ISSN 0012-9593

quatriéme série - tome 51 fascicule 2 mars-avril 2018

ANNALES

SCIENTIFIQUES
de

I/ ECOLE
NORMALE
SUPERIEURE

Mihalis DAFERMOS & Igor RODNIANSKI & Yakov
SHLAPENTOKH-ROTHMAN

A scattering theory for the wave equation on Kerr black hole exteriors

SOCIETE MATHEMATIQUE DE FRANCE



Annales Scientifiques de I'Ecole Normale Supérieure

Publiées avec le concours du Centre National de la Recherche Scientifique

Responsable du comité de rédaction / Editor-in-chief

Patrick BERNARD

Publication fondée en 1864 par Louis Pasteur Comité de rédaction au 1¢ mars 2018
Continuée de 1872 a 1882 par H. SAINTE-CLAIRE DEVILLE P. BERNARD A. NEVES
de 1883 4 1888 par H. DEBRAY S. Boucksom J. SZEFTEL
de 1889 a 1900 par C. HERMITE R. CERF S. VU Ncoc
de 1901 a 1917 par G. DARBOUX G. CHENEVIER A. WIENHARD
de 1918 4 1941 par E. PICARD Y. DE CORNULIER G. WILLIAMSON
de 1942 4 1967 par P. MONTEL E. KOWALSKI
Rédaction / Editor

Annales Scientifiques de I’Ecole Normale Supérieure,
45, rue d’Ulm, 75230 Paris Cedex 05, France.
Tél. : (33) 144 32 20 88. Fax : (33) 1 44 32 20 &0.

annales@ens.fr

Edition / Publication Abonnements / Subscriptions
Société Mathématique de France Maison de la SMF
Institut Henri Poincaré Case 916 - Luminy
11, rue Pierre et Marie Curie 13288 Marseille Cedex 09
75231 Paris Cedex 05 Fax : (33) 0491 41 17 51
Tél. : (33) 01 44 27 67 99 email : smf@smf.univ-mrs.fr

Fax :(33) 01 40 46 90 96
Tarifs

Abonnement électronique : 420 euros.
Abonnement avec supplément papier :
Europe : 531 €. Hors Europe : 575 € ($863). Vente au numéro : 77 €.

© 2018 Société Mathématique de France, Paris

En application de la loi du 1° juillet 1992, il est interdit de reproduire, méme partiellement, la présente publication sans ’autorisation
de I’éditeur ou du Centre frangais d’exploitation du droit de copie (20, rue des Grands-Augustins, 75006 Paris).

All rights reserved. No part of this publication may be translated, reproduced, stored in a retrieval system or transmitted in any form or
by any other means, electronic, mechanical, photocopying, recording or otherwise, without prior permission of the publisher.

ISSN 0012-9593 (print) 1873-2151 (electronic) Directeur de la publication : Stéphane Seuret
Périodicité : 6 n° / an



Ann. Scient. Ec. Norm. Sup.
4e série, t. 51, 2018, p. 371 2 486

A SCATTERING THEORY FOR THE WAVE EQUATION
ON KERR BLACK HOLE EXTERIORS

BY MiHaLis DAFERMOS, IGorR RODNIANSKI
AND YAakov SHLAPENTOKH-ROTHMAN

ABSTRACT. — We develop a definitive physical-space scattering theory for the scalar wave equa-
tion Ogv = 0 on Kerr exterior backgrounds in the general subextremal case |a| < M. In partic-
ular, we prove results corresponding to “existence and uniqueness of scattering states” and “asymp-
totic completeness” and we show moreover that the resulting “scattering matrix” mapping radiation
fields on the past horizon ™~ and past null infinity Z~ to radiation fields on H+ and Z+ is a bounded
operator. The latter allows us to give a time-domain theory of superradiant reflection. The bounded-
ness of the scattering matrix shows in particular that the maximal amplification of solutions associ-
ated to ingoing finite-energy wave packets on past null infinity Z~ is bounded. On the frequency side,
this corresponds to the novel statement that the suitably normalized reflection and transmission coeffi-
cients are uniformly bounded independently of the frequency parameters. We further complement this
with a demonstration that superradiant reflection indeed amplifies the energy radiated to future null
infinity Z1 of suitable wave-packets as above. The results make essential use of a refinement of our re-
cent proof [30] of boundedness and decay for solutions of the Cauchy problem so as to apply in the
class of solutions where only a degenerate energy is assumed finite. We show in contrast that the anal-
ogous scattering maps cannot be defined for the class of finite non-degenerate energy solutions. This is
due to the fact that the celebrated horizon red-shift effect acts as a blue-shift instability when solving
the wave equation backwards.

REsUME. — Nous développons une théorie de la diffusion définitive en espace physique pour
I’équation scalaire d’onde dans la région extérieure de la métrique de Kerr dans le cas sous-extrémal
général |a| < M. En particulier, nous prouvons des résultats qui correspondent a « I’existence et
I'unicité des états de diffusion » et la « complétude asymptotique » et nous montrons de plus que la
matrice de diffusion qui envoie les champs de radiation sur I’horizon passé et I'infini nul passé aux
champs sur I’horizon futur et I'infini nul futur est un opérateur borné. Ce dernier point nous permet
de donner une théorie de réflexion superradiante dans le domaine temporel. Le fait que la matrice
de diffusion est bornée montre en particulier que 'amplification maximale de solutions associées aux
paquets d’ondes entrants d’énergie finie sur I'infini nul passé est bornée. En fréquence, cela correspond
a laffirmation nouvelle que les coefficients de réflexion et de transmission, convenablement normalisés,
sont bornés uniformément, indépendamment des paramétres de fréquence. Nous complétons ceci de
plus avec une démonstration que la réflexion superradiante amplifie effectivement I’énergie rayonnée
a l'infini nul futur, pour les paquets d’ondes appropriés comme ci-dessus. Les résultats font usage
essentiel d’un raffinement de notre démonstration récente [30] de la bornitude et de la décroissance
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372 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

des solutions du probléeme de Cauchy de fagon a s’appliquer a la classe de solutions ou seulement
une énergie dégénérée est supposée finie. Nous montrons en contraste que I’application de diffusion
analogue ne peut pas étre définie pour la classe de solutions d’énergie finie non dégénérée. C’est dil au
fait que le célebre effet de décalage vers le rouge agit comme une instabilité de décalage vers le bleu
quand on résout I’équation d’onde rétrograde.

1. Introduction

Black holes play a central role in our present general relativistic picture of the universe.
At the same time, however, they are perhaps the example par excellence of a physical object
which cannot be observed “directly”. An effective approach to infer both the very presence
but also the finer properties of black holes proceeds through the study of the scattering
of waves on their exterior. Hence, a theoretical understanding of scattering theory in this
context is of paramount importance.

The bulk of the now classical black hole scattering-theory literature concerns only the
fixed-frequency study of solutions u . ¢) (r*) to the radial o.d.e.

(1) u” + w*u = Vu,

where V' = V(g m,¢(r*), resulting from Carter’s remarkable separation [15] of the linear
scalar wave equation

(2 O =0

on Kerr black hole backgrounds (M, g4 ar). One can also consider more complicated
systems like the Maxwell Equations or the equations of linearised gravity. See Chan-
drasekhar’s monumental [16] and the monograph [40].

Beyond formal fixed-frequency statements concerning (1), true scattering results in the
“time-domain,” describing actual finite-energy solutions of (2) and related equations, have
only been obtained in various special cases. Let us already mention the pioneering results of
Dimock and Kay [33, 35, 34] in the Schwarzschild @ = 0 case. See also [8, 9]. In the case
of rotating Kerr black holes with a # 0, on the other hand, despite recent progress on the
Cauchy problem, first for the |a| <« M case [28, 4, 69] and then, for the full subextremal
range |a| < M in [30], the most basic questions of scattering theory for (2) have remained to
this day unanswered. In particular:

(a) Can one associate a finite-energy solution of (2) to every suitable finite-energy
past/future asymptotic state? ( Existence of scattering states. )

(b) Is the above association unique, i.e., do two finite-energy solutions having the same
asymptotic state necessarily coincide? ( Uniqueness of scattering states. )

(c) Do the above solutions parametrised by finite-energy past/future asymptotic states
describe the totality of finite-energy solutions v to (2)? (Asymptotic completeness.)
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A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 373

See the classic [62] for a general introduction to the scattering theory framework in physics.

At the conceptual level, one of the most interesting new phenomena of black hole scat-
tering which arises when passing from the Schwarzschild ¢ = 0 to the rotating a # 0 Kerr
case is that of superradiance. This already can be seen at the level of the fixed-frequency
o.d.e. (1). We review this very quickly for the benefit of the reader familiar with the classical
physics literature [16]. Y For each fixed frequency triple (w, m, £) with € R, one can define
two complex-valued solutions Uy, (r*) and Ujne(r™*) of (1) so that

—i(w—w4m)r*

: *
Uhor ~ € asr* — —oo, Uingr ~ €'“" asr* — oo,

corresponding to the asymptotic behavior of the potential V', which is itself real. Here w is
related to the Kerr parameters a, M by the formula 2M w (M ++~ M? — a?) = a. The linear
independence of Uyo, and Ujyy is the statement of mode stability on the real axis and was
proven recently by one of us [67], extending the transformation theory of [73]. By dimensional
considerations, this linear independence at one go answers the “fixed frequency” analog of
questions (a)—(c) in the affirmative. It follows that since Ujyr also solves (1), we may write

3) 0%

(@~ wim)
where € = T (w,m, ) and R = R(w, m, £) are known as the transmission and reflexion coef-
ficients. Formally, these coefficients describe the proportion of “energy” at fixed frequency
(w,m, £) transmitted to the horizon and reflected to infinity, respectively, of purely incoming
wave from past infinity. With the precise normalization of (3), which will be in fact motivated
by the considerations of this paper, the energy identity associated to (1) yields

@) D —— L
w— Wwym

Unhor = RUinr + anv

Superradiance, first discussed by Zeldovich [74], corresponds to the fact that, for the
frequency range

(5) w(w —oyim)~! <0,

the transmission coefficient ¥ is weighted with a negative sign in (4) allowing thus the
reflection coefficient R to have norm strictly greater than 1

(6) |R(w,m, £)| > 1.

That is to say, there is a nontrivial energy amplification factor at fixed frequency. The first
estimates for the maximum reflection coeflicient in various frequency regimes go back to
pioneering work of Starobinskii [68] (see also [70]), but even the statement of the uniform
boundedness of R(w,m, ) over all superradiant frequencies (5) has remained an open
problem.

In passing from a fixed-frequency scattering theory to a true time-domain scattering
theory, the absence of an obvious quantitative frequency-independent control of the coef-
ficient R(w, m, £) presents itself as a fundamental difficulty. Moreover, an additional diffi-
culty is identifying the correct notion of “energy” with respect to which solutions should be
defined. In particular, one requires a notion of energy which controls solutions of (2) not

(M All notations here will be explained in detail in the paper. The reader for which this is unfamiliar can skip directly
to the next paragraph!
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374 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

only in the forward but also in the backward direction, i.e., an energy not subject to the local
red-shift effect associated to the event horizon, which when solving backwards appears as a
blue-shift instability.

