /Dy).
Using (4-21) and Young inequality, we therefore conclude that

|Q — M|(u, v) S Dov™ "% + Ap(Do + Di) Ju] .

Proof of (7-3), (7-4), (7-5) and (7-6). By our choice of initial gauge (4-1), we have

-~

Q

lo g(—oo,v):lo — (U =0,v)=0,
£ gQ
0

so we can estimate using (A1)

“ 2
‘log 2 ‘(M, v) < Iul‘é\/ u’2<au <10g 2 )) W', vy du' < M3 |ul">.
Using (A1) and the simple inequality le? — 1] < |9e”!, we have
£
Q' @

We now consider two cases. Suppose (2/ o) (u, v) > 1 for some (u, v); we have

‘%0 - 1‘(u, v) < M3 |u|" max{ }(u, v, ‘%0 — 1)(u, V) < M3 u|~3 max{%o, %)}(u, V).
o — 1w = M (= 1)+ M
which, after choosing ug to satisfy M 2 |u0|_% < 1. implies

‘9 _ l‘(u, v) < 2M3u|" (7-10)
Qo
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Multiplying (7-10) by €29 in particular implies
12— Qol (1, v) < 4M> |u| > Q(u, v) (7-11)

in this case. On the other hand, if (2/2¢)(u, v) < 1 for some (u, v), we have by a similar argument that
for M |ug| ™2 < 1,
‘%) _ 1‘(14, v) < 2MEul 3.

This then implies

|90 — 20, v) < 2M 3 [u] 2R — ol (ut, v) +2M 2 u| "2 Q0 (u, v).
Choosing M%|u0|*% < % implies that we also have (7-11) in this case. Using (7-11) and (3-3), we
conclude (7-3).
For (7-4), we use (7-11) twice to obtain

192 — Q2|(u, v) < 4AMZ|u|"2Q0(2+ Q) < 16M|u| ™ Q2+ 8M2 |u| 2222,

which, after choosing |ug| to be sufficiently large and using (3-3), implies (7-4).
Finally, (7-5) and (7-6) follow from (7-3), (7-4) and (3-3), with 8 = %

Proof of (7-7) and (7-8). The bound (7-7) is an immediate consequence of (7-2), while (7-8) is an
immediate consequence of (7-6). O

Proposition 7.2. The following estimates hold:

10,7 |(t, v) < Ap(Do + Di)lu| 2, (7-12)
18,7 | (1, V) < Dov ™% + Ag (Do + Di) minfv =2, |u| 73}, (7-13)
Ir(u, v) — M| < Dov™" 4 Ay (Do + D) u| ™, (7-14)
| (u, v) — ro(u, V)| S Dov™" + Ag (Do + D) u| ™ + (v + u) ™. (7-15)
In particular,
r(u,v) — M| < zM, (7-16)

which improves the bootstrap assumption (A3).

Proof. Proof of (7-12). By (2-8), (A3), (7-8) and (4-22), we can estimate
10,71 (u, v) < Q% (u, v)]dyr|(—00, v) + CQ*(u, v) f Q2w )| DG, v) du’
—00

u 11\2
< C(Do+Dpul™> +Cv+ |u|>—2/ Mmzwmﬂ(m, v)du'.

oo W)
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Note that for |u’| > |u|, we have

v+ ')\ v ) v\’ v+ lul\
— ) =l1+—) <(1+—) = :
|u'| |u'| |ul |ul

which we can use to further estimate

u

18,7 | (1, v) < C(Do+Dj)|u| ™%+ C|u|—2f /|| Dy * (', v) dud’

—00
and hence, by (A2),
18,7 | (e, v) < CAy(Do+ Dj)|u| 2.

Proof of (7-16). Using the fundamental theorem of calculus and integrating (7-12) in u, we obtain

u

Ir(u, v) — M| < |r(—o0,v) — M| +/ 18,7, v) du’ < Dov™" + Ap(Do + Di)|u| ™",

—o0
where in the last inequality we have used Lemma 4.2 and (7-12). Combining this with the estimates for r¢
in Lemma 3.1, we thus obtain the estimate for » — r¢ in (7-15). In particular, for Dyv,, ! (Do + D;) o)~
suitably small, we obtain
r(u,v) — M| < M

for all (u, v) € Dy, »,,, which is the estimate (7-14).
Proof of (7-13): the region {v < |u|}. We first rewrite (2-1) as

u(r dyr) = JQr Q> — M) + 1 Q5 2(M? — ) + mPmr? Q¢

By (7-1) (for ¢), (7-14) (for r — M) and (7-2) (for Q — M), the u-integral of the right-hand side of the
above equation can be estimated (up to a constant) by

/ QA (Dov™" + Ag(Do +Di) |71 dud'.

—0o0

Using (7-6), we have, in the region {v < |u|},

u u
/ Q*Dov ! du’ gpov—lf W+ D2 du’ <Dov v+ u !
—0o0 —0oQ

and

/ Q2 Ay (Do +Di)li| ™ du’ < Ay (Do +Di)/ 0+ 1) dud

—00

< Ap(Do + Di)|u] 2.

Together with the bound on 9,7 on the event horizon in Lemma 4.2, this implies that when v < |u/|, we
have the estimate
|0ur|(u, v) S Dov™> + Ay (Do + Dj) min{v 2, u| 2}

Proof of (7-13): the region {v > |u|}. Notice that if we estimate in this region in the same manner as

before, we lose a factor of logv in the bound. So instead of (2-1), we will use the Raychaudhuri’s



290 DEJAN GAIJIC AND JONATHAN LUK

equation (2-9).17 More precisely, given (u, v) with v > |u|, we integrate (2-9) along a constant-u curve
starting from its intersection with the curve {|u| = v} to obtain

07

]
a(u’v)< Lr

~ Qz

(u, —u) +/U Q72D |*(u, V) dv'.

By the estimates for d,r in the previous step and (7-4), we have

0,7

o7 (u, —u) S Ap(Do + Di).

Since v’ > |u| in the domain of integration, we have, after using (7-4) and (A2), that

v v v
f QD (u, vy dv' S | '+ |ul)? Dyl (u, v dv' < [ V2 Dy 2 (u, V') dv' S Ag (Do + D).

u —u u

Combining the three estimates above with (7-6) yields that when v > |u|,
18071 (ut, v) S Ag (Do + Di) minf{v2, Ju] 7).

Together with the previous step, we have thus completed the proof of (7-13). (|

8. Energy estimates

In this section, we prove the energy estimates for (derivatives of) ¢ and 2. In particular, we will improve
our bootstrap assumptions (A1) and (A2). As we discussed in the Introduction, the argument leading to
energy estimates for ¢ will go through the introduction of a renormalized energy, the analysis of which
forms the most technical part of the paper.

In Section 8A, we will motivate the introduction of our renormalized energy for the matter field by
considering the stress-energy-momentum tensor associated to the matter field. In Section 8B, we show
that the renormalized energy we introduce is coercive; and in Section 8C, we show that one can bound
this renormalized energy. Combining these facts yields the desired control for the matter field.

Finally, in Section 8D, we prove the energy estimates for (£2/2g).

8A. The stress energy tensor and the renormalized energy fluxes. The null components of the stress-
energy-momentum tensor T, corresponding to the scalar field and electromagnetic tensor are given by

T = Q2 (1 + 574 0%), Tuwu=IDugl®. Ty =|Duol”

The above expressions suggest that the natural energy fluxes along the null hypersurfaces of constant u
and v are obtained by integrating the contraction T (X, d,) and T(X, d,), respectively. With the choice

170n the other hand, in the region {v < |u|} that we considered above, it also does not seem that Raychaudhuri can give the
desired bound.
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X = u?9, + v? 9, this gives

v
/ ? v2r2|Dv¢|2+}TuerQZ(m2|¢|2+#r“‘QZ) dv.
Uluz
f u2r2|Du¢|2—|—%vzerz(m2|¢|2+#r“‘Qz) du,
ui
with —00 < u; <upy <ug, vo <V < vy < 00.

However, with the above energy fluxes, the initial energy flux is not finite even initially on the event
horizon with the chosen initial data. We therefore introduce the following renormalized energy fluxes.'®

E,(u) = /vw VM2 Dyd* (u, v) + §u MP QP (mP(@* + 5 M~H(Q* — MP)) (u, v) dv, (8-1)

0

ug
E,(v):= / wM?| Dy (u, v) + J0*M*Q* (P (g)> + = MH(Q% — M?))(u, v)du.  (8-2)

—0o0
8B. Coercivity of the renormalized energy flux. Our goal in this subsection is to prove that the renor-
malized energy flux we defined in (8-1) and (8-2) is coercive and controls the quantity on the left-hand
side of (A2). The statement of the main result can be found in Proposition 8.7 at the end of the subsection.

This will be achieved in a number of steps. We will first need the following preliminary results:

(1) We need an improved version of (7-2), which keeps track of the constants appearing in the leading-
order terms (Lemma 8.1).

(2) We then show that fl};(lul /(' +u)))?|¢|*(u, v') dv’ can be controlled by the left-hand side of (A2)
(Lemma 8.3).

(3) Similarly, we show that [*? (v/(v + [u']))?|¢|*(u’, v) du’ can be controlled by the left-hand side
of (A2) (Lemma 8.4).

Both (2) and (3) above are based on a Hardy-type inequality; see Lemma 8.2. After these preliminary steps,
we turn to the terms in the renormalized energy (see (8-2), (8-1)) which are not manifestly nonnegative.
Precisely, we control

.= fv’;‘” u>?M~2Q?(Q* — M?*)(u, v) dv in Proposition 8.5, and
o = [ vV2M72Q%(Q? — M?)(u, v) du in Proposition 8.6.

167 00

Putting all these together, we thus obtain the main result in Proposition 8.7.
We now turn to the details, beginning with the following lemma:

Lemma 8.1. Let n > 0 be as in (6-1). Then there exists C > 0 such that
0% — M?|(u, v)
u
<8xMle|(1+n)|u|™" / W ?M?| D, * ', v) du' + CDov™" + CAy(Do +Di)lu| 2. (8-3)

—0o0
I18Notice that in the renormalization, not only have we “added an infinity term” to each of the fluxes, we have also “replaced
several factors of r by factors of M. The replacement of r by M is strictly speaking not necessary to make the renormalized
energy fluxes finite, but this simplifies the computations below.
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Proof. We compute

(Q*—M*)(u,v) = (Q(u, v)+M)(Q(u, v)—M)= (Q(u,v)+M) (Q(—oo, v)—M+ /

u

—00

9,0, v) du/)
and use (2-5) to estimate

0% — M?|(u, v) <1Q(u, v) + M| (|Q(—oo, V) — M| +4x]e] f r*1¢1|1Dug| du/).
We further use (7-9) to estimate -

/ 2161 | Dudl ', v) di’

—0o0

<[M*+ sup (F-MH]- sup 1ol v)- f 1Dy, v) du’

—oo<u'<u —oo<u'<u

<[M*+ sup <r2—M2>]-|u|—5|¢|<—oo,v>\/ / u?| D>, v) du’