The purpose of this paper is to overcome these difficulties and develop a definitive
finite-energy scattering theory for (2) on general subextremal Kerr exteriors (M, ga.ar)
with |a| < M, showing in particular:

The answer to (a), (b) and (c) is yes. Existence and uniqueness of scattering
states as well as asymptotic completeness indeed hold for the space of solutions
to (2) and scattering states defined by the finiteness of a natural energy flux.

We will understand scattering states in the sense of Friedlander [38] (for the Schwarzschild
case in this context, see [59]), and our approach to both constructing and estimating the
scattering maps can be thought of as a combination of what in the traditional literature are
known as “stationary” and “time-dependent” methods [49, 53]. We will depend heavily on
our recent boundedness results [30] for the Cauchy problem for (2), as well as certain decay
results of [30], which indeed succeeded in giving a first version of quantitative physical-space
control over superradiance, independent of frequency, and also showed that a suitable class
of solutions of (2) can be indeed understood as superpositions of solutions of (1) over real
frequencies w. Our argument crucially relied on the fact that the difficulties of superradiance
and trapping are disjoint. We will in fact, however, here require a certain refinement of the
estimates of [30] so as to apply to a degenerate energy not subject to the backwards blue-
shift instability. This notion of energy lies behind the particular choice of normalization of
the reflection coefficient 2R in (3). Along the way, we shall in particular provide the missing
frequency-independent bound on fR over all superradiant frequencies (5):

@) sup |[R(w,m, )| = S(a, M) < oo
(w,m,t)

by a finite constant S(a, M) depending only on the Kerr parameters, with S(a, M) > 1 if
a#0.

Our asymptotic completeness results will allow us to define (in the language of
Wheeler [72]) an S-matrix . whose boundedness in the operator norm replaces the usual
unitarity property. A suitable restriction of . will be related to a generalization of the
inverse-Fourier transform applied to multiplication by the coefficients 98 and ¥ defined
by (3). Through this, we will give a definitive physical space (i.e., time-domain) interpreta-
tion of superradiant reflection, in particular, showing:

Superradiant reflection indeed strictly amplifies the energy radiated to
infinity of suitably constructed purely ingoing finite-energy wave packets.
The maximum amplification factor, however, is bounded precisely by the
constant S(a, M) of (7).

Our results leave open the extremal case g, ar for a = M (see [7]). In particular, it is not
known whether the limit lim4|_, s S(a, M) is finite.
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A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 375

1.1. Brief overview of the main theorems

We introduce briefly the main theorems of the paper in what follows below. (We will
give a more detailed overview together with precise statements of all theorems listed here in
boldface type in Section 2.)

1.1.1. From Schwarzschild to Kerr: the T -energy theory and superradiance. — The first diffi-
culty in constructing a physical-space scattering theory is identifying what constitutes the
“correct” class of finite energy solutions and asymptotic states. In the Schwarzschild case, as
admissible solutions to (2) it is natural to consider the class of ¥ which have finite conserved
energy (i.e., finite energy corresponding to the stationary Killing vector field 7') on a Cauchy
hypersurface. This in turn suggests a corresponding notion of asymptotic states defined in
terms of the completion (with respect to the natural T-energy flux) of the set of Friedlander
radiation fields ryy on T (see [38]), complemented by the analogous completion of the set of
traces of ¥ on the event horizon H*. See Nicolas [59] for a recent formulation of Schwarz-
schild scattering theory in precisely these terms. This theory can be constructed entirely in
the time-domain, i.e., using “time-dependent” methods. (We will in fact give our own self-
contained version of the Schwarzschild theory in Section 9.6.)

Turning to the Kerr case, the above conserved energy corresponding to 7 is clearly unsuit-
able for a scattering theory, because the inner product it defines is now indefinite, in view of
the existence of the well-known ergoregion where T is spacelike. @ This is the physical-space
origin of the phenomenon of superradiance discussed with respect to (4). Recent progress
on understanding the Cauchy problem for (2) on Schwarzschild and Kerr has rested in part
on the realization (see [23, 26, 27]) that a more natural energy quantity for understanding
forward evolution is that defined by a T -invariant everywhere-timelike vector field N (see (41)
in Section 3.4). Even though this N-energy is not conserved, it remains, as proven in our
recent work [30] (for the full sub-extremal range of Kerr parameters |a| < M), uniformly
bounded through a suitable spacelike foliation X} of the exterior region and controls in fact
a spacetime integral quantity. The good divergence properties of the vector field N are related
to the celebrated red-shift effect associated to the horizon H™.

1.1.2. The N-energy theory and the backwards blue-shift instability. — Despite its success
in the context of the Cauchy problem on Kerr, the above N -energy is again unsuitable for
defining a scattering theory, because the helpful red-shift transforms into a lethal blue-
shift when trying to associate admissible solutions to their natural asymptotic states, which
requires solving the wave equation backwards. See the discussion in [20, 64] and also the more
recent comments in [59]. (Note that the appearance of a blue-shift instability in this context
is familiar from the phenomenon of Hawking radiation [47, 10, 11, 44, 45]. See also [50].)
The first two results of our paper are dedicated to making explicit this obstruction. Our
Theorems 1 and 2 together show that while one can naturally associate (using our results

@ Let us note that, in contrast to the wave equation (2), for the Dirac equation, one still has a coercive L2-conserva-
tion law despite the absence of a globally timelike Killing field. Using this, Hifner and Nicolas [46] have constructed
a scattering theory for the Dirac equation on Kerr backgrounds, generalizing [58]. This has been extended to Kerr-
Newman-de Sitter backgrounds by Daudé and Nicoleau [32]. In this context, see also Héfner [43] for scattering
results concerning a non-superradiant class of solutions of the Klein-Gordon equation for fixed azimuthal mode m.
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376 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

of[30]) asymptotic states to finite N -energy solutions, this map is not surjective, and thus, one
cannot define a one-sided inverse map embodying the existence of scattering states (cf. (a)).

1.1.3. The V-energy theory. — The correct setting for a scattering theory on Kerr would then
appear to be an energy quantity defined by a vector field V' which (like 7 in Schwarzschild)
is null on the horizon and timelike outside. With the help of the additional axisymmetric
Killing field @, one can in fact construct such a vector field V' which can be chosen moreover
Killing in a neighborhood of both H™ and Z* (though not globally Killing!). Even the
question of uniform boundedness of solutions assumed to lie only in the energy space defined
by V (see (42) in Section 3.4), however, has not previously been answered. (See however,
the very related higher-order weighted estimates of Andersson-Blue [4] in the very slowly
rotating |a| < M case.)

The main results of the present paper (Theorems 3 and 4) succeed in constructing a
bounded invertible map %, associating a unique future asymptotic state to each solution
with initially bounded V-energy, with two-sided inverse Z_ satisfying

(8) B_oFy=1d, Fyo%B_ =1d.

The boundedness of the map .% requires a refinement of our previous boundedness results
on the Cauchy problem (see [30]) so as to apply for admissible solutions defined by the
finiteness of a suitable V-energy as above. This will require us to revisit the fixed frequency
o.d.e. estimates on (1) proven in [30]. What will be the inverse map Z_ is constructed
explicitly via the frequency domain by an appropriate superposition of solutions to the fixed
frequency o.d.e (1). Again, to infer the boundedness of %_ one needs to exploit quantitative
estimates on (1) adapted from [30], again referring only to the V -energy flux. One may define

similar maps .%_, %+ associating solutions to past asymptotic states.

In the traditional language of scattering theory, let us note that existence of scattering
states (cf. (a)) corresponds to the existence of %+, uniqueness of scattering states (cf. (b)) to
the injectivity of %, and asymptotic completeness (cf. (c)) to the surjectivity of Z+. These
three statements of course all follow from (8).

1.1.4. The scattering map ., superradiant reflection % and applications. — The asymptotic
completeness results allow us in particular to define a scattering map (S-matrix)

S = Fyp o By
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A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 377

taking asymptotic past states to asymptotic future states

which is moreover bounded in the operator norm with respect to the spaces defined by the
flux of the V-energy (see Theorem 5).

To connect with the usual discussion of superradiant scattering, we may also define a
reflection map &% and a transmission map & which restricts . to past asymptotic states
with no trace on the past event horizon H™ and returns only the radiation to future null
infinity Z™ or the future event horizon H ™ respectively. It follows in particular that Z and .7
are also bounded (see Theorem 6). On the other hand, we show that the operator norm of #
satisfies ||Z|| > 1 (see Theorem 7), and thus there exist wave packets corresponding to past
asymptotic states supported only on Z~ such that the energy radiated to Z™ is strictly greater
than the energy flux on Z~. As discussed above, this gives a physical space interpretation of
superradiance (cf. the numerical [6]). Next, we will show that 7 @& Z is pseudo-unitary in
that it preserves an indefinite inner product associated to the 7T -energy (Theorem 8). Upon
restricting to “non-superradiant” data along H~ and Z~ the map .¥ becomes unitary in the
standard sense (Theorem 9).

We finally give a “unique continuation” result that finite V' -energy solutions are uniquely
characterized by their scattering data on any of the “ill-posed” pairs H~ U H+, It UZ™,
H~ UZ' or HY UZ~ (see Theorem 10). This has the interpretation that for this improper
notion of asymptotic states, uniqueness of scattering states (b) holds without existence (a).

1.1.5. Back to the fixed-frequency theory. — We have already noted that our results
will require revisiting the estimates proven in [30] for the radial o.d.e. (1) appearing in
Carter’s classical separation of (2). In this sense, our work makes contact back with the
formal scattering theory literature [40] concerning (1) at fixed frequency. In particular, our
o.d.e. results will yield the uniform boundedness of the reflection and transmission coeffi-
cients (Theorem 11), in particular, giving (7). This complements the work of Starobinskii
and others (see [68, 70]) aimed at numerically estimating the maximum of these for low fixed
values of m, £. Our transmission and reflection maps .7 and Z can in fact be represented
as a generalized inverse Fourier transform of multiplication by ¥ and SR (Theorem 12). In
particular, a posteriori, the boundedness statements of Theorems 6 and 11 are equivalent.
This connects the fixed frequency and physical space scattering theories in a very explicit
way.

Though our approach to asymptotic completeness will only require us to study the reflec-
tion and transmission coefficients for real frequencies, it is also interesting to study the mero-
morphic continuation of Y& and ¥ in appropriate subsets of the complex plane. The work of
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Whiting [73] referred to above shows that there are no poles in the upper half plane while the
poles in the lower half plane correspond to “quasi-normal modes,” e.g., see [36].

1.2. Related work, future directions of study and further reading

Let us specifically mention here a related recent important advance by Georgescu, Gérard
and Héfner [41] which proves scattering results for fixed-azimuthal mode (i.e., fixed m) solu-
tions of the Klein-Gordon equation in the very slowly rotating Kerr-de Sitter case |a| < M, A.
This is in part based on work on the Cauchy problem due to Dyatlov [36]. For an earlier
work concerning superradiant scattering involving a charged Klein-Gordon field in an
electrostatic potential, see Bachelot [13, 12]

For additional background on the Cauchy problem on other black hole spacetimes,
besides references mentioned previously, we refer the reader to the lecture notes [27].

It would be of significant interest to see if appropriately modified versions of the asymp-
totic completeness results established in this paper can be extended to other matter models
of interest, for example, Maxwell’s equations (see [5] for the state of the art on the corre-
sponding Cauchy problem), and possibly most interestingly, to the equations of linearised
gravity (see [19]).

It is worth emphasizing that the understanding of scattering theory for a massive scalar
field will require significant modifications due to both the existence of eigenvalues in the
upper half-plane [66] and to the inadequacy for massive fields of the Friedlander radiation
field notion.

We note finally that the classical scattering theory developed here has applications to
quantum field theory on curved backgrounds and the phenomenon of Hawking radiation.
See [47, 71, 10, 11, 44, 45].
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2. Detailed overview and statements of the main theorems

In this section, we will give a more detailed overview of the main results of this paper. We
begin in Section 2.1 with the basic setup for our “time-domain” scattering theory. We shall
then briefly turn in Section 2.2 to a discussion first of the Schwarzschild ¢ = 0 case based on
spaces defined by the conserved T -energy, and then of the problem of superradiance in Kerr
for a # 0 which makes this approach impossible. With these preliminaries, we present in
Section 2.3 the statements of the main theorems of our scattering theory in the time domain
for Kerr in the general subextremal range |a| < M. We shall relate this back to the fixed-
frequency theory in Section 2.4, stating two additional theorems. In Section 2.5, we make
a brief comparison with non-linear scattering problems involving black holes, in particular
referring to a recent scattering construction of solutions to the Einstein equations themselves
which asymptote in time to the Kerr family [20]. Finally, we shall give in Section 2.6 a section
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A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 379

by section outline of the remainder of the paper, identifying in particular where each of the
main theorems is proven.

2.1. The setup for scattering theory in the time-domain

We begin with the basic setup describing our “time-domain” scattering theory in the Kerr
black-hole context.

2.1.1. The exterior region of Kerr. — We will fix subextremal Kerr parameters |a| < M
and consider the Kerr metric g, » defined on a “domain of outer communication” D. See
Section 3.2 for an explicit representation of this manifold with stratified boundary.

The boundary components H* correspond to past and future event horizons and meet in the
so-called bifurcation sphere B. (Our convention will be that H* do not contain B.) Moreover,
one can define the two “asymptotic” boundary components future and past null infinity Z%,
which, in an auxiliary topology, can indeed be attached to D as boundary. See Section 4.2.

2.1.2. Hypersurfaces and forward evolution of smooth data. — We begin by considering
smooth solutions ¥ of (2) arising from compactly supported initial data on a suitable
hypersurface. We will in fact consider three distinct classes of such data.

When we are only interested in future scattering, it is more natural to focus on solutions
parametrised by compactly supported data (11;23, llflz(,g) on a hypersurface

X5 = {t* =0},
defined as the level set of a future-horizon penetrating ¢ *-coordinate. See Section 3.2. Here
X5 is understood as a manifold-with-boundary, so the support of the data can in principle
contain the boundary £% N ‘H*. By general theory, such data give rise to a unique smooth

solution ¥ of (2) on R>¢9 = D1(Zo). We shall call the map from smooth initial data to
solution forward evolution:

(€] W) >
See Proposition 3.6.1.

When we are interested in defining the S-matrix, we need to parameterise solutions ¥ by
data which determine ¥ globally on D. It is in fact natural to distinguish between two cases.
Defining

S={=0, T=3UB
where ¢ is the usual Boyer-Lindquist coordinate defined only on the interior of D, we can
consider smooth compactly supported data (P, \D/i) on %, or the more restrictive class of
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smooth compactly supported data (1];55, q;’% ) on 5. (The latter, thought of as a special case
of the former, must vanish in a neighborhood of 5.) We can now associate in either case a
global smooth solution ¥ on D. See Proposition 3.6.2. We will again refer to the map (9) as
forward evolution.

The significance of considering the restricted data (i.e., data whose support as a subset
of $is compact) is that the support of the resulting ¥ in D is disjoint from an open neigh-
borhood of B. This will be useful technically in defining the backwards map in the frequency
domain. It will also facilitate comparison with other results where it has often been this scat-
tering theory that has been implicitly or explicitly considered.

2.1.3. Radiation fields and horizon traces. — The most natural formulation of a scattering
theory from the point of view of the present problem describes asymptotic states by an
appropriate Hilbert space completion (see below) of the future and past radiation fields
on Z% augmented by radiation fields on the horizons.

The notion of radiation field along Z% is due to Friedlander [38] and in our context is
given by the following proposition:

PROPOSITION 1. — If data (\, ') are smooth of compact support on T3, S or X, then the
solution rr extends to a smooth function ¢ defined on T+ .

We shall infer the above as an essentially trivial consequence of the r? estimates of [24].
See Proposition 3.8.1 and Corollary 4.2.1.

The radiation field on the horizon is just the usual restriction of i as a smooth function.
Let us introduce the notation HJZFO = Rso, and H* = HT U B. Since v arising from
compactly supported data (llfzg , U« ) is only defined on R0, we may define in this case only

0 -

Vl,,+ = ¥|,+ . Inthecase of solutions arising from compactly supported data on 3 and X,
>0 >0

respectively, v is of course defined on all of H+; nonetheless, we shall refer to Y+ = Yyt in
the former case and ;- = ¥ 7 in the latter case. This notation reminds us (cf. the remark
at the end of Section 2.1.2 above) that in the former case, the support of .+ is disjoint from
a neighborhood of B in D, whereas, in the latter case, the support of y + may contain B.

To summarize, forward evolution (9) gives rise to a map on smooth compactly supported
initial data

(10)
/
(¢|E(’§,§J, or X’ llf |28,§, or T = w
= Wyt at, ormF = Yty i, or e Olzt = 1¥z+)
defined by solving the initial value problem for (2) and restricting to the radiation fields. The

forward maps of our scattering theory will be constructed by completing the above map with
respect to suitably defined energies.
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2.1.4. Vector fields, energies and asymptotic states. — The states defining scattering theory
are associated to energies which are in turn defined by vector fields.

Recall that a general vector field X defines an energy current JX [/] and an energy flux

(11) [5 ¥y

through an arbitrary hypersurface S. (See Section 3.1.)

For appropriate vector fields X for which (11) is nonnegative, the square root of the
expression (11) can in turn be used as a norm to define a space
X X X
(12) 823, Si , &s
by completion of the set of smooth compactly supported data (, ') on 7, 203, ¥, respec-

tively. (See Section 8.1.) Recall that “compactly supported on $” is a more restrictive
assumption than “compactly supported on £ and thus £ g C Eg .

Similarly, the flux (11) defines asymptotic spaces

X X X X X X
(13) Er O L. ELefl

via completion of the space of radiation fields arising from (10). Here we have that 57’5 n
>0

embeds (non-uniquely) into 57)5 +and also, é'g + C 8%.

In this picture, the problems (a)—(c) of scattering theory translate into finding bijective maps
between (12) and (13) induced by the completion of forward evolution (10) of smooth data, for
a suitable choice of the vector field X. We will not discuss the construction of wave operators
in the spirit of [39, 55] as there is no compelling global “reference dynamics” with which to
compare; see [59] for a nice discussion of how to construct the latter if desired.

2.2. The T-energy theory and its limitations

Before turning to our main theorems, we briefly review the Schwarzschild ¢ = 0 case,
as well as the physical space manifestation of the difficulty of superradiance, discussed
previously, which arises upon passing to rotating Kerr with a # 0.

2.2.1. The Schwarzschild a = 0 case. — In the Schwarzschild case a = 0, the stationary
Killing field T is timelike in the interior of D becoming null on H* U~ and vanishing on .
Thus the energy defined by 7' degenerates pointwise. Nonetheless, the completions S%T, 572 n

and SIT . define Hilbert spaces and one can obtain a unitary isomorphism
(14) £, =& O

In our notation, this is the content of the previously known Schwarzschild scattering
theory [33, 35, 59].
We will give our own self-contained treatment in Section 9.6. One obtains with no addi-

: : : : : : T ~ ¢T T T ~ T T
tional difficulty the alternative unitary isomorphisms 523 o 5Hi0 @&, and % ~ <‘,’7?r ®& .
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2.2.2. The case a # 0 and the ergoregion. — Turning to the Kerr case a # 0, there is
now a non-empty subset S of D known as the ergoregion where T is spacelike. In particular,
the energy-fluxes fﬁ JT[v], fH+ JT[y] defined by T fail to be positive definite. This is the
physical space origin of the phenomenon of superradiance, discussed in the fixed-frequency
theory in the context of (4) and (5).

Part of the conceptual difficulty of formulating a scattering theory in the Kerr case is thus
to find the correct notion of asymptotic states which replaces those based on £7. At the same
time, one must understand what property replaces the notion of unitarity in (14) as a means
of quantifying the good properties of the scattering map. We turn now to the statements of
the main results of this paper that give a definitive resolution of this problem.

2.3. A scattering theory for Kerr: the main theorems

In this section, we will present in detail the main theorems of our paper concerning
physical-space (time-domain) scattering theory for the wave equation (2) on Kerr in the
general subextremal case |a| < M.

2.3.1. The N-energy forward map. — The first candidate replacement for the (degenerate)
Schwarzschild T -energy is the so-called N-energy. Here, N is a globally timelike vector field
which is T-invariant outside a neighborhood of the bifurcation sphere B and moreover such
that N = T in a neighborhood of Z%. The energies (12) associated to this vector field are
indeed manifestly positive-definite and pointwise non-degenerate.

The first main theorem defines asymptotic states for all solutions arising from finite
N -energy data on the hypersurface X, i.e., in the notation (12), for all solutions parametrised
N
by 823'

THEOREM 1. — Forward evolution (10) with data on Xj extends to a bounded map
. eN N T

See Theorem 8.2.1. (Note that Eév = 5; . .) For the hard analysis behind the above, the
proof relies in particular on a uniform boundedness statement for the energy |, o J¥ through
a foliation X} defined by future-translating X§ by the flow of T, as well as a weak decay
statement, both of which follow from the results of [30] mentioned previously, here quoted
as Theorem 3.7.1.
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2.3.2. A blue-shift instability and the non-existence of an N -energy backwards map. — Satis-
factory though the forward theory may be, it turns out that the above N -energy is ill-suited
for defining the asymptotic states of a scattering theory. The fundamental origin of this is
the red-shift effect on the horizon (so favorable for controlling forward evolution!), which for
backwards evolution is now seen as a blue-shift. See [20] and Section 3.1.2 of Sbierski [64].
It turns out that one can show explicitly that the map of Theorem 1 fails to be surjective:

THEOREM 2. — Already in the Schwarzschild a = 0 case, the map F of Theorem 1 fails
to be surjective.