—oo<u'<u

He s o] [ Dl vau' -] | wrpigtal v au

—oo<u’'<u -

u
<[M>+ sup (r>—=M*)]-|ul"?|p](—o0, v>\/ f u?| D>, v) du'’
—oo<u'<u —0o0 u
+[M*+ sup (P =MD |ul™! / u?| Dy, v)du'. (8-4)
—oo<u'<u —00
Using (7-14), it follows that
12 — M?|(u,v) = |r — M +2M| - |r — M|< Dov™" + Ay (Do + D) |u| ',

where we have taken Doy, "and (Do + D;)|uo|~" to be suitably small.
Therefore, we can further estimate the right-hand side of (8-4) to obtain

u u
/ r2I¢||Du¢|(u’,v)du’§f¢n1M2|¢|2(—00,v)+(1+77)M2|u|lf WD 20, v) dil

—o0 —00

+CDov ™ Nu| ™' + CAS (Do + D) |u| ™%, (8-5)

where we moreover applied Young’s inequality with an n-weight, where 1 > 0 is as in the statement of
the proposition.
By applying (7-2) and (8-5) together with the initial data estimate (4-5) and (4-21), we therefore obtain

|0*—M?|(u, v)
<10, v)+M|(|Q(—oo, V=M |+7n~ M?|e||p]* (—o0, v)

+4n|el(1+n)|u|_1/

—o0

u
w>M?| DI, v) du'+CDov™" |u|—1+CA¢<DO+Di>|u|—2)
< @M+CDov™ " "*+C Ay(Do+Di)|u| ")

.<4n|e|(1+n)|u|—1/ u/zleDud)lz(u’,v)du/—i-CDov_]+CA¢(DO+Di)|u|_2)

o0

u
<8 M|e|(1+n)|u| ! / u*M?| D> (', v) du'+CDov ™' +C Ay (Do+Dy) |u| 2. O

—0o0



THE INTERIOR OF DYNAMICAL EXTREMAL BLACK HOLES IN SPHERICAL SYMMETRY 293

In order to estimate the |¢|> integral, we will make use of a Hardy inequality:

Lemma 8.2. Let f : R — R be in HILC(R) and let ¢ > 0 be a constant. Then for any x1, x; € R with
0<x; <xp <00,

X X

(O ) dr <2+ P )+ —— [t oP P2 dx ifp > —1,
; (p+1)? X1
e +of fA0) dx <201+ ) + p+n2 ),

Proof. We will only prove the inequality in the case p > —1. The other inequality is similar. We compute

(x4+0)P2f2(x)dx if p<—1.

X2 2
05/ (x+c)l’<p;r1f+(x+c)f’) (x) dx

X1

X2 12 1
:/ (p+1) (x+c)pf2+—p—2i_ (x+C)p+1%(f2)+(X+c)p+2f/z(x)dx

. 4
- -Z v fxz(x + 0 f2x) dx+ 2 1 (2 +)P* f2(x2)
XI — ;1<x1 +oP ) + / lxz(x+c>f’+2f’2<x>dx.
Rearranging and dropping a manifestly nonnegative term yield the conclusion. g

Using Lemma 8.2, we prove a Hardy-type estimate on a constant-u hypersurface in our setting.

Lemma 8.3. Given n > 0 as in (6-1), there exists C > 0 independent of Ay such that the following holds:

v 2 v "
[ () 1 van = coea [ vt avsan [ wPiDgra .
v o

v+ |u| v

Proof. We will apply the Hardy inequality Lemma 8.2 on a fixed constant-u hypersurface. For this
purpose, it is useful to choose an auxiliary gauge for A (see Section 2E and proof of Lemma 2.1) where
[0,¢| = |Dy¢| (and we will perform all estimates in terms of the gauge-invariant quantities |¢| and
|Dyo|). Let ¥ > 0 be a constant to be chosen. If v > |u|, we also partition the integration interval,
[vo, v] = [vo, v ul]U[y|u|, v], so we can estimate

/( ) >2|¢|2<u oYy
. o ’

= u,v v u,v v
v \V' |y ylul \V'+|u]

ylul v
< f 12 dv'+ul* [ @' +u) %ol (u, v')dv'
vo ylul

vlul v 2|u
54/ v’2|Dv¢|2<u,v’)dv’+4|u|2/ Dy 20, o' v +2y 1] 6Pt y D+ 6 2 a, y lul)
v y|ul (V+1)

-2 ! 12 2 / / 2 2
<4max{l,y 7} | v7IDy@|"(u,v)dv'+ 2y+m lul o1 (u, y|ul), (8-6)
vo
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where we applied Lemma 8.2 with p =0 and p = —2 respectively in the two intervals. By (7-9), Young’s
inequality and (4-5) (to control the initial data), it moreover holds that for any > 0, there exists C;, > 0
so that the following is satisfied:

u u
6P < D+ (1) [ WD, v du (87)
—00
Using this to control the last term in (8-6), and setting ¥ = 1, we obtain the desired conclusion. O

We have a similar Hardy-type estimate on a constant-v hypersurface, with appropriate modifications of
the weights.

Lemma 8.4. Let ) > 0 be as in (6-1). Then there exists C > 0 independent of Ay such that the following
holds:

uo 2 ug
f ( v )|¢|2(u’,v)du’§CDo+6(1+n) / W2 ADd P, v) it
v ] .

—0oQ0
Proof. Choose a gauge so that | D,¢| =0,¢|. (As in Lemma 8.3, we will only estimate the gauge-invariant
quantities.)
Let o0 > 0 be a constant that will be chosen suitably later on. We partition the integration interval:
[—o0, ug] =[—00, ov]U [ov, ug]. For the sake of convenience, we will change our integration variable
from u to —u and we will denote —u by |u|, so we can estimate

/| |(v+|u/|> 91w, v)diu|
uo
ov 2 o 5
. 2 ! v 2 !
= u',v)dlu +/ ( ) dlu
/|uo|(v+|u/|)'¢'( vl | (S ) 19

ov 0
< / o2, v) d|u'|4+v* / (v+lu' D212, v) dlu|
I ov

uo|

v2

91> (ov, v)

ov o0
< 4/ u/|*| Dy * (o, v>d|u’|+4v2/ |Du@1> (', v) d|u'|+20v|¢|* (o v, v)+2
[uo| ov ov+v

uo

< 4 max{l, 0_2}/

—00

u'?| Dy (i, v)du/+(2+ >av|¢|2(ov, v),

o(1+o0)

where we applied Lemma 8.2 with p = 0 and p = —2 in the two intervals. We apply (8-7) to conclude
that for any 7', o > 0, there exists Cy .o > 0 such that

uo v 2 2 uo
/ (m) |12 du’ < (4max{1,a2}+(1+77')(2+m)>/ u'?|Dy¢)? du’ 4 Cyy D,
u —0oQ

Finally, choosing n’ sufficiently small and o sufficiently large, we can choose

4max{1,o_2}+40_2+(1—|-77/)<2+ <6(1+1n),

2
o(l —i—o))

which then gives the desired conclusion. O
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With Lemmas 8.3 and 8.4 in place, we are now ready to control the terms in £, («) and E,(v) which
are not manifestly nonnegative. These are the terms
1 220 - MDY v dv, [ M0 — MP) (. v) du
167 ’ Tol6er J_o ’

vo

in (8-1) and (8-2), which will be handled in Propositions 8.5 and 8.6 respectively.

Proposition 8.5. For n > 0 as in (6-1) and for k > 0 arbitrary, there exists a constant C > 0 independent
of Ay (but dependent on « in addition to M, ¢, m, o and n) such that

1

L ° 2a1-202/n2 _ ag2 / /
1671_/;OMM Q202 — M?)(u, v') dv

u

v
< +4x—1>|e|M3f V2Dl dv’ + 2+ 3¢ +n>|e|M3f W 121D P did’ +C (Do +Dy).

) —0o0

Proof. The main integration by parts. We begin the argument by a simple integration by parts:

167

0

v
! /uzM_ZQZ(QZ—MZ)(u,v’)dv/
U

v v
< ‘_L/ (f MZMZQZ(u,v/)dU”) 3,(0% — M) (u, v') dv’
167 v \Jup

1
+E<

v
/ WM (u, v dv'
vo

v
v |
8 Sy,

Note that there are two terms that we need to estimate.

vV'=v

fv uzM_ZQZ(M, v//) dU//)(QZ _ MZ)(M, v/)

Vo

v'=vg

|Q? — M?|(u, v)

<
— 167

10118, Ql(u, v') dv'.  (8-8)

v
0

/ MZM—ZQZ(M’ U//) dv///
U

An auxiliary computation. Before we proceed, we first estimate the integral
v
f WM 2Q% (u, v') dv',
v

which appears in (8-8). From (7-6) it follows that

-202 -2 -1 -2
M™=Q <4+ |u)) "+ Clul"2(v+|u])~ 7, (8-9)

v, Ol Y CY )
/ uM_Q(u,v’)dv’§4/ ( - )dv’+C|u|_2/ ( : )dv’.
" v \ O+ [u v \ O+ [u

" ul \
3, (Julv(v + |ul) >=< ) (8-10)

and hence,

Note that

v+ |ul
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Hence,

v
/ WM, v') dv' < Hulv + [u)) " + Clu)2 v + |u)) "' (8-11)

Vo

Estimating the boundary term. We first estimate the boundary term in (8-8) above by using (8-3)
and (8-11):

1

1 2_ g2
o |Q*~ M|, v)

v
/ WM (u, v') dv'
v

u
52(1+n)M|e|/ u2|Du¢|2(u/,v)M2du/+CDO+CA¢,(DO+Di)|u|—1+C(DO+Di)|u|—%. (8-12)
—o0

Estimating the remaining integral, I: the error term. Now, we estimate the remaining integral on the very
right-hand side of (8-8) by applying (2-6) and (8-11):

L v
87 Sy,

10113, Q1(u, v') dv’

v
f MZM—ZQZ(M, U//) dv//
v
§2M3|e|/ ulv' @'+ [u)~'1¢] | Dyl dv' +Err,  (8-13)
vp

Vo

main term
where

v
Err = C/ ulv' W' + ul) 'O — M|1¢||Dyp| (u, v') dv’
o

+Cf M +(Q — M)[ul2v' (W' + ) 1|1 Dypl e, v') v/

vo

+C/ lulv' (0 + |ul) " — M?||p| | Dyl (u, v') dV'. (8-14)
vo

Let us start with the error term, beginning with the second term (8-14), which is the hardest since the
decay is the weakest. By (7-1),

/ M +(Q — M)l ulZv(v+ [ul) " ] Dyl (. V) dV/

v v
5\/Dof |u|%v5—°z‘(v+|u|)‘1|Dv¢>|<u,v/)dv/+\/A¢<Do+Di)/ v(v+ |u) Dbl (u, V') dv’
Vo Vo

N N !
5¢A¢<D0+Di)<vo+|u|)—4(/ v’—zdv’) (/ v/2|DU¢|2(u,v/)dv/)
Vo

vo
I
S Ap (Do +Dj) (vo + ul) " # vy, .

The first term in (8-14) can be treated similarly, with the only caveat that there is a contribution
where |¢| and |Q — M| only give v-decay, and therefore one does not get any smallness in (v + |u|)*%.
Nevertheless, this term has a coefficient that depends only on D, (and not on D;). More precisely, using
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(7-1) and (7-2), we have

/ ul' @'+ [uh) "' Q — M||| Dyl (u, v') dv'

0

3 [V -1
S} [ v D ) v + AP+ D+

vo

ST

1
3 _1 v 2 _
SDv, (/ v Dyg|* (u, v’)dv’) + A3(Dy + D) (vo + lul) v,
vo

3 -3 1 -1
S A3 D2y % + AL (Do + Do) (v + luD) "5y, .