It follows that there does not exist even a one-sided inverse %_ satisfying .% o A_ = 1d;
thus, existence of scattering states (cf. (a)) does not hold in the N-theory. (As we shall see in
Section 2.3.4, the above map % is however injective.)

The above theorem in fact applies in the general Kerr case, ® but in the present paper, we
shall give an elementary purely physical space proof for the case ¢ = 0 which exploits mono-
tonicity satisfied by the spherical mean under spatial evolution. Though essentially indepen-
dent of the rest of the paper, the precise statement proven (Theorem 11.1) is deferred to the
end (Section 11), so that it can be interpreted both as a non-surjectivity result with respect
to our N-energy scattering theory (Corollary 11.4) and also constructively (Corollary 11.1)
using Theorem 4 of our V-energy scattering theory to be discussed below. Let us already
remark, however, that the non-surjectivity statement we obtain in Corollary 11.4 is more
precise than what we have just stated above. We elaborate briefly below.

First let us note that with the notations of the present paper, the considerations of
Section 1.1.6.1 of [20] show that by introducing sufficiently high exponential Weights in the
spaces defining the scattering data, i.e., considering the spaces 67‘ff and Se “T  then there
indeed exists a bounded one-sided inverse

(15) se“”N e — &

such that % o #_ = id. Thus, we do have existence of a restricted class of future scattering
states.

With this setting, our Theorem 11.1 in fact shows (see Corollary 11.4) that e*¥ above
cannot be replaced by |v|? no matter how large p is taken, i.e., the map % of Theorem 1
is not surjective as a map J+1(5‘v| N @ {0}) — 5\v| N @ {0}. The question of precise

characterization of the range of % remams open. We shall return to this issue in Section 2.5.

2.3.3. The V-energy forward map. — To define a forward map which one can indeed hope to
show is invertible, we must pass to a degenerate energy class which does not see the red-shift
at the horizon.

Recall that gas, admits an additional Killing vector field ® corresponding to axisym-
metry. Although for a # 0, the vector field T fails to be globally timelike in the inte-
rior of D, the span of T and ® does form a timelike plane, and the Killing combination
K = T + o4 ® is timelike in a neighborhood of H™, becoming null on H* itself. (Note that
ifa = 0,then K = T, butifa # 0, then K is spacelike away from the axis of symmetry near

3 See our more recent [31] for the more general case.
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Z7.) We define a T-invariant vector field V with the property that V = K near H* and
V = T near Z" and V is timelike in the interior of D. The energy associated to this vector
field is manifestly non-negative definite, though degenerate analogous to the T-energy in
the Schwarzschild case. In the case ¢ # 0, there is necessarily a region where V fails to be
Killing.

Our third main theorem is a degenerate V-energy analog of Theorem 1 given by

THEOREM 3. — Forward evolution (10) extends to bounded maps

9+:Egg—>€§iO€B€IT+, f+:8g—>8§+ ®€IT+, f+:8g—>8§—+€98;+.

See Theorems 8.2.1, 8.2.3 and 8.2.4. The above theorem requires a new version of the
boundedness part of Theorem 3.7.1 of [30], depending only on the degenerate energy. This
result, which is of independent interest, is stated as Theorem 7.1 and proven in Section 7.
The reader can compare with the higher-order weighted boundedness result of Andersson
and Blue [4] for the |a|] <« M case, whose degenerate horizon weights are similar to the
V-energy. Note that it is an immediate consequence of finite-in-time energy estimates and
Theorem 1 that upon replacing both V' and K with N, the analogs of all three of the maps
in Theorem 3 are bounded. (Recall, however, that N is not T-invariant in a neighborhood
of the bifurcation sphere. See Remark 3.4.2 for an expression for 52’3 .) Finally, we note that
it is the second of the maps in Theorem 3 which corresponds to the classical inverse wave
operators.

Let us note that the proof of Theorem 7.1 will require us to revisit the quantitative study of
the o.d.e. (1) at fixed frequency, on which the original results of [30] were based, in particular
in the form of Theorem 6.3.1, and a new result, Theorem 6.2.1, which we will prove here by
adapting the proof of [30]. In particular, from these statements, one can already infer novel
results on the fixed-frequency scattering; we defer specific discussion of these till Section 2.4.

2.3.4. The V-energy backwards map. — Our degenerate-energy class is indeed suitable to
construct a bounded inverse of the map of Theorem 3 and thus infer the existence of a
satisfactory scattering theory satisfying (a)—(c).

THEOREM 4. — There exist bounded maps
. oK T v . oK T v . oK T 14
(16) #_ .8HJ2F0€B€I+ —>823, By BEL, —>€§, B_ .5H—+69€I+ — &5,

which are two-sided inverses to the maps of Theorem 3, i.e., B_o0 %4 = Idand F 1 o #_ = 1d.
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See Theorems 9.2.1,9.1.1 and 9.3.1. As explained in Section 1.1.3, it is the existence of the
map Z_ which gives the existence of future scattering states (a), the injectivity of %, which
gives the uniqueness of future scattering spaces (b), and the surjectivity of Z_ corresponds to
asymptotic completeness of future scattering states (c). We note that the map of Theorem 1 is
in fact the restriction of the first map of Theorem 3. Thus a corollary of the above is that
the map % of Theorem 1 is injective. In this sense, for the N-energy theory, one still has
uniqueness (b)-but not existence (a)!-of scattering states. Cf. the discussion of the ill-posed
problems of Section 2.3.8.

Let us note that in our proof, we construct Z_ with the help of the frequency domain,
again using our o.d.e. result Theorem 6.2.1, together with a decomposition first given in [30]
and which exploits the fact that the span of 7' and @ is timelike (See Section 9.1.2), to give
us the quantitative statement of boundedness. Due to this use of the frequency domain, it is
in fact the map #_ : 871_5 + @ 5; + =& g which is most natural to construct first.

It is perhaps worth explicity noting that even to show the existence of Z_, we require
appeal to an o.d.e. result which in essence already embodies the totality of the quantitative
decay statement for the Cauchy problem (2). This should emphasize how intricately tied in
the Kerr case the problem of boundedness is to the problem of quantitative decay. This is in
contrast to many usual problems in scattering theory where “existence of scattering states”
(cf. (a)) is a relatively soft result, which can be proven independently of the structure necessary
to obtain asymptotic completeness-type statements.

2.3.5. Existence and boundedness of the S-matrix. — We will base our discussion here on
the scattering theory associated to Sors. First, note that applying a discrete isometry of D
which interchanges the future and past of %, we infer analogously to Theorems 3 and 4 the
existence of bounded past forward maps,

y_:egaeﬁ_@sf_, F_ & X @l
and the corresponding bounded two-sided inverses
By EE_@ el —>5%V, By EE-DE]- > EL.

We thus have both existence and uniqueness for past scattering states as well as past asymp-
totic completeness.

The following is then an immediate corollary

THEOREM 5. — The composition of .7 = F4 o By defines bounded invertible maps
17) S Ef wel ek @elL, 5’:6%@8;_%8%698;.
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The boundedness ||.7|| < C of the map . in the operator norm should be viewed as the
quantitative replacement for the usual unitarity property.

2.3.6. A physical space theory of superradiant reflection. — Given the scattering map .7,
we can now give an account of superradiant reflection in physical space, i.e., in the “time
domain”.

Recall the standard physical set-up: One wishes to study the scattering of waves with no
ingoing contribution from the past event horizon H™~ and we are interested only in the part
of the wave reflected to future null infinity Z%. We thus pass from . to the transmission map
7 and reflection map & defined by

(18) T =mek oS oeer. A =71 0L geel

where
. ¢K T T . ¢K T K
JTSIT+ ey ®EL > Epy, n871{<+ L ®EL > &y
are the natural projections. Note that this map does not depend on whether we consider the
domain of . to be either of the choices in (17). The map
% : 817;— d gg_'_

takes an asymptotic state corresponding to an incoming wave packet supported solely on
past infinity Z— (i.e., with no incoming radiation from H ™) and maps it to the part of the
asymptotic state which is reflected to future null infinity Z% (i.e., projecting out the part
transmitted to the future horizon H ™). Similarly, the map

T E]- > EX,

takes an asymptotic state corresponding to an incoming wave packet supported solely on
past infinity Z~ and maps it to the part of the asymptotic state which is transmitted to the
future event horizon H™.

Since .| (ol = T @& %, the boundedness of . above immediately yields the strictly
weaker statement

THEOREM 6. — The reflection and transmission maps % and 7 are bounded, i.e.,
2. 117 < C.
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See the first statement of Theorem 10.1.1. In view of the relation with the fixed-frequency
theory to be discussed in Section 2.4 below, we have
19) sup |[R(w,m,0)| = | Z]|,
(w,m L)
and thus, a posteriori, Theorem 6 gives in particular (7). We note however that in the logic
of the proof, we will have essentially already used (7) in proving the boundedness of both the
maps F4 and B_.

Let us here already mention a further application of the relationship (19) to our physical-
space scattering theory. First, note that general soft o.d.e. theory is sufficient to show that
the reflection coefficient satisfies |R(w, m, £)| > 1 for any superradiant frequency triple (see
Corollary 5.3.1). Thus, one immediately obtains from (19) the statement

THEOREM 7. — For a #0, the reflection map % has norm strictly greater than 1, i.e., | Z| > 1.

See the second statement of Theorem 10.1.1. The above theorem can be viewed as the
definitive physical-space interpretation of the phenomenon of superradiant reflection. To
connect with the numerical setting often studied (e.g., [6, 52]) in which it is difficult to
implement past scattering data on Z—, we will extract in addition the following somewhat less
natural statement concerning Cauchy data on Sviaa density argument (see Theorem 10.1.2):
There exists a smooth solution Y with the property that its T -energy flux through I is greater
than its T-energy flux through S and moreover, the support of the solution on S is compact
and can be made arbitrarily close to spatial infinity. Cf. [37]. This addresses in particular some
questions raised in [52].

2.3.7. Pseudo-unitarity and non-superradiant unitarity. — As we have already discussed,
when a # 0 one does not have a unitary scattering theory; however, one still expects to
recover the conservation of the indefinite inner product associated to the T-energy, provided
this inner product is finite.

The T-energy is not finite on the full domain of the scattering matrix . of (17). It is,
however, finite if one for instance restricts to past scattering data supported only on Z~.
Recalling the notation (18), one statement of “pseudo-unitarity” is then captured by the
following theorem.

THEOREM 8. — The map T & X% preserves the T-energy:
[ anzent + [ aTween, = [ ot

In particular, if the right hand side above is bounded, then the first term on the left hand
side, which is unsigned, is integrable. See Theorem 10.2.1.

Note that in the context of quantum field theory on curved backgrounds, one is also
interested in the conservation of particle current under the map .7 & %; see [71]. A version
of Theorem 8 holds also in this setting. See Remark 10.2.3.