Finally, the third term in (8-14) can be handled in an identical manner as the first term, except for using
(7-14) instead of (7-2), so that we have

v 1 _1 _1
/ ulv' (' + [ul) 2 = M| Dyl (u, v') (u, v') dv' S AZ D2y > + AG (Do + Di)*(vo + lul) "3 vy *.
o

Putting all these together, choosing |ug| and vy appropriately large (where the largeness of vy does not
depend on D;), and returning to (8-14), we thus obtain

Err < D, + D;. (8-15)

Estimating the remaining integral, II: the main term. Now for the main term in (8-13), we have, using

Young’s inequality,

v
2M3|e|f lu|v' (V' +ul) @] Dyg] dv’
vo

v v 2
§K|6|M3/ v/2|Dv¢|2dv’+x—1|e|M3f( lul )|¢|2dv’

v v \V'+ul

v u
< (k+4c e M? / V2 Dyl dv'+3(1+n)k e M? / u'|*| Dy|? du'+C,(Do+D5),  (8-16)
) —00

where in the last line we have used Lemma 8.3.

Putting everything together. Combining (8-8), (8-12), (8-13), (8-15) and (8-16), we obtain the desired
conclusion. O

We now turn to the analogue of Proposition 8.5 on constant-v hypersurfaces.
Proposition 8.6. For n > 0 as in (6-1), there exists a constant C > 0 independent of Ay such that
‘ 1

ug
2412022 _ ag2 / /
167r/ V'MTIQUQ =M ) (u', v)du

—0o0

uo
<2(1 ++6)]e|M3(1 +n) / lu'|?| D', v) du’ + C (Do + Dj).
—0o0
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Proof. We will consider the integral

1 u

0
— VMY (0% = MA W, v) du’
167 J,

and take the limit # | —oo0.

The main integration by parts. We integrate by parts as in (8-8)

1

uo
20 1-202/ 12 _ A2\ /
—16n/u VM0 — MY, v) du

uo ug
! / (/ v2M_2Q2du”) 0,(0% = MY (', v)du’

< |—
— | 16w ,

uo u'=ug
4| VMW, v) du” ) (0 — MH) (', v)
16z \ J, Ve
uo
< 1 VMW, v) du' -1 0% — M| (u, v)
167 J, ,
uo u
+ L [/ VM2 (u”, v)du”i||Q||8uQ|(u’, v)ydu'. (8-17)
87 J, oo
An auxiliary computation. By (8-9) and
1 v? g
=0y (lulv(v+ul)™) = (v+|u/|> ,
we obtain
I uo v2 2 m 1
/ v M 2QA (', v) du’ 54/ ( / ) du/—i—Cvz/ ——————du
u w AV H[u] wo |u|2 (v )2 (8-18)

1
<4ulv+ lu) "+ Clulzv? (v + |ul) %

Estimating the boundary term. We now control the boundary term in (8-17). By (8-18) combined with
(8-3), we obtain

1

b 2 g2
— 10> = M| (w. v)

uo
/ VMW, v) du’
u

u
52(1+n)M3|e|/ | D>, v) du’ + CDy + C Ay (Do + Di)ul ™' + C(Do +Di)|u| 2. (8-19)
—0oQ

Estimating the remaining integral. The remaining integral in (8-17) can be controlled as follows:

1 [

10118, Q| (', v) du’

uo
/ UZM_ZQZ(MN, U) du”
u

!

87 J,
uo
52M3|e|f lu/|v(v+u') " p| 1 Dup| (', v) du’ +Err,

main term
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where

uo
Err = C/ W' [v(v +|u')'1Q = M||g| I Dupl (', v) dud

u

) . |
+C/ IM +(Q = M)||u'|Zv+1u'])" |9 | Dudpl (', v) du’
u ‘0
+Cf lu'fo(v +u' )" |r* = MP| ] 1 Dupl (', v) du.
u
The error term can be estimated in essentially the same manner as the error term in the proof of

Proposition 8.5, except we use (A2) for [ u'?|D,¢|*(u’, v)du’ instead of fvl; V2| Dy |*(u, V') dv'.
We omit the details and just record the estimate

Err S D, + D;. (8-20)

For the main term in (8-17), we apply Holder’s inequality, Lemma 8.4 and Young’s inequality to obtain

uo
2M3|e|/ oo + 1)1 1 Dud |1, v) did
u

1 1
ug 3 uo 2 3
< 2Je|M / W21 Dudl2l, v) dud / "\ 126, v) du’
\ . ot

uo
<20e|M>vV6(1 +1) / ||| Dy >, v) du’ + CD,. (8-21)
u

Putting everything together. Putting together (8-17), (8-19), (8-20) and (8-21), and taking the limit
u | —oo, we obtain the desired conclusion. U

We can now prove the main result of this subsection, namely, the coercivity of the renormalized energy
flux (up to controllable error terms).

Proposition 8.7. We can estimate
uo Voo
| WP P du [ PMADGP v < 07 )+ E0) + COA D). (822
—00 )
with  as in (6-2).
Proof. Plugging in the estimates in Propositions 8.5 and 8.6 into (8-1) and (8-2) respectively, and using

m > 0, we deduce that

E,(v) + Ey(u) > (1 — (4+2vV6 + 371 +1n)le| M) / lu|*r?| D) du'

—00

Voo
+ (1= (k +4c~Y|e|M) / VM?|Dyop|? dv' — C(Dy + Dj).
Vo

Now we choose k =2 + /6 + vVI+ 44/6 to obtain the conclusion. O
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8C. Energy estimates for ¢. We define
u
Eu(viu) = / EMPID, P v) + L MPQR (29 + L MH(Q? — M) (', v) dd,
—00

v
E,(u;v) := f VM2 Dy (u, v') + %uzMzﬁz(mZkblz + %M“‘(Q2 - M?))(u,v)dv'.
Uy

0

With the above definitions, we have E,(v) = E,(v; ug) and E,(u) = E,(u; vso).
Proposition 8.8. E,(v; u) and E,(u; v) obey the estimate

sup E,(v;u)+ sup Ey(u;v) <C(D,+Dj).

Vo<V<Uso —oo<u<u

Proof. In order to simplify the notation, in this proof, we omit the arguments in the integrals, which will
typically be taken as (u’, v’). For any u € (—o0, ug] and v € [vg, v ], We have the decomposition

v u

WE, (V' u) dv/—i—/ o E,(u';v)du

—o0

[Ey(v; u) — E, (vo; w)] + [Ey(u; v) — Ey(—00; v)] = /

Vo

=h+h+I+ D+ 5+ Js,

where

v u
Ji = MZ/ / u'? 3,(| Dy |?) du’ dv',
) —o0
v u
J = gM*m’? / / 0222 8, (181 + 8,(v'2Q%) - |¢* du’ v,
Vo —o0
v u
S =M f / 202Q%0 8,0 + 8, Q%) (Q* — M?) du' dv/,
) —0o0
v u
Jy = MZ/ / V2M? 3,(|Dyo|?) du’ dv',
) —0o0
v u
Js = gM*m’? f f w22 8,(191%) + 8, (u*Q%) - 1 dud’ v,
Vo —o0
v u
Jo=1-M™? / / 20?20 0,0 + 0, (u'*Q*)(Q* — M*) du' dv'.
) —0o0
We first use (2-3) and (2-4) to rewrite the integral J; in terms of expressions that are zeroth- or

first-order derivatives of the variables ¢, 2, r. For this, we use that we have the following identity for
complex-valued functions f:

(1)) =(Dyf —ieAyf)f+ f(Dyf —ieA,f) = fDyf + fDy f
and similarly

d.(If1» = fDuf + fDuf.
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We therefore obtain

v u
Ji = f / u'>’M?*(Dy¢DyDyd + Dy Dy D) du’ dv'
) —00

v u
=—3 / / L MP02 Q2 (D + $Du) +2M*r ' u'? 8,r (Du$ Dy + Dy D)
) —0o0 - _
+4AMPr W' 8,r| Dy + SieMPr T u'*Q* Q(p Dy — D) du’ dv’

and similarly,
v u - .

Js =f f V*M*(Dy$ Dy Dy + Dy Dy D) du’ dv'
) —0o0

v u
=3 / / 302 MPwPQ2 (G Do+ D) +2M°r ™0 8,r(Dup Do + Dup Duh)
) —00 _ -
+HAMr = ur | DygI — 3ieMPr Q%2 Q(§ Do — pDy) du' dv'.

We also rewrite J> and J5 to obtain
v u
h = MPm? / / v2Q2 (D + ¢ Dy) + 8, (v2Q) - |p[* du’ dv,
) —00
v u
Js = ;{Msz/ / W?*QH @Dy + dDud) + 3, (u'*Q%) - |¢|* du’ dv'.
) —00
Finally, we use (2-5) and (2-6) to rewrite J3 and Jg:
v u
Jy = / / —1ieM 2 r* V2 Q* Q¢ Dy — dDy) + 1M 2 3,(v* Q%) (Q* — M?) du' dv,
) —0
v u
Jo = / / YieM 7 r*u? Q2 Q(¢ Dy — $Du) + 1= M 3, (u* Q) (Q* — M?) du’' dv'.
) —0
By incorporating the cancellations in the terms in J;, we can write
7
[Eu(v; ) = Ey(vo; )] + [Ey (5 v) = Ey(—00; )] =Y F, (8-23)
i=1
with
v u . .
Fi= —sz / = u'? 8,r +v'? 3yr)(Dydp Dy + Dy D) du’ dv',
—0oQ0
0 v u
F, = —2M2/ / r= our - u'?| Dy |? +r 7 81 - V"2 Dy du’ dV,
) —0o0
v u
F; = %M%@/ / (9, (v"2Q3) + 8, (' Q)| |* du’ dv',
) —0
v u
Fy= M2 / / [9, (V"2 QP) + 8, (' *QY1(Q* — M*) du' dv,
) —00

Fs=j f f [0,V - (2 — Q) + 3, (u'? - (> — QNIM*m? || + ;- M~*(Q* — M?)) du’ dv/,
Vo —o0
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v u . _
Fs = }LieMZ/ / r 2t = MHu'? 0Q* (@ Dy — ¢ Dud) du' dv',
) —0
v u - _
Fr= }LieMZ/ / r 2 (M = rYW? QY@ Dyp — pDyp) du’ dv'.
) —0oQ0
We estimate using Cauchy—Schwarz inequality, Young’s inequality, Proposition 7.2 and (A2)
v u
IS [ @i+ oDl D dud av
Vo —0oQ0
v u
5/ / Ap(Do + D;)| Dyl | Dyp| du’ dv'
Vo —0o0
vl =213 2 37 3.7 v -3 n 2 3.7 3.1
,§/ / Ay (Do +Di)v'" “u'2|Dy@|” du’ dv +/ / Ay (Do + Di)u'" 20| Dyo|“ du’ dv
Vo —0o0 Vo —0o0

u
< Ag(Do +Di)vg ugl "2+ sup / u*| D) du'
VO<V=<Vx J —00 1 Voo
+ Ap(Do +Di)luo| "2 - sup f v?|Dyg)? dv'

—oo<u<ug J vy

1
< A2 (Do + D) lug| 2.

We can similarly estimate

v u v u
|F>| 5/ / [0y7] -u’leu¢|2du’dv’+/ / 10,7| - V2| Dyop|? du’ dv’
vy J —00 vy J —00

v u v u
§A¢(DO+D1)(// v/—i.u/§|Du¢|Zdu/du/+ff u/_Z-v/ZIDU¢>|2du/dv/>
vy J —00 vy J —00 . }
+D0// V2w Dy|? du’ dv'
) —0o0

_ -1 _1 _
SDovy ! + Ap(Do +Di) (v 2 luo| ™2 + luol ™)1 Ap (Do + D).

In order to estimate | F3|, we use (3-4) (with a constant depending on § > 0) and (7-1) to get
v u
1551 S f / 18, (V2 Q3) + 8, (u* Q)| - |$|* du’ dv'
vy J —00

v u
< f / @ 4t )T (D' + Ay (Do + D) /|71 du’ dv’
vy J—00

< Ag(Do +Di) (vo + |uol) ™' 7.
Similarly, using (3-4) and (7-2),

v u
|F4|,€f / 18, (V2 Q23) + 8, (u* Q)| - 10 — M||Q + M| du' dv'
) —0

v u
< / / '+ W) (D™ + Ap (Do + D) | |71 du’ dv'
) —0

< Ag(Do +Dy) (vo + o)) 2.
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Before we estimate | Fs|, it is convenient to rewrite the following expression:

3, (V2 (2% — Q2)) + 0, (u* (2% — Q2))
QZ QZ
_ 202 202
Q2 Q2 Q2
= (3,(v*Q}) + au(uzszg))( — 1) +v?Q3 9, (—2 — 1) +u?Q} 8, (—2 — 1)
Q Q2 Q2

23
262 N AT 262 Q 262 Q2
= (9,(V*Q2) + 8, (u*2)) Q—%—l +20°Q%0, (log g ) +2°0% du(log 5. ).

Therefore,

v u QZ
| Fs| 5] f 19, (v'*25) +au<u’2sz%>|‘@ — 1' (> +10 — M||Q + M|)du' dv'
Vo —00 0

v u
_|_ / / v/ZQZ
vy J —00
v u
+/ / M/ZQZ
vy ¥ —00

Using (3-4), (7-1), (7-2), (7-3), we can estimate | F5 1| in the same way as | F3| and | F4| to obtain

8v<10g§0)‘-(|¢|2+|Q—M||Q+M|)du'dv/

Q
K (log E)’ (91> +1Q — M||Q + M|)du' dv' =: Fsy + Fs 5+ Fs 3.

_1 _
|Fs.1] < Ap(Do + Di)luol ™2 (vo + |uol) ~ 2.

For | F5 5], we use (7-1), (7-2) and (A1) to estimate

v u
|Fsal < / / (Dov' ™!+ A (Dot Dp)u'| )02 av(loggo)’du/dv/
Vg J —00

v 2 % u v %
<D su /2 3. (1 E /o d / 1 / 74d/ d l
~ Fo p v v OgQO (', v)dv (V' +u’]) v u
—00 Vo

u' €(—00,10] J vy
v Qz///%u v ) /%/
oo s [ oe(oosg ) war) [ ([ srmge) o
< Do wo-+luol) ™2 +Ag (Do+Di)Jug| 2,
where in the last line we have evaluated an integral as follows (we only include this estimate for

completeness; in what follows, we will bound similar integrals in analogous manner without spelling out
the full details):

1

u v 02 1 u lu] ) v 2 3
/ (/ 12 (1 /4dv/> dM/Sf (/ 12 (1 /4dvl+/ 12 (1 /4dv/) du/
—oo \Jyy [W'[7(v"+]u’]) —oo \Jyy W7V +[u']) ) 1/ 17 (V" +u'])
u Ju| v/2 v 1 %
< —dv/—l—/ —dv’) du’
/_oo(/vo |6 ) 120"

u
/_i / 1
5/ |72 du’ S Juol 2.

—0o0
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For | F5 3|, we similarly use (7-1), (7-2) and (A1) to estimate

v u
Fssl < / / (Dot +-Ag (Dot D)’ | 222
vy J—o0

Ay <log go) ‘ du’ dv'

u Q 2 % v u u/2 %
§D0< sup / u’2<8u<10g—)> ', v’)du’) / (f ﬁdu’) dv'
u'e(—oo,up] J —o0 Qo vy \J—o0o V (v'+[u'])
u 5 Q 2 % v u 4 2
—|—A¢(DO+Di)( sup / W (au (1og 22 )) W', ') du/> / ( / W+~ du/> dv’
u'e(—oo,ug] J —o0 Qo V0 —00
_1
< Dovy *+Ag (Dot D) (vo+ugl) 2.
Thus, combining the estimates for Fs 1, F52 and Fs 3, we obtain

_1 1
| F5]| 5 DOUO ? +~A¢>(D0+Di)|u0|7z-

We are left with | Fg| and | F7|, which are slightly easier because more decay is available. For Fg, we use
the Cauchy—Schwarz inequality, (7-1), (7-6), (7-14), and (A2) to obtain

v u
| Fs| 5/ / Ir — M|u'*Q?|p| | Dyl du’ dv’
vy ¢ —00

v u
< / / (Dot + Ay (Do + D) i'| =) (y/Dov/~* + /Ay Dy F D |~ Q2 | Duh| d’
Vo —0Q0

1 1
3 u 3 v u 5
<D ( sup / u'?| D> (', V') du’) / (/ VTR A+ W) du’) dv’
v'€lvg,v) J —00 Vg —00

1 1
3 u 3 rv u 3
+A£(Do+1>i>3< sup | u’ZIDutblz(u/,v’)du’) / (/ |u’|—1(v’+|u’|>—4du/> av
vo

v'€lvg,v) J —00 —00
< ipd TR 2 -
S Ay Do (Do +Di)2 vy * luol ™2 4+ Ay (Do + D) |uol 2 (vo + luol) 2.
Similarly, we use the Cauchy—Schwarz inequality, (7-1), (7-6), (7-14), and (A2) to obtain

v u
| F5| 5/ / lr—M|v'"*Q%|$| | Dyl du’ dv’
Vo —0Q0

v u
< / / (Dot Ay (Do+D)l'| ) (v Dot/ 4/ Ay Do E D' |~ 022\ D did o’
vo J—00

1 1
v 3 pru v 3
( sup /U’ZIDU¢|2(u’,v’)dv/>/ (/ v'l(v’+|u’|)4dv’) du’
u'€(—oo,up] J vy —00 Vg

1 1
3 v 3 u v 5
+A; (DO—FDi)g( sup / V2 Dy |* (', V) dv’) / (/ e 174 e O PPl dv/) du’

u/E(—OO,u()] V0 —00 )

O rolw

<D

% % 1 —% 1 2 2 _1 _1
S AyDs (Do+Di)2 vy * (vo+luol) ™2 + Ay (Do+Di) Juol 2 (vo+uo) 2.
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Choosing vg and |ug| large in a manner allowed by (6-3), we obtain
|Fil+++|Fy| $Do+Di.

Finally, noting that the initial data contributions E, (vo; #) and E,(—o0; v) are by definition bounded by
D, + Dj, and returning to (8-23), we obtain

sup  E,(v;u)+ sup E,(u;v) S Do+ D,

Vo <V<Uso —oo<u<ug

which is to be proved. 0

Combining Propositions 8.7 and 8.8, we obtain the following estimate. In particular, this is an
improvement over the bootstrap assumption (A2) for Ay sufficiently large depending on M, m, ¢ and 7.

Corollary 8.9. Choosing Ay sufficiently large (depending on M, m and ¢), the following estimate holds:

uo Voo
sup / u?| Dyl (u, v)du+  sup f VD |* (u, v) dv < C(Do+ Di) < 1Ay(Do + D).

vE[V),V00) ¥ —00 u€(—00,up) J vy

At this point we fix Ay so that Corollary 8.9 holds.

8D. Energy estimates for log(2/ 2¢). Finally, we carry out the energy estimates for log(£2/<2p). As we
noted in the Introduction, the essential point is to establish that log(£2/ €2p) obeys an equation of the form
(1-5) up to lower-order terms. More precisely, starting with (2-2), the estimates that we have obtained so
far show that the D,¢D,¢ and 9,7 d,r terms have better decay properties, and that » and Q both decay
to M. Therefore, (2-2) can indeed be thought of as (1-5).

We split the proof of the energy estimates into two parts. First, in Lemma 8.10, we consider an energy
inspired by the form (1-5) and write down the error terms that arise when controlling this energy. Then, in
Proposition 8.11, we will bound all the error terms arising in Lemma 8.10 to obtain the desired estimate
for log(€2/ L2p).

Lemma 8.10. The following identity holds for any u € (—o0, ug) and v € [v, Vso):
Yoo QN | 14 20-2002 _ 022 /
u (8U10g<§0>) MR QT(Q2 - @)%, v) du
oo 6
v 2
+/ U/2<av 10g(—30)> + M NPQTHQ - Q) W, V) dv =) 0;,

Vo i=l1

where

0, :_471/ / (D.# Dy + D, ¢Dv¢)( 25, 1og( )+u’2 3 10g(%0)> du' dv,
2 2
1 12 12 Q / 1
0y= 1M~ / / (9, (022) + 0, (021 53 (Qz 1> du' dv,
0

Oy=—1m* 9*2(92—9) 29, log 2 +u'? 9, log 2V au' av',
vy J—00 Q QO
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o= [ [ @leuit - +rtor - 03 - byt -]

2 Q P
. (v Oy log(§0> +u'< 9, log(§ )> du' dv’,
= /v /t’ (92 — Q(z))[r_4(M2 _ QZ) + %(r—z _ M_z) _ Mz(r—4 B _4)]

( Blog( >+u’28ulog( 0>)du/dv/,

O¢ =2 // r~ 2arar—ro 8r08r0)( 810g<gg22)—i-u/2810g(Q >)dudv
0

where, as in Proposition 8.8, we have suppressed the argument (u’, V') in the integrand in the O; terms.
Proof. By (2-2) we have
8,8, log (Q%) = 2Dy Dop + Dy Do) + 120, dyr — rg 2,10 durg
— 110%™ 02 + 1Qr M + 17 — 102
= =27 (Dup Du@ + Dup Do) + r =2 0 (r — ro) dur + 12 8,10 9, (r — ro)
+ duro duro(r 2 —ry?) — 32 = QYr M + L@ — QHrH(mM? - 0?)
+ I(QZ Q%)M_z—i- I(QZ Q%)( -2 M—Z)
+1Q50% (gt —r Y + 15 (M - 0B — 15t 17D
= =27 (Dup Dv§ + Dy Dyp) +r 28, (r — o) dor + 1> 070 0y (r — ro)
+ duro duro(r 2 —ry?) = H(@ = QM - L QP - QY MA¢TH — MY
+3(Q = QT M = Q%) + (@~ QOM T+ (@2 - Q)T = M)
+ 1307yt —rH + Q% (M - 0P - 1Qb (gt 7).

Using the above equation, we obtain
Q 2
(o ee(,)))
= 20? 0y Oy log<E ) - 0y log(E )
— —470%(Dyp Dy + Dy Duh) 9, log(§> 2520, (r — ro) 3,107 9, 10g<%)
0
2

2572 9,r0 8, (r — ro)v? 9, log<§; )+ Buro yro(r—2 — rg 12, 1og(9)

Qo
M 2@ - 92, 1og(§ ) - @ =@M - M, 1og(§0)
(@2 — DM — 0?8, log( ) + L@ - Q) = M2, 1og(Q )
0

Q20%(rg* —r*n?a, 1og( ) + Q2o (M2 — 02?9, log<g)
0

— %Q%(ro_2 —r- )v dy log<§o>.
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s s Q2 Q19 Q2 2
= 2(Q*— Q) 9y Q—%—l = 4928 Qz -1} ).
95 Q2 N’
_ _1.23,—4""0
)=—tmrgia((G))

Q\ /2 1\
=— 3 (s M QR —Q)*)+3 M~ 4av<u29092)(92 1)
0

Note that we can write

(Q>—Q3) 0, log<

fejie)

Hence,

—AIMHA(QP - Q) 9, log(

Bl

Q2 N’
= —3,(3M Q- Q)?)+ s M 3,7 QZ<§—1)

— M Q 79, log( )(92 Q)2
We similarly consider 9, (u? (9, log(2/ Q0))?) and use the Leibniz rule (with u replacing the role of v).