If we restrict to past scattering data on H~ U Z~ that are non-superradiant, i.e., supported
in frequency space outside the superradiant range, then our scattering map .% will indeed be
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unitary in the usual sense. For this we define Hilbert spaces S;i &) SITjE by the completion
under the inner product

QO (60 (o) = [ 3 [0 @—wrmRe (i) +07Re ($16)]
% me

of scattering data whose Fourier transforms are supported in the non-superradiant range

{(w,m, ) : o(w — wym) > 0}.

‘We then have

THEOREM 9. — The restriction of the first map of (17) extends to a unitarity isomorphism

S Sﬁ’ﬂ ol Eg’ﬂ @ ETH vwith respect to the positive definite inner product (20).

See Theorem 10.2.2. Note that the above theorem retrieves in particular the unitarity of
the first map of (17) in the Schwarzschild case « = 0 (which we in fact provide an independent
treatment of; see Theorem 9.6.2) as well as the unitarity of .% restricted to axisymmetric data
in the full |a| < M case.

2.3.8. Uniqueness of scattering states for ill-posed scattering data. — Finally, we note that
our scattering theory allows us to make the following injectivity statements which can be
understood as statements just of uniqueness of scattering states (cf. (b)) for scattering data
determined on any of the four “ill-posed” pairs of asymptotic boundaries HYUH-,ITUI",
HY*UZ and H-UZT.

THEOREM 10. — The maps
. eV K K a4 T T
9’.8§—>5H—+@8H—_, F il > & DEL-,
4 K T . eV K T
F by~ E @8-, Tl > =08

are all injective.
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See Corollary 10.3.1. Together with the previous results, the above implies that finite
V-energy solutions are uniquely determined by their fluxes to any pair of the
set {H*,H~,Z%,Z7}. In contrast, however, to the forward maps of Theorem 3, it follows
already from general local ill-posedness type results for the wave equation (see e.g., the
classic textbook [42]) that the above maps .F are not surjective. Thus, one does not have
the analog of “existence of scattering states” (cf. (a)) for scattering states parameterized as
above. @

2.4. Applications to fixed frequency scattering theory

As we have discussed, the proofs of our theorems of physical space scattering theory
required us to revisit our quantitative fixed frequency study of the o.d.e. (1) conducted in [30].
Thus, along the way, we have in fact obtained new results for the fixed-frequency scattering
theory initiated by Chandrasekhar [16], as well as a precise connection of the two through
the scattering matrix .. We collect these statements in this section.

2.4.1. Uniform boundedness of the coefficients R and ¥. — We begin with the statement of
the uniform boundedness of the transmission and reflection coefficients.

THEOREM 11. — The reflection and transmission coefficients as normalized in (3) are
uniformly bounded over all frequencies:

1) sup |R(w,m, )| < C, sup [T(w,m, )| < C.
(w,m, L) (w,m,L)

We in fact have a statement for the complete set of coefficients where we also allow for
waves normalized to the past horizon. See Theorem 6.2.2.

We will infer the above theorem as an immediate corollary of our o.d.e. estimate
Theorem 6.2.1, which itself is an easy adaptation of an estimate of our previous [30].
We emphasize again that this result requires in particular appeal to the real-mode stability
theorem of [67].

To connect with the pioneering heuristic work of Starobinski [68], we may define the
following constant depending only on the Kerr parameters

S(a, M) = sup |R(w,m,1),
(w,m,t)

@ This is of course in sharp distinction to the fixed-frequency theory, for which “existence of scattering states”
associated to HT U H~ and ZT UZ~, respectively, corresponds precisely to the existence and linear independence
of the pairs Uyor, Uhor (or alternatively Ujpg, ﬁinf) described in the beginning of this introduction, on which the
whole theory is based.
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and by Theorem 11, together with the soft statement Corollary 5.3.1 (mentioned already in
the context of Theorem 7), we have

1< S(a, M) < oo, 0<lal <M.

(For a = 0 we have of course S(0, M) < 1 and in fact, by an easy high angular frequency £
estimate given by Corollary 6.4.1, S(0, M) = 1.) It would be very interesting from the point
of view of applications, following [68], to find effective upper and lower bounds for S(a, M),
and to understand in particular the limit

(22) lim S(a, M).
la|l>M

2.4.2. Connection with physical-space theory. — The full scattering map . defined in
Section 2.3.5 can be represented as a generalized Fourier transform involving the trans-
mission and reflection coefficients ¥ and % defined via (3), together with coefficients <
and R associated to analogously defined solutions U of (1) normalized to the past event
horizon H~. So as not to define the latter here, for convenience, let us simply state the
relations for the physical space transmission and reflection maps 7 and # defined in
Section 2.3.6:

THEOREM 12. — We may represent

1 o0 . ;
X (9] = E/ Zarme_”we’mq’Smg(aw,cos 0) dw
—00

ml
and
T (9] = SN /°° Z S ar-S e 1PeimP S (aw,cosb) dw.
VAMary J oo — \w—wim
Here
—iwaz— = L /oo 0, e mPS (aw,cosB) sin @ dt db de.
/27[' oo SZ m )

In particular, (19) holds.

See Theorem 9.5.3 for the full statement concerning ..

In fact, a posteriori, in view of Theorem 9.5.3, the statement of Theorem 6.2.2 is equiv-
alent to the boundedness of the map . of Theorem 6. We note in contrast that the bound-
edness of the maps .#; and %, individually (already asserted) does not have an obvious
natural interpretation purely in terms of the formal fixed frequency scattering theory. Simi-
larly, the boundedness statement of Theorem 1 (and the boundedness statement of [30]
quoted here as Theorem 3.7.1 which concerns boundedness through a spacelike foliation)
cannot be directly interpreted purely in terms of the formal fixed frequency scattering
theory. These are all distinct manifestations of ways that the phenomenon of “superradi-
ance” allowed by the presence of an ergoregion can be quantified. As with the question of
the finiteness of (22), it is a completely open question which if any of these boundedness
statements survives in the extremal case |a| = M. See [7].
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2.5. Nonlinear problems and scattering constructions of dynamical black holes

We make a few comments on scattering theory for non-linear generalizations of (2).
Perhaps the ultimate nonlinear such generalization is provided by the Einstein vacuum
equations

(23) Ric(g) =0

themselves, where the background geometry is now itself unknown.

The problem of characterizing a// “admissible” solutions by appropriate asymptotic states
may turn out to be too ambitious for equations as nonlinear as (23). The mere constructing of
some, however, in the spirit of the map (15), can serve as an important way of obtaining non-
trivial examples of solution spacetimes which cannot otherwise easily be inferred to exist. A
result in that direction has recently been provided by

THEOREM ([20]). — Consider asymptotic data on HY U I for the Einstein vacuum equa-
tions (23), decaying towards Kerr data corresponding to ga.pm with la| < M at a sufficiently
fast exponential rate. Then there exists a vacuum spacetime (M, g) attaining the data.

The spacetimes (M, g) constructed in the above are in fact the first known examples of
dynamical vacuum black holes settling down to Kerr.

The above theorem can be thought of as a non-linear analog of the map (15) (for energies
which have additional weights in r however!). In fact, proving the above requires capturing a
complicated r?-hierarchy of decay of various components of curvature which in turn allows
one to identify a null condition in the implicit non-linearities in (23). (We note in contrast that
without additional special structure, the analog of the above theorem does not hold even say
for the general scalar semilinear equation of the form Ugyy = Q(Vy, Vir).) We refer the
reader to [20].

In the context of our present paper, let us simply remark that the degenerate 1 -scattering
theory developed here, together with the blow-up result Theorem 11.1 and the upcoming [21],
gives further support to the following conjecture of [20]:

CONJECTURE ([20]). — Consider asymptotic data on H* U I as above but which decay
to gqa,m only at a sufficiently fast inverse polynomial rate. Then there exists a vacuum space-
time (M, g) attaining the data. For generic such data, HY is a “weak null singularity” across
which the metric extends continuously but with Christoffel symbols which fail to be locally square
integrable.

See the discussion of Section 11.3 and [54].

2.6. Outline

The logic of the paper will depart slightly from the order we have presented the main
results above. We thus close this introduction with a brief section by section outline of the
contents of the remainder of the paper, highlighting in bold where each of the main theorems
above are actually proven. (More detailed outlines will be given in the body of the paper at
the beginning of each individual section.)

In Section 3, we briefly review the structure of the Kerr spacetime, introduce various
conventions, and quote some previous results on forward evolution which will be important,
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in particular, we will state general well-posedness results (Propositions 3.6.1-3.6.4), precise
versions of our previous boundedness and integrated local decay results of [30] (quoted as
Theorem 3.7.1 and the higher order Theorem 3.7.2) as well as a general r? weighted estimate
(Proposition 3.8.1) which we will derive from [24].

In Section 4, we define and establish some basic properties of the radiation fields and
energy fluxes along ’Hio (or H*) and Z for solutions ¥ to (2) arising from smooth initial
data along X% (or ¥) which are compactly supported. The main result is Proposition 4.2.1,
which is the precise statement of Proposition 1 above.

In Section 5, we first review Carter’s separation of variables for the wave equation and then
define the radial o.d.e., recalling also some results from its basic asymptotic analysis. This will
allow us to define the reflection and transmission coefficients (Definition 5.3.2), deduce fixed-
frequency superradiant amplification in the form of Corollary 5.3.1, and define the so-called
microlocal radiation fields (Definition 5.4.1) and fluxes (Definition 5.4.2).

In Section 6 we establish various estimates for the radial o.d.e. and give some useful appli-
cations. We start by proving Theorem 6.2.1, an estimate for general solutions to the homo-
geneous radial o.d.e. The proof of Theorem 6.2.1 will heavily rely on our o.d.e. estimates
from [30]. Next, in Section 6.3 we establish an important estimate for Uy, in the superradiant
regime (Proposition 6.3.1). We then use related ideas in Section 6.4 to prove Proposition 6.4.1
which states that for fixed @ and m, ¥ vanishes in the large-£ limit. In Section 6.5 we show
that for each m and ¢, the reflection coefficient R is not identically 0 as a function of w. In
Section 6.6 we prove Proposition 6.6.1, which is the microlocal version of the r? estimates
of [24] (cf. Proposition 3.8.1). The goal of Section 6.7 is to prove Proposition 6.7.1 which
establishes uniform estimates, over all frequency parameters, for the rate of convergence of
solutions to the radial o.d.e. to their microlocal radiation fields. Finally, in Section 6.8 we
prove Propositions 6.8.1 and 6.8.2 which establish that for suitable solutions ¥ to the wave
equation, the microlocal radiation fields are essentially the Fourier transform of the physical
space radiation fields defined in Section 4.

In Section 7, we prove Theorem 7.1, the statement that the total flux to null infinity Z+
and the degenerate K-flux to the horizon H™ of a solution v to the wave equation may be
controlled by the V-energy of y along X§. The theorem is stated in Section 7.1, after which
the reader impatient to proceed to the construction of our scattering theory may skip to
Section 8 below. The proof of Theorem 7.1, which occupies Sections 7.3 is a modification of
the proof of Theorem 3.7.1 quoted from [30]. In a brief aside in Section 7.2, we shall state
Theorem 7.2, which is the full degenerate-energy analog of our results of [30], quoted as
Theorem 3.7.1 above. We emphasize that Theorem 7.2 is not in fact necessary for the rest
of the paper, and we defer its proof to Section 9.4, where we can make use of the backwards
maps of our scattering theory.