Noting also that by the gauge condition (4-1), log(€2/£2p) = 0 on the initial hypersurfaces, this yields the
statement of the lemma. O

Proposition 8.11. The following estimate holds:
uo 2 Voo
sup / u’2<8u <log 2 )) W', v)du' + sup / v’2<8v (log £2 )) (u,v)dv' < iM.
VE[Vg,Ve0] ¥ —00 Qo ue(—oo,ug] J vy Qo

Proof. In order to obtain the stated estimates, we need to bound each of the terms in Lemma 8.10. The
basic idea is to use the bootstrap assumption (A1) to control 9, log(£2/£2p) and 9, log(£2/<2p) and to use
the estimates that we have previously obtained to deduce the decay and smallness of these terms.

We begin with the estimates for O;. This turns out to be the most difficult term since we do not have
any kind of pointwise estimates for |D,¢|, |D,¢|, |0, log(£2/20)| and |9, log(£2/<20)|. We bound it as

follows using (A1):
v u Q
|01|5// |Du<z>|-|Dv</)|-(v/2 ( )\+u/2 (—>|)du/dv/
vy J—00 0 QO
1

v u 2
< ( / V2 sup (Dol v) dv/) ( f > sup |Du¢|2<u/,v/>du/)
Vo u'e(—oo,u] —00 v'€lvg,v]

1

v 2 2
X |u0|;< sup f e (E)’ (u’,v’)dt/)
u' e(—oo,u] Jugy QO .
1 u
—i—vOZ( sup / <Q )‘(u v)a’u))
v €lvg,v] J —00

1
1 v u 3
suuoriwz)(/ sup U v/zau(wmz)(u”,v/)du”]dv/)
vy u'e(—oo,u] —00

/ 1
u v 3
x(/ sup U lu'|? 8,(| Do |>) (', v”)dv”:| du/). (8-24)
—00 v'€lvg,v]LJ vy

|2

Q)

D=




308 DEJAN GAIJIC AND JONATHAN LUK

We first consider the last factor in (8-24). From the computation for J; in the proof of Proposition 8.8,
which used (2-3) and (2-4), it follows that

u v
/ sup U |u/|3av<|Du¢|2>dv”}du’
—o0 v'€lvg,v]LJ vy

v u
5/[ W3Q2p| | Dyl + '3 10,7 | Dup| Dyp| + 12 |8,r| | Dy dud’ dv’
) —00
=:01,1+ 012+ 03. (8-25)

The terms O; > and O 3 have already been controlled in the proof of Proposition 8.8. More precisely,
estimating as the terms F} and F; in the proof of Proposition 8.8, and noting that O; ; and O 3 have an
additional u’ _%—weight compared to F; and F,, we have

_ _ _1 _1
012+ 013 S A5 (Do +Di)*|uo| ™" + ApDo(Do + Di)vy ' luol ™2 S AG (Do + Di)?|uo] 2.

It thus remains to bound O, which has no analogue in Proposition 8.8. To control this term, we use
(7-1), (7-8), the Cauchy—Schwarz inequality and the bootstrap assumption (A2) to obtain

1 1
v u 3 u 2
01,15\/v4¢(Do+Di)/ (/ M’ZIDMIZW’) (/ (v’+|u’|)4du’) dv’
) —0o0 —00

Y n 2 O ] 4 :
+\/Do/ (/ u'*|D, | du/> (f T W+ )" du/) dv’
vp \J—00 oo VT
u 3
5\/«4¢(Do+Di)( sup / M'ZIDu¢|2(u’,v’)du’)
v’ €lvg,v] J —00
! / _3 / v P2 - A —1 /
X WHlu)2dv+ | v 2 +u))” dy
vo Vo

Combining all these and plugging back into (8-25), we obtain

1
S Ap (Do + Di)(vo + |ugl) 2.

u v
f sup [/ |u’|3av<|Du¢|2>dv”]du’sAémﬁDi)zmor%+A¢<Do+1>i>(vo+|uo|)—5
—o00 v'€lvg,v]LJ vy ) 5 |
< A2 (Do +Di)?Juo| 2. (8-26)

For the other factor in (8-24), we estimate similarly by

/

v u
/ sup [ f V'3 8,(1Dyd %) du”i| dv'
vg —oo<u'<ulJ—o0

v u
S f f v'2Q%|¢||Dy| + v"?[0yr| | Dud| Dugp| + v'*|3,r| Dy | du’ dv' =: O1 4+ O15+ Oy 6.
vy J—00

The terms O; 5 and O; ¢, just as 01 and O 3, can be bounded above by Afb(Do +Di)2|u0|*% as the
terms F and F; in the proof of Proposition 8.8. For the term O; 4, we have, using (7-1), (7-8), the
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Cauchy—Schwarz inequality and the bootstrap assumption (A2),

v u
/ f V2Q2|$|| Dy du’ dv’
) —00

1 1
u v b v 7
§‘/A¢(D0+Di)/ (/ v/leU¢|2dv/) (/ |u’|—1v/(v/+|u/|)—4dv/) du’
—00 vo Vo .

1
u v 3 v 1
+\/DO/ </ v’lev¢|2dU’) (/ v/_za(v/+|u’|)_4dv’> du’
—00 Vo vo
1
v 3
Sv«4¢(Do+Di)( sup (/ v/leuaﬁlz(u/,v/)dv/))
u'e(—oo,u] Vo y ;
x(/ |u/|—%<vo+|u’|)—1du’+/ (vo+|u’|>—3du’)
—00 -0

< Ag(Do + D) lug| 2.

Combining, we obtain

v u
f sup [ f V2 3,(IDyd?) du”] dv' S AZ (D, + D)2 |uo| 2. (8-27)
Uy

0 —oo<u'<ulJ—o0
Combining (8-24), (8-26) and (8-27), we can therefore conclude that
_1
|01] S A3 (Do +Di)?uto| 2 (Juol 2 + v ).

We estimate | O, | by applying (3-4) and (7-3) (here, as before, the implicit constant may depend on
for 8 > 0):

" 202 262 52(2) Q?

| O] 5/ / 18, (V7 S25) + 3y, (u’ Qo)|@(§

) —00 0

v opu 0?2 2
5/ / (u’+|u’|)—2+ﬂ(—2—1> du' dv'
- Q
Vo o0 0

v u
Sf f W+ )2 | du dv' < vo‘“ﬂ+ luo| 5.
) —o0

2
— 1) du’ dv'

It turns out that the remaining terms have a similar structure and is convenient to bound them in the
same way. The following are the three basic estimates. First, using the Cauchy—Schwarz inequality and
(A1), we have

v ! / r—2,,/1—1 12 Q ’ ’
W+ /)72 | (v utog(2)|) au’av
vy J —00 0
1 1
v u 7 v u 2 2
S(/ / (v’+|u’|)4|u'|;v’zdu'dv’) ( / |u’|*%v'2 avlog(£>’ du'dv’)
vy ¢ —00 vy J—00 QO
1 1
v u 2 v u 2 2
+( f f T ik du/dv/) ( / / v=3u?], log<£)‘ du/dv/>
vy J —00 vy J —00 QO

1 -1 _1 _1 -1 _1
< ((luol™* 4+ vy “)luol™* + (o + [uol)#vy *) < luol~*. (8-28)

0 log(%)’ +u'?
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Again, using the Cauchy—Schwarz inequality and (A1), we have

e A R I
< (//_ (v/+|u/|)‘4|u/|%dufdv’f(/vf_” /|20 8U10g<%0)‘2du’dv’);
(/ / @+t /_7|u| du’ dv) (/ f (S?O)‘Zdu’dv’);

< ((wo+ luoh)™ Huo| 4+(v0 + |uol™ 4)v0 Z)<v0 . (8-29)

Thirdly, we have a another slight variant of the above estimates, for which we again use the Cauchy—
Schwarz inequality and (A1):

/;: /_L;o V|2 ( < )‘+u Bulog(%)’) du’ dv'

1 1
v pu 3 v pu 2 3
< (/ / v’_zlu/l_% du’dv/> </ / |u/|_%v’2 0y 10g(£)’ du’dv/)
Vo —o0 ) —o0 QO

1 1
v u 3 v u 2 2
+</ / /_§|u |~ du/dv’) (f f v/ <£>‘ du/dv’)

) —0o0 ) —o0 QO

_1 _ 1 1
< (0 2luol ™ + vy Huol2) < luol 3. (8-30)

Using these basic estimates, we now estimate |Os|,...,|Og|. Using (7-4) and (7-8) to bound
Q2(Q* — Q%)% we bound O3 via (8-28)

v u _ Q Q , ,
015 [ [ e api(fmtos(g )|+ faton(g ) ) ' v
v J—o0 $2 $2
v u S-Z 1
5[ f W+ 12 (023 og (2 )|+ foutog (o )|) du v’ S ol 4.
Vo —o0 QO
Similarly, using (7-2), (7-14), (7-15), (8-28) and (8-29), we obtain the following estimate for | O4|:
Q r o
vtog( g )|+ [autoe (g )[) '

/ / W+ 1)) (Ag (Do + D)’ + Do’ + (0 + )

(7foutoe(G )|+

05 [ [ a3r=miir=ri+io- (e

(0 )]) o av

_1
< (Ap(Do +Di) + Dluo| ™% + Dy *
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By Lemma 3.1 and (7-8), |Q? — Q(z)l(u/, v") < (V' + u']) 2. Hence |Os| can be controlled in a similar

manner to Oy as follows:
|05|<// 192 = QI — M1+ |r = rol +10 — M) (23, log (52 )(+u (%))Ddu’dv’

// W+ 102 (Ag (Do + Dl |~ + Dy’ + 0+ ')
(%foutoe () [+ fautog(, )| ) ' av

Finally, we estimate | Og|. For this we use Lemma 3.1, (7-12), (7-13) and (8-30) to obtain

|06l </ / (13071 13ur1-+ 1370l Burol) (o7 00 log (5 ))+u (QO))) du’ dv’

5//_ [(v’+|u’|)—4+,4§,(1>0+1>i)2|u’|—2v’—2( ( )(+u (30>‘>du’dv/

_1
< A3 (Do+Di) o]~

Hence, choosing vy and |ug| large in a manner allowed by (6-3), we obtain

sup /_uo u2<8u <10g %}))2(% v)du+ sup /”w v2(8v <log go» (u,v)dv < %

vE[vg, Vool 00 ue(—oo,up] J vy

_1
< (Ap(Do+Di) + Dluo| ™3 +Dyv, *

which is to be proved. 0

9. Stability of the Cauchy horizon of extremal Reissner—-Nordstrom

We now conclude the bootstrap argument and show that the solution exists and remains regular for all
v > vg and that certain estimates hold. More precisely, we have:

Proposition 9.1. There exists a smooth solution (¢, r, 2, A) to (2-1)—(2-9) in the rectangle (see Figure I)
Dy, uy = {(u, V") | =00 < u < ug, vo < v < o0}
with the prescribed initial data. Moreover, all the estimates in Sections 7 and 8 hold in Dy .
Proof. For every v € [vg, 00), consider the following conditions:
(A) A smooth solution (¢, r, 2, A) to (2-1)—(2-9) exists in the rectangle
Dy [vp.0) = {(u, V') | =00 <u < up, vo <v' < v}

with the prescribed initial data.
(B) The estimates (A1), (A2) and (A3) hold in Dy vy,v)-

Consider the set J C [vg, 00) defined by

J:={v €[vg, o0) : (A) and (B) are both satisfied for all v’ € [vg, v)}.
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We will show that J is nonempty, closed and open, which implies that J = [vg, 00). Standard local
existence implies that J is nonempty. Closedness of J follows immediately from the definition of J. The
most difficult property to verify is the openness of J. For this, suppose v € J. We then argue as follows:

o Under the bootstrap assumptions (A1), (A2) and (A3), all the estimates in Sections 7 and 8 hold in
Dy, [vo.v)- A standard propagation of regularity result shows that the solution can be extended smoothly
up to

Dy g = {(, V") | =00 < u < up, vo < v' < v}.