In Section 8, we introduce the £Y and £Y spaces, etc., and define the various “forward”
maps and establish their boundedness. Theorem 8.2.1, the precise version of Theorem 1, is
independent of Section 7, as it relies directly on Theorem 3.7.1 of [30]. Theorem 8.2.2, on
the other hand, which together with its corollaries Theorems 8.2.3 and 8.2.4 embodies the
precise version of Theorem 3, uses in a fundamental way Theorem 7.1.

In Section 9, we prove first Theorem 9.1.1, then Theorem 9.2.1, then Theorem 9.3.1.
This obtains all statements in Theorem 4. As an aside in Section 9.4, we obtain the proof
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of Theorem 7.2 referred to above. Next, we construct the “scattering” map . and show
that it is a bounded invertible map from data along H~ U I~ to data along KT U I+
(Theorem 9.5.2, the precise version of Theorem 5). We then prove Theorem 9.5.3 which
establishes a formula for the scattering map . explicitly exhibiting the roles of the reflexion
and transmission coefficients. This formula will in particular establish the relationship
between physical space and fixed frequency scattering theories embodied by Theorem 12.
Finally, as an additional aside in Section 9.6, we give an alternative self-contained treatment
for the Schwarzschild case where it is possible to exploit purely physical space arguments.

In Section 10, we begin by interpreting our scattering results for the reflection operator Z.
Theorem 10.1.1 combines the statements of Theorems 6 and 7. We also infer the related
Theorem 10.1.2. Following this, we study the pseudo-unitarity properties of . and prove the
corresponding Theorems 10.2.1 and 10.2.2 (cf. Theorems 8 and 9). Finally, our “uniqueness
of improper scattering states” results are stated as Theorem 10.3.1, giving Theorem 10.

In Section 11, we prove Theorem 11.1, the statement that solutions y of (2) on Schwarz-
schild whose radiation fields on the horizon H* have a precise polynomial tail and whose
radiation fields on ZT vanish must necessarily have infinite N-energy on the hypersur-
face Xj. This statement can be understood independently of the results concerning our
scattering maps, and indeed, Sections 11.1 and 11.2 can be read independently of the rest of
the paper. In Sections 11.3 and 11.4 we will then return to the scattering framework of our
paper. We first use the backwards map of our V-scattering theory to infer the existence (See
Corollary 11.1) of solutions satisfying the assumptions of Theorem 11.1. Finally, we infer
Theorem 2 as Corollary 11.4.

For the convenience of the reader, we have provided an index of notation at the end of the
paper.

3. Preliminaries

We begin in this section with various preliminaries.

After reviewing our notations for energy currents associated to vector fields in Section 3.1,
we will define carefully in Section 3.2 the ambient spacetime D (and related subsets) on which
we will consider the Kerr metric g, a for subextremal values |a| < M. Our conventions
for constants depending only on the Kerr parameters will be reviewed in Section 3.3. These
follow our conventions from [30]. Some auxilliary useful vector fields will be presented in
Section 3.4.

It will be useful to define a hyperboloidal-type foliation S; of R and we shall do this
in Section 3.5. The form of the 7 energy-flux through such a foliation is recorded in
Lemma 3.5.1. Section 3.6 states general well posedness results (Propositions 3.6.1-3.6.4)
for the wave equation (2) on the Kerr exterior. We shall then quote our boundedness and
integrated decay statement from [30] in Section 3.7, as Theorem 3.7.1 and the higher order
Theorem 3.7.2. The foliation of Section 3.5 will then allow us in Section 3.8 to easily quote
the r? hierarchy of estimates (introduced in [24]) in the form of Proposition 3.8.1 and the
higher order Proposition 3.8.2.
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3.1. Currents

Given a general Lorentzian manifold (M, g), let W be a sufficiently regular complex
function. We define

. —\ 1 T
T, [¥] = Re (auwav\y) — 58" Re (aa\paﬁ \1/) .
Given a sufficiently regular vector field X on M, we define the currents

JXIW] = Ty [¥]XY,

1
K¥[W] = T [9] VX" = ST, O,
EX[W] = —Re (T, ¥)XVV,) .

Here @ zkv = VAXY 4+ VYXH is the deformation tensor of X. In particular, KX =0

where X is Killing.
Recall the fundamental identity:

VAIX W] = KX [W] - £X 0.

Then the divergence identity between two homologous spacelike hypersurfaces S=, ST,
bounding a region C, with S in the future of S, yields

(24) [ s+ [ w—e ey = [ s

where ns, denotes the future directed timelike unit normal, and the induced volume forms
are to be understood.

REMARK 3.1.1. — In general, in integrals we will either write explicitly a volume form or
it is to be understood that the integration is with respect to the induced volume form. In the
case of a null hypersurface, the volume element depends on the choice of a null generator and is
defined so that the divergence theorem holds.

We direct the reader unfamiliar with the use of energy currents to the concise introductory
book [3]. See [17] for a systematic discussion.

3.2. The ambient differentiable structure and the Kerr metric

In this section we will briefly review the background differentiable structure and various
convenient coordinate systems for the Kerr spacetime. We direct the reader to [28] and [30]
for a more thorough discussion of our conventions and to the books [48] and [61] for a proper
introduction to Kerr.

As is well known, the Kerr spacetimes (M, g4, ) are a 2-parameter family of spacetimes
which in the parameter range |a| < M may be thought of as the maximal Cauchy develop-
ment of a Cauchy hypersurface with two asymptotically flat ends. The spacetime M possesses
a bifurcate Killing horizon separating two asymptotically flat exterior regions from a black
hole and a white hole region (in the case a # 0, then M is further extendible beyond a smooth
Cauchy horizon to a larger spacetime which fails however to be globally hyperbolic and is
thus not uniquely determined by initial data). In this paper, we will work on the subregion D
which is the closure of one of the exterior regions M. The boundary of the region D consists
of the union of two null hypersurfaces H+ and H ™, the future event horizon and the past event
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horizon, along with B, the bifurcate sphere. Our convention will be that B is not included
in H* and H+ U B U H~ is a bifurcate null hypersurface.

We proceed to describe explicitly the underlying structure and metric. We start with the
smooth manifold with boundary
(25) R =Rso xR x §2,

parameterized by y* € Rsg, t* € R and a choice of standard spherical coordinates
(0*,¢*) € S%. This coordinate system will be known as “Kerr-star coordinates”. Let us
denote the coordinate vector field T = d;« and ® = 94+ and let us denote by Q, Q25, Q3
a basis of standard angular momentum operators corresponding to the S? factor of (25). ®
In particular, the ; span the tangent space of S2.

We define what shall be the future event horizon H+ by H* = IR = {y* = 0}. It will be
useful to adopt the conventions:

HEI =M N{* =5},
HE (s1.52) = HT N {1 € [s1.52]},
R>s = {t* > s},
R = int(R) = R\ H™,
Res = Ray \ HE,.

Next, given a choice of parameters (a, M) satisfying |a| < M, we define a new coordinate
function r = r(y*) on R (withoo > C > jy’* > ¢ > 0) so that r|y+ = rq(a, M) where
re = M + v/ M? — 42, Tt is often convenient to replace r with yet another rescaled version,
r* = r*(r), defined in ’l°€, by

dr*  r?+4+4?

2 = *(3AM) =

(26) " A r’3M) =0,
where

27 A=r2—2Mr+a*>=0—-ry)r—ro).

Since r_ < ry, it follows that A vanishes to first order on H ™, and thus the coordinate range
o0 > r > ry covering R corresponds to the range co > r* > —oo. It will also be useful
to sometimes employ what will be an “approximately null” coordinate system (i, v, 0, ¢)
defined by

u

1 1
—(t—r"), 0==(+r").
Sa=r =)

Next, we introduce the new coordinates
(28) tt*,r) =t* —i(r), d(Pp*, 1) =¢p* —¢(r) mod 27, 6 = o*

where 7(r) and ¢(r) are appropriately chosen smooth functions depending on @ and M
(see [28] and [30] for details) which vanish for sufficiently large r.

() We may take 21 = & for instance.
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In these “Boyer-Lindquist coordinates” (¢, r, 8, ¢), we finally define the Kerr metric by

sin? 6

7 (adt — (> + a?)dg)” .

A in2 2 P s 5
(29) gam = - (dt —asin 9d¢) + Xa’r + p2d6? +
p

where p?> = r? 4 a?cos? 6. Though a priori (29) is only defined in R, by examining the
expression of the metric in Kerr-star coordinates y* and ¢* (see [28] for the computation),
one checks easily that g, » extends smoothly to H™ making (R, g,.a) a smooth Lorentzian
manifold-with-boundary. Let us note moreover that 7 and & defined previously can be
expressed again as coordinate vector fields T = 9, and & = 94, whence it follows from (29)
that T and @ are Killing on R. These are the so-called stationary and axisymmetric Killing
vector fields.

Recall that when a # 0 the vector field T is not everywhere timelike. The region S where
T is spacelike is known as the “ergoregion”. Explicitly, we have

(30) S ={A —a®sin?6 < 0}.

Note that
S C{r<2M}.

Let us also recall that in [28] and [30] we chose the function 7 of (28) so that the hypersur-
faces t* = s, denoted by X7, are spacelike with respect to the Kerr metric as just defined.
Furthermore, we will have R>; = DT (Z¥). Let us introduce the notation

31) S = (=0

We have that 3 is also spacelike and a Cauchy hypersurface for R.
Some additional notation from [30]: Note that the definition 9, is ambiguous since it
depends on the choice of coordinate system. Thus, we define

(32) Z* =0, with respect to coordinates t*,r,0%,¢%),
(33) Z =0, with respect to coordinates (t,r,0,9).

Note that Z* is well defined in R and is transversal to H ™ while Z is only well defined in R.
Finally, we will use ¥ to denote the induced covariant derivative on the S? factor of R.

Though all explicit computations will take place on the manifold-with-boundary R
defined above, it is of fundamental importance to understand the existence and properties
of a further smooth extension to D = R U ‘H~ U B, which will represent precisely the D
described at the beginning of this section. We will be brief in our presentation; we direct the
reader to [61] for a very careful and detailed exposition.

We begin by attaching H~. Starting with Boyer-Lindquist coordinates (¢,r, 6, ¢), one
defines a new coordinate system (*¢, *¢, r, *0) by

*tit,r) =1t —1(r), *o(t,r) =¢ —p(r) mod 2, *0 =0,

where 7 and ¢ are as above. A straightforward computation shows that the metric naturally
extends smoothly so as to be defined also at r = r4 in this chart. We may thus use
this coordinate chart to extend R to a larger manifold-with-boundary R U H~ where H™
corresponds to the hypersurface r = r4 of this new chart. We shall refer to H™ as the past
event horizon.
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One may easily check that the Boyer-Lindquist coordinate defined map
(34) (t.¢) = (—1.—¢)
is an isometry of R which smoothly extends to an isometry of RUH ™ and furthermore sends
HT toH™.