Hence, one can apply a local existence result for the characteristic initial value problem to show that there
exists 6 > 0 such that a smooth solution (¢, r, €2, A) to (2-1)—(2-9) exists in Dy [yy,v+5)-

o The estimates in (7-16), Corollary 8.9 and Proposition 8.11 improve those in (A1), (A2) and (A3).
Hence, by continuity, after choosing § > 0 smaller if necessary, (A1), (A2) and (A3) hold in Dy vy, v+6)-

By combining the two points above, we deduce that after choosing § > 0 smaller if necessary,
(v—34,v+38) CJ. This proves the openness of J. By the connectedness of [vg, 00), we deduce that
J = [vp, 00). This implies the existence of a smooth solution in D, ,,. Moreover, this implies the
assumptions (Al), (A2) and (A3) that are used in Sections 7 and 8 in fact hold throughout D, ,.
Therefore, indeed all the estimates in Sections 7 and 8 hold in D, ,. O

We have therefore shown the existence of a solution in the whole region D, ,,. Since we have now
closed our bootstrap argument, in the remainder of the paper, we will suppress any dependence on Ay
(which in turn depends only on M, m and e).

In the remainder of this section, we show that one can attach a Cauchy horizon to the solution and
prove regularity of the solution up fo the Cauchy horizon. More precisely, define V to be a function of v
in exactly the same manner as in Section 3A2; i.e.,

v
%zgou,v), V(00) =0. 9-1)

We will use also the convention that
VO = V(vo).

Define moreover (as in Section 3A2) the Cauchy horizon CH™ as the boundary {V =0} in the (u, V, 6, ¢)-
coordinate system. Note that this induces a natural differential structure on Dy, ,, UCH™. In the new
coordinate system, in order to distinguish the “new 2, we follow the convention in Section 3A2 and set
g(0y, dy) = —%?22 instead. We show that the solution (¢, r, Q, A) (after choosing an appropriate gauge
for A) extends to the Cauchy horizon continuously, and that in fact their derivatives are in leoc up to the
Cauchy horizon. (In fact, as we will show in Section 10, there are nonunique extensions as spherically
symmetric solutions to (1-1) beyond the Cauchy horizon.)
We begin by restating some of the estimates we have obtained in this new coordinate system.

Lemma 9.2. In the (u, V)-coordinate system, ¢, r and Q satisfy the following estimates:

1 ~
7592@, VYS L, |dyr(u, V)| < Do+, 9-2)
u
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0 ug
v elP G, V) dV' + / W213,¢ P, V) du' < Do+ D, (9-3)
Vo —o0
0 - ug -
/|8vlogQ|2(u,V’)dV/+/ u?|9, log Q> (', V)ydu' <1, (9-4)
V() —o0
0 ug
v rlPu, V) dV' + / W?13,r 2, V) du' <Dy +Di. (9-5)
Vo —00

Proof. Proof of estimates for Qin (9-2). By (7-6) and (9-1),

2

(V) + ul)?

2

~7
‘Q V) O

Q% (-1, v(V))‘ = Q% (1, v(V))’QZ(u, v(V)) —
< Jul"2 (M)z
v(V) + [ul
which implies both the upper and lower bounds for € in (9-2).
Proof of estimate for dyr in (9-2). The estimate for dyr in (9-2) follows from (7-13) and (9-1).
Proof of (9-3) and (9-4). These follow from Corollary 8.9, Proposition 8.11, (9-1) and (3-3).

Proof of (9-5). Finally, (9-5) can be obtained by directly integrating the pointwise estimates in (7-12)
(for 9, r) and (9-2) (for dyr). O

We also have the following W!-? estimate for the charge Q.

Lemma 9.3. In the (u, V)-coordinate system, Q satisfies the estimate

0 uo
oy 0P, V/>dV’+/ w210, Q12 ', V) du' < Do+ D,

Vo —00

Proof. Estimate for dy Q. By (2-6) (adapted to the (u, V)-coordinate system),
dvQ =—2mir’e(pDyd — $pDv ).

Therefore, using (7-1), (7-14) and (7-1),

0 0
f 13y O*(u, V') dV' gf |Dvo|*(u, V') dV' <D, + Di.
Vo Vo

Estimate for 9, Q. By (2-5), we have 9,0 = 2rir?e(¢Dy¢ — ¢ D,¢p). The desired estimate hence follows
much as above using (7-1), (7-14) and (9-3). Il

In order to consider the extension, we will also need to choose a gauge for A,,. We will fix A such that
A, =0everywhere and Ay =0 on the null hypersurface {u = ug}. (9-6)

To see that this is an acceptable gauge choice, simply notice that given any A,, Ay, we can define

u Vv
<, V>=f Ao, v>du/+/ Ay (o, VydV',

ugp Vo
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where Vy = V (vg). This implies
A,(u, V)= Au(u, V)—(@@ux)(u,V)=0 forall u, forall V,
Ay (ug, V)= Ay(u, V) — (3yx)(ug, V) =0 forall V.
Now in the gauge (9-6), we have the following estimates:
Lemma 9.4. Suppose A satisfies the gauge condition above. Then Ay, 3, Ay and dy Ay obey the estimates

uo
sup |Ay (u, V)| S (o —u), sup / 10, AvIPW, VYdu' S (uo—u),
ue(—oo,up], Ve[Vp,0) Ve[Vo,0) Ju

0
sup v Ay >, V') dV' S (Do + Di) (o — u).
ME(—OO,M()] Vo
Proof. Pointwise estimate for Ay. By (2-7) (adapted to the (u#, V)-coordinate system),
~2
1920
auAV = 5 r2 .

Using (7-2), (7-14) and (9-2), and the fact that Ay (ug, V) = 0, we obtain that for any u < uy,

9-7)

uo
Ay (u, V)| S / du' = (ug —u).
u

L? estimate for 9,Ay. To obtain the desired Lﬁ estimate for d,Ay, we simply use the fact that the
right-hand side of (9-7) is bounded (as shown above using (7-2), (7-14) and (9-2)) and integrate it up in u.

L? estimate for dy Ay. To estimate dy Ay, we differentiate (9-7) in V to obtain

§~22Q>

(9-8)

v Ay = %av( —

Using the pointwise bounds in (7-2), (7-14) and (9-2), and the L%, estimates in (9-3), (9-5) and (9-4), we

obtain )
0 ~
Q
sup f oy ( ZQ )
ue(—o0,ugl J Vo r

Now since dy Ay (ug, V) =0 for all V, we have, for any u < uy,

2
(u, V')dV' < Do+ D;.

0 uo
oy Ay *(u, V) dV' < f 10,0y Ay > (', V) dV' du’ S (Do + Di) (o — u). O
Vo u

Proposition 9.5. Let V be as in (9-1) and A satisfy the gauge condition (9-6). Then in the (u, V)-
coordinate system:
o O, r, S~2, Ay and Q (as functions of (u, V) € (—o0, ug] x [Vo, 0)) can be continuously extended to
the Cauchy horizon {V = 0}.
o The extensions of ¢, r, ﬁ, Ay and Q (as functions of (u, V) € (—oo, ug] x [Vy, 0]) are all in
cos w2
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o The Hawking mass m (as a function of (u, V) € (—o0, ug| x [Vy, 0)) can be continuously extended
to the Cauchy horizon {V = 0}.

Proof. Continuous extendibility and Holder estimates. Let us first consider in detail the estimates for ¢.
As we will explain, the estimates for r, ﬁ, Ay and Q are similar. Consider two points (u’, V') and
”,V"). Set v/ = v(V’) and v = v(V"), where v is the inverse function of v — V above. Then we
have, using the fundamental theorem of calculus and the Cauchy—Schwarz inequality,

P, V) —p@”, V")

"

u
/ |au¢|(u///’ V/) dul//
u

/

=

7
+ ‘f |8V¢|(u//, V///)dvl//
V/

4

u
[ i viau
u/
1 u
s ( [

1 1
< (Do + D) ([t —u"|2 + |V = V"|2) + (D2 + D)V = V|, 9-9)

V//
=< + / |Dygl”, V") +|Av]Igl@”, V") av"”
V/

" 1

1 "
2 | v
|Du¢|2(u///’ U/) du///) + |V/ _ V//|7 (/ (v/// + 1)2|DU¢|2(M//, U///) dv///)
v 1 1

+ (D3 +D})(ug—u")|V' = V|

where in the last two lines we used (7-1), (9-3) and Lemma 9.4.

In a similar manner, using Lemmas 9.2, 9.3 and 9.4 instead, r, 5, Ay and Q can be estimated as
follows!? (to simplify the exposition, we suppress the discussion on the explicit dependence of the constant
on D, and D;):

I, V) —r@”, V| +1Q0, V) = Q”, V)
+1Ay @', V) = Av@”, VI +10W', V) = Qw", V)| <p,p; (Iu' — WE IV = V3. (9-10)
Define the extension of (¢, r, 52, Ay, Q) by
,V=0):=1l , V), ,V=0):=1l , V),
¢ (u ) Vlglo(ﬁ(u ), ru ) Vlglor(u )
Qu,V=0):= ‘llimOEZ(u, V). Av@,V=0):=lim Ay@. V). Q. V=0):= lim O(u. V).

The estimates in (9-9) and (9-10) above show that the extensions are well-defined and that the extension
of (¢, 7, 3, Ay, Q) is indeed C%3.

Wik2 estimates. Now that we have constructed an extension of (¢, r, ?2, Ay, Q) to Dy, U CHT, it

follows immediately from Lemmas 9.2, 9.4 and 9.3 that the extension is in Wlt’cz.

C" extendibility of the Hawking mass. Finally, we prove the C° extendibility of the Hawking mass, whose
definition we recall from (2-10). By (2-11) and (2-12) (appropriately adapted in the (u#, V')-coordinate
system), we have

r2dyr)
52

1 (3,r)0?

aum = —8m i r2 ,

|Dup|* + 23, r)m*mr?|p|* +

9-11)

191n fact, the estimates for r, Q Ay and Q are simpler as we do not need to handle the difference between dy and Dy .
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r?(8ur)

1 (yr)Q?
52

2 g2
It now follows from (7-2), (7-14), (7-13) and Lemma 9.2 that the right-hand side of (9-11) is bounded in
L. and the right-hand side of (9-12) is bounded in L{,. This implies the L! estimate

|Dy @) +2(dyr)m?mr?|p|* +

dym = —8x (9-12)

uo 0
/ B, V) du' + / Byml. VYV’ <p, 1. 9-13)

00 Vo

On the other hand, by the fundamental theorem of calculus,

"

/ |aum|(u///’ V/) du'"
u/

Combining (9-13) and (9-14), we see that

V//
Im@', V') —m@", v")| < + ‘/ [dym|u”, V") dv"|. 9-14)
V/

(1) m can be extended to CH™ by
m(u,0)= lim m(u, V),
V—0

(2) the extension is continuous up to CH™,

which concludes the proof of the proposition. (Let us finally note that since we only have L', as opposed
to L2, estimates for d,m and dym, we only show that m is continuous, but do nor obtain any Holder
estimates.) ]

Remark 9.6 (C 0.3 Wlf)’cz regularity in the (34-1)-dimensional spacetime). In Proposition 9.5, we proved
1

that the extensions of ¢, r, 52, Ay and Q are C%2 N Wlé’cz on the (141)-dimensional quotient manifold Q
(see the notation in Section 2A). It easily follows that these functions, when considered as functions
on M = Q x S? are also in C 0.5 N WIL’CZ. As a consequence, in the coordinate system (u, v, 6, @), the
spacetime metric, the scalar field and the electromagnetic potential all extend to the Cauchy horizon in a

1

manner that is in the (3+1)-dimensional spacetime norm C%2 N Wlé’f.

10. Constructing extensions beyond the Cauchy horizon

In this section, we prove that the solution can be extended locally beyond the Cauchy horizon as a
spherically symmetric W'? solution to (1-1) (in a nonunique manner). Together with Propositions 9.1
and 9.5, this completes the proof of Theorem 5.1.

The idea behind the construction of the extension is that the system (1-1) is locally well-posed in
spherical symmetry for data such that dy ¢, dyr and dy log Q are merely in L? (when r and 2 are bounded
away from 0). This follows from the well-known fact that (1+41)-dimensional wave equations are locally
well-posed with W2 data. Related results in the context of general relativity can be found throughout
the literature; see for instance [Costa et al. 2015a; Luk and Rodnianski 2017; LeFloch and Stewart 2011].
For completeness, we give a proof in our specific setting.

The section is organized as follows. We first discuss a general local well-posedness result on (1+1)-
dimensional wave equation (see Definition 10.1 and Proposition 10.3). We then apply the wave equation
result in our setting to construct extensions to our spacetime solutions by solving appropriate characteristic
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initial value problems. In particular, since we will be able to prescribe data for the construction of the
extensions, there are (infinitely many) nonunique extensions.

We begin by considering a general class of (141)-dimensional wave equation and introduce the
following notion of solution, which makes sense when the derivative of W is only in L? in one of the null
directions.

Definition 10.1. Let k € N. Consider a wave equation20 for W : [0, €) x [0, €) — V (where V C R¥ is an
open subset) of the form

3udyWa = fa(¥)+NEC(W) 8, Wp 3, Wc+KEC (W) 3, Wp 3, Wc+LE (W) 8, ¥p+RE (W) 3,Wp, (10-1)

where W4 denotes the components of W, the functions fa, N fc, K fc, Lﬁ s Rf : VY — R are smooth, and
we sum over all repeated capital Latin indices.

We say that a continuous function W : [0, €) x [0, €) — V satisfying 0,V € L%(Cl?) and 0,V € CSCI?
is a solution in the integrated sense if

(0, W) (U, v) = (0, ¥4)(0, v)—i—/ (RHS of (10-1))(u’, v) du’ for all u € [0, €) and for a.e. v € [0, €),
0

(0,V4)(u,v) =(0,¥4)(u, 0)+/v (RHS of (10-1))(u, v')dv" for all v € [0, €) and for a.e. u € [0, €).
0

Remark 10.2. Given a solution ¥ in the sense of Definition 10.1, it is also a weak solution in the
following sense: for any x € C2°,

//(aux)(u, v)(, W) (u, v)dudv =— f/ x (u, v)(RHS of (10-1))(u, v) du dv,

//(avx)(u, v)(0,¥)(u, v)dudv = — // x (u, v)(RHS of (10-1))(u, v) du dv.

The following is a general local existence result for (1 + 1)-dimensional wave equations where 9,V is
initially only in L2. We construct local solutions in the sense of Definition 10.1. (Let us note that the
following wave equation result holds for rougher data where 9, ¥ is only in L!. This will however be
irrelevant to our problem; see Remark 10.6.)

Proposition 10.3. Consider the setup in Definition 10.1. Let IC C V be a compact subset. Given initial
data to the wave equation (10-1) on two transversely intersecting characteristic curves

{(u,v) :u=0,ve[0,v ]} U{(u,v):v=0,u €[0, u,l}

such that

o W takes value in IC; and

20For k > 1, this should be thought of as a system of wave equations.
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o the following estimates hold for the derivatives of ¥ for some Cyyye > 0:

Uk
/ 13, W[*(0, v') dv’ < Cyae,
0

sup |au“p|2(u/, 0) < Cyave.
uel0,uy]
Then, there exist €yaye > 0 depending on K and Cyaye (and the equation) such that there exists a unique
solution to (10-1) in the sense of Definition 10.1 in the region

(u,v) € {(u, v) 1 u €0, €wave), v € [0, €wave) }
which achieves the prescribed initial data.

Proof. We directly work with the formulation in Definition 10.1 and prove the existence and uniqueness of
integral solutions. This proposition can be proven via a standard iteration argument. In order to illustrate
the main idea and the use of the structure of the nonlinearity, we will only discuss below the proof of a
priori estimates.
By a bootstrap argument, we assume that
sup |8u‘~IJ|(u/, U/) < 4Cyave- (10-2)
u',v'€[0,ewave)

Let K" C V be a fixed compact set such that X C K’. We estimate W using the fundamental theorem of
calculus as follows:

GWHVC
sup W@, v)—w(0,v) < sup f 10, W', V') du’
0

u v €l0,ewave) v'€[0, wave)

=< €wave sup |aqu|(u/, U/)
u' v €[0,€wave)

S 4CWHVC éwave .

Using the compactness of K, we can choose €yaye sufficiently small so that W (u, v) € K’ for all u € [0, €).
Now that we have estimated W, since K’ is compact, it follows that f4(¥), N¥C (), K &€ (W), LE(W),
and R/If (W) are all bounded. From now on, we will use these bounds and write C for constants that are
allowed to depend on sup, cx fa(x), etc.

We now turn to the estimates for the derivatives of W. First, we bound 9, using (the integral form of)
(10-1) and Holder’s inequality and Young’s inequality:

€wave
/ sup [0, W2/, V') dv'
0

u' €[0,ewave)

€wave €wave
SCwave+C/ / |0, W (14 (9,9 + 8, W] + 19,910, Y] + 8, ¥ (', v') du’ dv'
0 0

€wave
< Cwave +C (1 + f sup  [0,W |2(”/a v/) dv/) <ewave + €wave sup Iau‘l’l(u/, U/))
0

' €0, ewave) u',v' €0, ewave)

+ Cyave€lpe  SUp 8, %[/, V).

u',v'€[0,ewave)
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For d, W, we again use (the integral form of) (10-1) and Holder’s inequality and Young’s inequality to get

sup |3, ¥|(', V")

u’,v'el0,ewave)

€
< Cwave +C sup /(1+I3v‘I’I+I3u‘IJ|+I3u‘1’||3u‘lf|+|3u‘1’|2)(u/,v’))(u’,v')dv/
0

' €0, ewave)

1

€
< Cyave + C (l + / sup |8U\IJ|2(14/’ V') dv/) (ev%ave + €wave sup |au\p|2(u/’ v/))
0

1’ €[0, €wavel u',v'€[0,ewave)
€ 1
< Cwave +C (1 + / sup |av"p|2(u/’ v) dv/) (evzvave + €wave Cwave sup |aqul(u/a U/)) .
0 u'€[0,ewavel u’,v'€[0, ewave)

Summing the above two estimates and choosing €yaye sufficient small (depending on Cyaye and K'), it
follows that .
sup [ WP@, V) dv +  sup (3, W], V) < 2Cyae.

0 u'€l0,ewave) u',v'€[0, ewave)
This in particular improves the bootstrap assumption (10-2) so that we conclude the argument. 0

We now use Proposition 10.3 to solve (1-1). In particular, this allows us to extend the solution in
Dy, v, (in infinitely many ways!) beyond the Cauchy horizon as a spherically symmetric strong solution
to (1-1). Before we proceed, let us define a notion of spherically symmetric strong solutions to (1-1)
(using Definition 10.1) appropriate for our setting. For simplicity, in our notion of spherically symmetric
strong solutions, we will already fix a gauge so that A, = 0.

Definition 10.4. Let (¢, 2, r, A,, Q) be continuous functions on

{(u, v) 1 u €lug, up+e€), v e vy, vo+e€)}
for some € > 0 with ¢ complex-valued, (2, r, Ay, Q) real-valued and 2, r > 0. We say (¢, 2,7, Ay, Q)
is a spherically symmetric strong solution to (1-1) if the following hold:?!
e (¢, 2,r, Ay, Q) are in the following regularity classes:

3¢, ,log Qe LA(CY), 8,9, d,1logQ, d,r, d,r, 3,4, € COCY.

e (2-1), (2-2) and (2-3) are satisfied as wave equations in the integrated sense as in Definition 10.1 after
replacing D, — 0, +i¢A,, D, — 0,.

e (2-5), (2-6), (2-8) and (2-9) are all satisfied in the integrated sense as follows, again with the understanding
that D, — 0, +i¢A,, D, > 0,:

O(u,v) = 0(0,v) + / ”[2mr2e<¢lT¢ —¢D, P, v) du', (10-3)

u

O(u, v) = Q(u,0) — f v[zmr%@m —¢Dy$)1(u,v)dv', (10-4)

0

21We remark that (2-4) is not explicitly featured below. Note however that (2-4) follows as an immediate consequence
of (10-7).



320 DEJAN GAIJIC AND JONATHAN LUK

u
r dur(u, v) = r 9,r(0, v) +/ [2F 8,1 8, log Q + (8,r)* — 47 r?| Dy |21, v) du’, (10-5)

uo

v
r dyr(u, v) = r dyr(u, 0) +f [2r 8,7 3, log 2+ (8,r)% — 42| Dy |*1(u, v') dv'’ (10-6)
vo

for all (u, v) € {(u, v) :u € [ug, ug+e¢€), v € [vy, vo +€)}.
e (2-7) is satisfied classically everywhere with A, = 0; i.e.,

0?
BuAv= "5

We emphasize again that a spherically symmetric strong solution to (1-1) in the sense of Definition 10.4
is a fortiori a weak solution to (1-1) in the sense of Remark 1.2.

(10-7)

We now construct extensions to the solutions given by Proposition 9.1 beyond the Cauchy horizon as
spherically symmetric strong solutions to (1-1):

Proposition 10.5. For every uexy € (—00, ug), there exists €.xy > 0 such that there are infinitely many
inequivalent extensions (¢, 2, r, Ay, Q) to the region

Dy, v, UCHT U {(, V) :u € [Uext, Uext + €exi], V €10, €ex)},
each of which is a spherically symmetric strong solution to (1-1) (see Definition 10.4).

Proof. Let us focus the discussion on constructing one such extension. It will be clear at the end that the
argument indeed gives infinitely many inequivalent extensions.