Finally, one may even further extend RUH™ to a larger Lorentzian manifold M so that the
boundary of R (as a subset) in M consists of a bifurcate null hypersurface BUH~UH™, with
BcMa sphere. Our region of interest D described at the beginning of this section is simply
then the manifold-with-stratified boundary D = R U H~ U B. We remark that D admits a
globally regular coordinate system © (UT, V1,0, ¢) € [0, —0c0) x [0, 00) x S? so that HT =
{UT =0,VT € (0,00)},H ={VT =0,U" € (—00,0)}and B = {(UT, V) = (0,0)}.
Moreover, along B we have

(35) gu+u+ = 8u+e = gu+y = gv+v+ = &y+g = v+ = 0.
We shall not here require the form of the explicit coordinate transformations defining U™+
and VT in terms of our previously described charts on R U H™~ but we remark that

(36) T=BUY

is a smooth manifold-with-boundary (with boundary B) and interior 3. Note that smooth
functions (, ") “compactly supported on 3 extend to smooth compact supported func-
tions on X which moreover vanish in a neighborhood of B. On the other hand, smooth func-
tions compactly supported on X do not restrict to compactly supported functions on 5.

It will be convenient to introduce the notation
(37) HE=HTUB,
(38) HE, = H N (" <t})UB).

These are again smooth hypersurfaces-with-boundary, with boundary B for HE and
boundary B U (£ N'H™) for H_;LO. The reader should in particular again contrast the
distinct notions of “compactly supported” on H* and HE.

We have already noted that the vector fields 7 and ® are Killing. The event horizon H™ is
also a Killing horizon: the Killing field given by the linear combination

(39) K=T+w.®,

where w4 = ﬁ is the “angular velocity” of the event horizon. The vector field K is null
and normal to H™T; thus, HT is in particular a null hypersurface. In integrals associated to
energy currents we will denote K by nf{ +- 1t will be useful to recall that the vector field K
restricted to H coincides with the smooth extension of the coordinate vector field 9,+ of the
(r*,t, 0, ¢) coordinate system.

The past event horizon H~ is also a Killing horizon with a Killing field also given by K.
Note however that the restriction of K to H~ coincides with the smooth extensions of the

coordinate vector field —d,+ of the (r*, ¢, 6, ¢) coordinate system.

(©) Tt is globally regular up to the usual degeneration of spherical coordinates.
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Note finally that the vector fields 7 and ® and the discrete isometry (34) both extend
smoothly to all of D and

(40) K|z = 0.

3.3. Dependence on ¢ and M and conventions on constants

In all propositions to follow, unless otherwise stated, |a| < M are fixed parameters and
everything refers to the Kerr metric gy ,q on D as described in the previous section.

Let us briefly review our conventions from [28] and [30] regarding constants depending on
the parameters a and M. Large positive constants will be denoted by B, and small positive
constants by b. Both constants B and b depend only on M and a lower bound for M — |a|,
and this dependence is always to be understood even when not mentioned explicitly. Often
these constants will blow up B — oo, b~! — oo in the extremal limit |a| — M.

We recall the usual arithmetic properties of b and B:

b+b=b,B+B=B, B-B=B,B'=bh,...
The statement f ~ g will mean
bg < f < Bg.
The statement “for R sufficiently large,” etc., without further qualification, will mean “there
exists a constant Ry(a, M) such that for R > R,”.
Lastly, if the constant B or b depends on the value of a yet to be fixed parameter, then that

dependence will be explicitly noted. For example, if B depends on a parameter ¢ which has
not been fixed, we shall denote it by B(c). Once the constant c is fixed, we then write B.

3.4. Useful vector fields

We recall the following two lemmas proved in [30].

LEmMA 3.4.1. — The vector field
2Mar
(r2 + a2)?

o
is a smooth vector field in D, is timelike in R and null on H*.

T +

LEMMA 3.4.2. — Thereexists a constant g = €g(a, M) > Osuch that the vector field K (39)
is timelike forr € (r4,r4+ + €).

These lemmas allow us to make the following definition.

DEFINITION 3.4.1. — Let €9 > 0 be from Lemma 3.4.2. Let a(r) be a function such that
V =T + a(r)® is a smooth vector field in D, timelike in R and which satisfies

V =K, whenr € [ry,r+ + €0/2],
2Mar M (7+ “/E)

V=T+4+—"—"-—& whenr € |ry +¢, ——=|,
(r2 +a2)? 4

V=T, 1vhenrz—M(3:ﬁ).
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REMARK 3.4.1. — This vector field will be useful because it is manifestly T-invariant, it is
timelike (hence the associated energy fluxes JV are positive definite) and because it is Killing
forr < ry+4eg/2andr = M(34+/2)/2 (hence the error terms K from the energy identity (24)
are supported inry + €9/2 <r < M3 + /2)/2).

It will be useful to observe the following immediate corollary of Lemmas 3.4.1 and 3.4.2.

COROLLARY 3.4.1. — For every € > 0 sufficiently small and any ry € (r4, 00), there exists
a vector field V. .=V (rg, €) of the form T + a&(r)® for an appropriate function a(r) such that
V is a smooth vector field on D, is timelike in R, is Killing in the region

r € (min(ry,ro —€),ro + €],

and is equal to V for r sufficiently close to r4 and r sufficiently large.

We shall apply the above corollary, for finitely many distinct choices of rg, in the context
of Section 9.1.2.

In order for our non-degenerate energies to have a fixed meaning, it is useful to fix once
and for all a choice of a globally defined smooth timelike vector field on D.

DEFRINITION 3.4.2. — Let N denote any fixed choice of a smooth timelike vector field on D
which is invariant under the flow of T on the complement of a compact set containing the
bifurcate sphere B, " and satisfies N = T for sufficiently large r.

Finally, we note the following easy calculations.

REMARK 3.4.2. — Fix an open set U C D containing the bifurcate sphere B C U. Then,
Sor s such that £; NU = @ we have
(41)

N 1 2 2 Oo 2 2 2
S B~ Wy sy ~ [ [ (w4 0P+ 90y ) aravy

with respect to coordinates (t*,r, 6%, ™).

REMARK 3.4.3. — We have

@ [~ [ (e (125 ey v ) dravy

with respect to coordinates (t*,r, 0%, ¢*). We note that the relation (42) would also hold with
V replaced by the vector field from Lemma 3.4.1.

(M Note that in view of the vanishing of 7' on B, one cannot define such a timelike N which is invariant on al// of D.
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3.5. A foliation by hyperboloidal hypersurfaces

It will be convenient to have the following explicit foliation of R by a family of hyper-
boloidal hypersurfaces.

DEFINITION 3.5.1. — For every t € R we set
t*=r1 r<5M

S =
‘ —r* ~|—10M=r—(5M)*~|—2 r>5M.

(This hypersurface could be smoothed out, but this does not in fact make a difference.)
Some straightforward, if tedious, calculations yield the following lemma.

LemMmaA 3.5.1. — For every t € R, S¢ is a spacelike hypersurface, R = UTGR Sz, and, for
sufficiently large R,

/ W lylns, ~ / (19 + 721029 + 19y1?] 72 sin 6 dv do dg.
St{r=R} StN{r=R}

In comparing the way these two integrals are written, we recall our convention that if no
volume form is written explicitly (as on the left hand side of the above), the integration is
with respect to the induced volume form.

Later, when r is sufficiently large we will often work in the coordinate system (z, r, 6, ¢)
associated to the foliation {S;}.er. We will in fact use this coordinate system to define our
notion of null infinity Z* in Section 4.2.

3.6. Well-posedness

Let us briefly recall some basic well-posedness statements.

First we consider the case of initial data prescribed on Xj. Recall that R>o = {t* > 0} =
DT (Z5). In the propositions below the H* and Ck spaces will refer to complex valued
functions.

PROPOSITION 3.6.1. — Let (U, ') € H (XZ7) x ISOCI(ZO). Then there exists a unique
solution  to the wave equation (2) on Rx¢ such that
w € C €[o oo)(Hloc(E )) N CrE[O oo)(]—llf)cl(2 )) N Hloc(H 0)

WES =\, and nyy 1//|23 = . Furthermore, the solution map depends continuously on the
initial data. Finally, we note that if the initial data (\, ') are smooth, then the solution vy will
be smooth.

Next we consider the case of initial data along X. Let us define X, to be the image of T
at time t of the flow map associated to the vector field N from Definition 3.4.2.

PROPOSITION 3.6.2. — Let (Y, }') € loc(E) x Hp 1(E) Then there exists a unique
solution r to the wave equation (2) in D such that

1/[ € Cre( o oo)(Hloc(Zf)) N Cre( 00 oo)(Hlocl(Ef)) N Hloc(H+) n Hloc(H )

Vs =V, andns |5 = ', Furthermore, the solution map depends continuously on the initial
data. Finally, we note that if the initial data (\\, ') are smooth, then the solution v will be
smooth.
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REMARK 3.6.1. — Inthe case when the initial data (\, ') are compactly supported along 203
then a JX energy estimate immediately implies that bifurcate sphere B lies outside the support of
the solution W produced by Proposition 3.6.2. Also note that if (\\, ') are compactly supported
on's, then (I/f|z(>; Msx WEg) are compactly supported on 3.

It will also be useful to consider the following two mixed characteristic-spacelike initial
value problems. For convenience these will both be stated in the smooth category. The
following two propositions can be deduced from the work of Rendall [63]. First we have

ProPOSITION 3.6.3. — Let I!I’HT be a smooth function on Hjo and (1];23, U«) be a pair
<0 - 0

of smooth functions on X3 such that there exists a smooth function U on D satisfying

VEa =vpa.  WisgnggVisy) = (g, W)

Then there exists a unique smooth solution v to the wave equation (2) in the past of X7 such
that

WT;“O = q’ﬁ’ Wlse nes¥lsy) = (Wse, 11/23)-

See

Before giving the next proposition, it is useful to define a function r(z, s): Let t > —o0.
Then, for each s > 0 sufficiently large we define the value r(z, s) to be the largest solution to

s—r*(t,s) + =1t—(BM)* +2.

10
r(z,s)
Observe that the hypersurface {t = s} will intersect the hypersurface S; along the surface
where (¢,r) = (s, r(z,s)). Refer to

(43)

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



402 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

We have

PROPOSITION 3.6.4. — Lett < 00, let xlfHTbe a smooth function on MZ, which vanishes in
<t -

a neighborhood of S: "Ht and let - s}ﬂ{rzr_(r, s)y be a smooth compactly supported function
on{t = s} N{r > r(z,s)} which vanishes in a neighborhood of {t = s} N{r = r(z,s)}.
Then there exists a unique smooth solution  to the wave equation (2) in the past of
'H; US: N{r <r(t,) Ut =stN{r >r(z,s)}) such that

1//|H§t = IIIHJ,S»Ia
(Yls, nir<r@s)} 1S Vs nr<r(z.sy) = (0,0),
TV lg=sinr>rr.s)} = Pu=sintr>r(z.5)}-

In accordance with our conventions (recall Section 3.3), the above propositions refer
always to the Kerr metric with fixed parameters |a| < M. Let us remark that we have defined
the differentiable structure in [30] so that we can assert also the smooth dependence of ¥ on
our parameters a and M ; this, however, shall play no role in the current paper.