Setting up the initial data. Extend the constant-u curve {u = uex} up to the Cauchy horizon. We will
consider a sequence of characteristic initial problems with initial data given on {u = ucx} and {V =V,,}

where V,, approaches the Cauchy horizon, i.e., V,, — 0. For a fixed n € N, the data on {V = V,,} are
simply induced by the solution that we have constructed in Proposition 9.1. On {u = uey}, the data when
V €[V, 0) are induced by the solution, but we prescribe data for V > 0 (i.e., beyond the Cauchy horizon)
by the following procedure:

o (data for 5) As we showed in (9-2), (9-4) and Proposition 9.5, for a fixed uext, S~2(uext, V) is continuous
up to {V = 0}, is bounded away from 0, and avﬁ(uext, V) e L%,. We can therefore extend Q2 to
{(uext, V) : V > 0} so that it is continuous and bounded away from 0 and avﬁ(uext, V) e L%,.

e (data for ¢) As we showed in (9-3) and Proposition 9.5, ¢ (uext, V) is continuous up to {V = 0} and
Dy (uext, V) € L%,. Since by Lemma 9.4, |Ay|(text, V) S (g — texe) for V. < 0, this also implies
that dy ¢ (text, V) € L%/. We can therefore extend ¢ to {(uex, V) : V > 0} so that it is continuous and
By (ext. V) € LY.

e (data for Ay) Next, by Lemma 9.4, Ay (uex, V) is continuous up to {V =0} and 9y ¢ (uext, V) € L%,.
Thus, like Q and ¢, we can extend Ay to {(uext, V) :V >0} so thatit is continuous and dy Ay (Uext, V) € L%,.

e (data for r) Finally, we prescribe r. Note that this is the only piece of the initial data which is not free,
but instead is required to satisfy constraints. First we note that by (7-16), (9-5) and Proposition 9.5, for
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V <0, r(uext, V) is continuous up to {V = 0}, bounded away from 0 and (Oyr)(text, V) € L%/. Moreover,
using (2-9) (and the also estimates (9-2) and (9-3)), it can be deduced that (dyr)(uext, V) can be extended
continuously up to {V = 0}. Now we extend r and dyr beyond the Cauchy horizon {V = 0} by solving
(2-9). Since dy ¢ € L%, and log €2 is bounded (by the choices above), provided that we only solve slightly
beyond the Cauchy horizon (i.e., for V sufficiently small), both r and |dyr| are continuous, bounded
above, and r is also bounded away from 0.

Formulating the problem as a system of wave equations. Now apply Proposition 10.3 to solve the fol-

lowing system of wave equations for ¥ = (r, log 5, Re(¢), Im(¢), Ay):

2
F o, dyr = =3 & —0,r dyr 422G 19124 =5 (B AV ), (10-8)
&

2
9, 0y logQ = —2nr2(8u¢(8‘/+ieAV)¢+8u_¢(8v—|—ieAV)¢)—2i—2(3uAV)2+iQZ+8ur dyr, (10-9)
Q

0u (v +ieAV))+By+icAy) dup = —im2Q ¢—2r" (D1 (Dy+ieAy)p+dyr ), (10-10)
2

dy (:—2 auAV> = —7wir’e(¢Dyp—¢Dy¢). (10-11)
Q

It is easy to check that this system of equations indeed has the structure as in (10-1).

Solving the system of wave equations. By Proposition 10.3, there exists ¢y > 0 (independent of n)
such that for every V,,, a unique solution to the above system of equation exists for (u, V) € {(u, V) :
U € [Uext, Uext + €0), V € [Vy, Vi, +€0)}. In particular, since V,, — 0, we can choose n € N sufficiently
large so that V,, + €p > 0. Now fix such an n and choose €. > O sufficiently small so that €. <
V. + €9. We have therefore constructed a solution (r, log 2, Re(¢), Im(¢), Ay) to (10-8)—(10-11) in
Dy vy UCHYU {(u, V) i u € [text, hext + €ext], V € [0, €ex) }-

Definition of Q and (10-4). Define Q = 2r2§~272 d,Ay. By definition Q is continuous and (10-7) is
satisfied classically. Moreover, since (10-11) is satisfied in an integrated sense, it also follows that (10-4)

is satisfied.
Plugging in the definition of Q into (10-8)—(10-10), we also obtain that r, € and ¢ respectively satisfy
(2-1), (2-2) and (2-3) as wave equations in the integrated sense as in Definition 10.1.

Propagation of constraints and (10-3), (10-5) and (10-6). Next, we check that (10-3), (10-5) and (10-6)
are satisfied. This involves a propagation of constraints argument, which is standard except that we need
to be slightly careful about regularity issues.

First, we note that since the equations are satisfied classically at (u, V},) for all u € [uext, Uext + €0),
(10-3) and (10-5) are satisfied on {V = V,,;}. Moreover, by the construction of the data for » above, (10-6)
is also satisfied on {u = uex;}.

Therefore, it follows that (10-3), (10-5) and (10-6) are equivalent respectively to the equations

(Qu, V) — O, V) — (Qutext, V) — Qext V)
= / [27ir*e(Dy¢ — ¢ D)1, V) du' — f [27irte(Dy¢ — dDu) 1, Vy)du', (10-12)

Uext Uext
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(r 0ur(u, V) —r dyr(u, V) — (r 0yr (Uext, V) — 1 0y (Uext, Vi)
u
= / (12r 8,7 3, log @+ (3,r)* — 47 r?| Dy P/, V) — [--- 1/, Vi) du’,  (10-13)
Uext
(royr(u, V) —royr(uex, V)) — (r oyr(u, V,,) —r dyr(uext, Vi)
Vv
:/ ([2r dyr dy log @+ (dyr)* — 4nr?|Dy P 1(u, V') — [+ - 1ttex, V') dV', (10-14)

where [- - - ] means that we take exactly the same expression as inside the previous pair of square brackets.

To proceed, observe now that we have the following integrated version of the Leibniz rule: let
f,g:10,T] > R, feC’ geCl. Assume that there exists an F : [0, 7] — R in L' such that
f@)— fO) = f(; F(s)ds forall t € [0, T]. Then by Fubini’s theorem and the fundamental theorem of
calculus,

/ F(s)g(s)ds =g(0) / F(s)ds —|—/ /S F(s)g'(t)dt ds
0 0 0 0
— (150 — £(0)g(0) + /O f F(s)g'(v) ds dt
— (15(0) — f(0)g(0) + fo LF(Ng'(2) — F()g (D] dr

= f()g@) — f(0)g(0) —/0 f($)g'(s)ds. (10-15)

In other words, assuming ¥; satisfies 9,9, V; = F; (for some F; € LII)C 3), the following integrated versions
of the Leibniz rule hold:

v
0 Vi(u, VYW, V) =0,V (u, V))V;(u, Vy) +/ [W;F; +0,%; 0, ¥ 1(u, V)dV’, (10-16)

u
QWi (u, VIV (u, V) = 0y Vi (ex, VIV (tex, V) + | [V F; +3,¥; 9, W1, V)du'.  (10-17)

Uext

Let us now show that (10-3), or equivalently (10-12), holds. Since we have already established that
(10-4) holds, it follows that (10-12) is equivalent to

- /V V([zmr%(qﬁm — D), V) = [+ N(uext, V1)) dV'
n = / ' (I2wir’e(@Dud — pDu)IW', V) —[--- 14, Vi) du’.  (10-18)

By (10-16) and (10-17) above, it fOH:;VS that we need to check
f ” / V(au Qrir’e(@Dyp — p D)) +dv Quir’e(dDud — dDud)) (', V') du' dV' =0, (10-19)

where expressions such as d, D,¢ and dy D,¢ are to be understood after plugging in the appropriate
inhomogeneous terms arising from (10-10). On the other hand, after plugging in the appropriate expressions
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from (10-10), it is easy to check that the integrand in (10-19) vanishes almost everywhere. Therefore,
(10-19) indeed holds, which then implies that (10-3) holds.

Next, we consider (10-5), or equivalently (10-13). Since we have already established (10-8) in an
integrated sense, using the definition of Q above, it follows from (10-16) that (10-13) is equivalent to

~?2

\%4
1 2 Q 2 / / /
/([—Z S Q](u,V)—[-~](uexuV)>dV
Vi
- / (12r 3ur 3, 1og @+ (3,r)* —4rr’| D1, V) =[]/, Vi) dud'. (10-20)

Using again the integrated Leibniz rule (10-16) and (10-17), it then follows that (10-20) is equivalent to

~2
~ Q
/ / (H +m2m292|¢|2+1—2Qz]w/,v/))dv/d”/

/ 3y (12r 8ur 3, 1og @ + (3,r)> — 4 r2| D1, V') du' dV' =0, (10-21)
Uext

where (in a similar manner to (10-19)) expressions dy d, 7, dy d, log Q and dy D, ¢ are to be understood after
plugging in the appropriate inhomogeneous terms arising from (10-8), (10-9) and (10-10) respectively,
and 9, Q is to be understood as

3,0 =27ir*e(¢ Dy — dDu);

see (10-3). Direct algebraic manipulations (using in particular Q = 2126077 dy Ay) then show that the
integrand in (10-21) vanishes almost everywhere. This verifies (10-5).

Finally, we need to check (10-6), or equivalently (10-14). This can be argued in a very similar manner
to (10-5); we omit the details.

Checking the regularity of the functions. We have now checked that all the equations are appropriately

satisfied. To conclude that we have a solution in the sense of 10.4, it remains to check that dyr is
continuous. (A priori, using Proposition 10.3, we only know that dyr € L? v(C 0) ) That dyr is continuous
is an immediate consequence of (10-14), the fact that the data for dyr are continuous on {u = ey}, and
the regularity properties of all the other functions.

We have thus shown how to construct one extension of the solution (as a spherically symmetric strong
solution in the sense of Definition 10.4). Since the procedure involves prescribing arbitrary data, one
concludes that in fact there are infinitely many inequivalent extensions. O

Remark 10.6. Notice that in spherical symmetry, one can solve the wave equations with data such
that one only requires dy ¢, dyr, d,log 2 € L%,. However, if dy¢ ¢ L?,, we have dyr — —oo along a
constant-u hypersurface, and one cannot make sense of (2-9) beyond the singularity. In other words, if
v ¢ L%,, we cannot find appropriate data to the system of the wave equations so as to guarantee that
the solution indeed corresponds to a solution to (1-1).
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11. Improved estimates for massless and chargeless scalar field
Proof of Theorem 5.5. We will prove that

sup (lul? 18, 1(u, v) + V%3, (1, v)) < 0.

ue(—oo,upl, ve[vy,00)
Recalling the relation between v and the regular coordinate V in (9-1), this then implies the desired
conclusion.
We prove the above bounds with a bootstrap argument. Assume that

sup |u|? 1841 (14, V) < Aimp. (11-1)

u€(—o0,ug], ve[vp,00)

In the following argument, we will allow the implicit constant in < to depend on all the constants in the

previous sections, as well as the size of the left-hand side of (5-2). Ajmp will then be thought of as larger

than all these constants. We will show that for appropriate ||, the estimate in (11-1) can be improved.
To proceed, note that when m = ¢ = 0, (2-3) can be written as

3 (r 3yp) = —(3ur) (Bup), (11-2)
3y (r 3,9) = —(3,r) (3yp). (11-3)

Using (11-2), we estimate
V3,01, ) ST+ Aimp | V|2 + /)2 du’ ST+ Aimpluol ™" (11-4)

Using (11-3) and the estimate (11-4) that we just established, we have
(o.¢]
|u|2|au¢|(u,v)51+<1+Aimp|uo|—1)/ a0/ 72 " )7 do” S 1+ (14 Aimpluo]l g ' (11-5)
vo

Choosing Ajmp sufficiently large and u( sufficiently negative (in that order), we have improved the
bootstrap assumption (11-1). Then by (11-4) and (11-5),

su5<|av¢|<u, V) + ul? 3,91, V)) S sup(v?]3,01(u, v) + |u|*13.(u, v)) < 00,

u,v

from which the conclusion follows. |
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