3.7. The non-degenerate boundedness and integrated energy decay statements

In this section, we shall recall the precise boundedness and integrated energy decay state-
ments proved in [30].

First we recall a few additional notations from [30]:

DEFINITION 3.7.1. — Given s~ satisfying r4 < 3M — s~ < o0, let us define a cutoff func-
tion y(r) such that y = 1 forr > 3M —s~ and y = 0 forr < (ry +3M —57)/2. We then
set

Z*=xZ+ Q- yZ*.

DEFINITION 3.7.2. — Given s~ and st satisfying ry < 3M — s~ < 3M + st < oo we
define

(44) ¢(r) = (1=3M/r)*(1 = npapr—s- 3p4+5+ (),

where 1 is the indicator function.
The main result of [30] was

THEOREM 3.7.1 ([30]). — There exist parameters s~ (a,M) and s¥(a, M) satisfying
ry <3M —s~ <3M + st < oo such that for all § > 0, all sufficiently regular solutions v
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to (2) on R satisfy the following estimates:

[ (e ey R 20y pel?)
R=>0

(45) < B(5) A* Jf:’[l//]nl;;’
o /H+0 (JIIY[‘/’]”% v - woolz) <B /25 I Wng,.
47) /E;‘ J;]X[W]ng; =B /E?; Jﬁ’[l//]n‘gg, Vs > 0,

where 42, = lim,y_, o0 fggm{,zr/} r2 |y

REMARK 3.7.1. — We remind the reader that due to the existence of trapped null geodesics,
the estimate (45) would be false if the cut-off ¢ was removed. Furthermore, the fact that one can
indeed prove an estimate with this degeneration relies on the fact that the trapping is sufficiently
unstable. See the discussion in [30].

We also proved the following higher order version of Theorem 3.7.1:

THEOREM 3.7.2 ([30]). — With s*(a, M) as above, then for all§ > 0, j > 1, all sufficiently
regular solutions \ to (2) on R>¢ satisfy the following estimates:

48 —1-4 i]Tiz Z* i3.7.12 —1-§
w /Rzor é'151'14;-1'351'|X7 N
Z (|Wi1 Ti2(Z*)i3+lw|2 + |¥7i1 Tiz(Z*)i3w|2)

1<iy+iz+iz<j-—1

SV NY D SR HILT TN

00<i<j—1
CONM SR DU/ HAES T D DR (038
My o<izj—1 X0 0<i<j—1 ?
(50) / Y JVIN'YInk. < B() / > IVIN'Ynh..  Vs=o.
T 0<i<j—1 Z3 0<i<j—1 0

REMARK 3.7.2. — Sufficiently regular may be taken to mean that the initial data lies
in HS (23) for s suitably large and that the right hand sides of each inequality are finite.

loc

REMARK 3.7.3. — Recall that a straightforward elliptic estimate would yield

(51 /* Z JIIX[Nilff]ng;< ~ Z ||1/f||§'1i(2§)+”nzé‘l//”%i—l(z;;t)'

s 0<i<j—1 1<i<j

REMARK 3.7.4. — Inview of the discrete isometry (34), one immediately obtains versions of
Theorem 3.7.1 and Theorem 3.7.2 for solutions defined in the past of the hypersurface *t = 0.
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3.8. The r? estimates

It will be useful to exploit the hierarchy of “r? estimates” from [24]. For our purposes, it
is convenient to apply these estimates in the following form.

ProrosITION 3.8.1. — Let R be sufficiently large. Then for all 11 < tp, p € [0,2], and
all y sufficiently regular solutions to (2) on D(t1,12) = J1(Sy,) N J(Sy,), then setting
¢ = (r* 4+ a®)"?y and keeping Remark 3.1.1 in mind, we have

/ [rp 0501 + r? 72 |Vo|? +r*2|aﬁ<p|2] sin 6 dv db d¢
Sz, N{r=R}

+ (7?7 s + (@ = pre=" 77 Bl 4777 g2
D(z1,2)N{r=R}
42 |aﬁ¢|2] sin 6 du dv d6 dé
53/ rP [|T¢|2+|Z¢|2+|)z7<p|2] sin 0 du dv df d¢
D(t1,12)N{R<r<R+1}

v (77 19501 + 1772 [Vl 4 172 350l | sin 6 dv d8 dg.
Srl ﬂ{rzR}

Proof. — One combines the estimates of [24] with an energy estimate, Hardy inequalities,
and a Morawetz estimate. This is a special case of a more general computation done in detail
in [56] for the general setting of asymptotically flat spacetimes. O

REMARK 3.8.1. — Note that one may easily check that the boundary terms of the p = 1
estimate relate to the spacetime terms of the p = 2 estimate in such a way as to allow one to
combine Theorem 3.7.2 with the iterated pigeon hole argument of [24] in order to conclude for
instance that

/ I < Bt 2Eo[y] VT >0,
S

where Eq [{] denotes a weighted second order energy of W along X,

Note that we will not require such quantitative decays results in this paper.
We will also need to commute with angular momentum operators Q. We obtain

PROPOSITION 3.8.2. — For every multi-index o, let Q@ denote an arbitrary product of
angular momentum operators as defined in Section 3.2, and set @ = Q@ (2 4 42)1/2y;.
For all sufficiently large R, multi-indices o, 11 < 12, and p € [0, 2], we obtain the estimate of
Proposition 3.8.1 with ¢ replaced by ¢®.

Proof. — If a = 0, this is of course immediate since then [Q®, 0, | = 0. Otherwise, one
proceeds inductively in |¢| and observes that the error terms arising from [Q("‘), Dg] have
sufficiently strong r decay so as to be either absorbed by good bulk terms on the left hand
side of the estimate or controlled by the previous step. O

4¢ SERIE - TOME 51 — 2018 — N° 2



A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 405

4. Radiation fields and energy fluxes

In this section, we will define the radiation fields along H;”O or H* and I for solutions )
to the wave equation (2) arising from smooth initial data along X§ or Y which are compactly
supported. Since ¥ C X, this a fortiori defines the radiation field for solutions with compactly

supported data along 5.

The considerations at the horizon are straightforward and will be given in Section 4.1.
The finiteness of both the non-degenerate and degenerate radiation fluxes follows as a soft
application of Theorem 3.7.1 quoted in the previous section.

Null infinity will be handled in Section 4.2. We will first have to explicitly define Z+ as an
additional boundary which can be attached to D (Definition 4.2.1). The main result is Propo-
sition 4.2.1, which gives the statement of Proposition 1 of Section 2.1.3. We shall then relate
the radiation field as defined to the limiting energy flux of ¥ along Z*. Theorem 3.7.1 imme-
diately implies the latter is finite (see Theorem 4.2.1), and according to Proposition 4.2.2 it
can be computed from the radiation field.

4.1. The horizon

4.1.1. The radiation field along H;O and H+. — We begin with the radiation field along the
horizon.

DEFINITION 4.1.1. — Given a solution ¥ to (2) on Rx¢ arising from smooth initial data
along 3§ which are compactly supported, the radiation field of v along ’H;O is simply defined
to be the restriction of ¥ to the horizon Hgo.

Similarly, we have

DEFINITION 4.1.2. — Given a solution Y to (2) on R arising from smooth initial data
along T which are compactly supported, the radiation field of  along Ht is simply defined
to be the restriction of W to the horizon H*.

REMARK 4.1.1. — Note that it follows immediately from Proposition 3.6.2 that the radia-
tion field is smooth along the horizon.

REMARK 4.1.2. — Ifthe initial data for W is compactly supported on §) then Remark 3.6.1
implies that the radiation field for  is supported in H™ .

REMARK 4.1.3. — Of course, given a solution  to (2) defined in the past of {*t = 0}, one
may make an analogous definition for the radiation field along HZ . Similarly, one may define
the radiation field along H~ for a solution  to (2) arising from smooth initial data along X.
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4.1.2. The energy flux through ’H;ro and H*. — We next define the non-degenerate energy
flux along the horizon.

DEFINITION 4.1.3. — Given a solution v to (2) on Rx¢ arising from smooth initial data
along X5 which are compactly supported, the non-degenerate N -energy flux of  through H;O
is defined by

[, B

>0

REMARK 4.1.4. — Note that Theorem 3.7.1 implies that this energy flux is finite.

Observe that a straightforward computation shows that

[ Wt~ [ [ikwp+wor].

In particular, all of the derivatives are tangent to the horizon; thus one may think of the non-
degenerate flux as depending only on the radiation field.

Finally, we define the degenerate flux along the horizon.

DEFINITION 4.1.4. — Given a solution ¥ to (2) on Rs¢ arising from smooth initial data
along %5 which are compactly supported, the degenerate K-energy flux of Y through H;O is
defined by

|, I,

A straightforward computation shows that

[, s, =[Hio|l<w|2.

>0

Similarly,

DEFINITION 4.1.5. — Given a solution W to (2) on R arising from smooth initial data
along X which are compactly supported, the degenerate K-energy flux of V through H* is
defined by

K
/H N I winl ..
A straightforward computation shows that

K o 2
| aww, = [ kv,
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4.2. Null infinity

We first define ZT as a suitable additional boundary which can be attached to our space-
time.

DEFINITION 4.2.1. — As a differentiable manifold we define

It =R x §?

and parameterize IV in the standard fashion by coordinates (t,0,¢). Next, we extend our
background differentiable structure R to a manifold with boundary

R=RUIT
by declaring that for every sufficiently large R and open setUd C I, the set
Ur ={(t,r,0,¢):r > Rand (t,0,¢) e U}

isopen (where (t,r, 8, @) are the coordinates associated to the foliation { St } rer which we defined
in Section 3.5), identifying T with the points (t, 00, 0, ¢), and then covering the sets Ug by a
coordinate chart (t,s,0,¢) € R x [0,1) x S? via the map

(t.5.0,¢) — (t.Rs™',6.9).
REMARK 4.2.1. — Note that for every fixed (t,0,¢9) there exists a unique limit

lim, »oo(t,7,0,0) € I, and, if we denote these limits by (t,00,0,¢), then the map
(1,0,9) — (1,00, 0, 9) is a diffeomorphism from R x S2t0Tt.

REMARK 4.2.2. — The above “pedestrian” definition of T is completely equivalent to the
usual one involving a conformal compactification (see [48]).

DEFINITION 4.2.2. — Apply the discrete isometry (t,p) — (—t,—¢@) to the foliation {S;}
to define a new foliation {Sy}:

—*t =1 r<5M

S =
Tl e M L (5M) 2 > 5M.

Repeating the construction above with respect to this new foliation then defines past null
infinity Z~. Proceeding in an analogous fashion to Definition 4.2.1, T~ may be glued to R as a
suitable boundary.

Lastly, it will be useful to introduce the notations

I3, ={(r.0.¢): T > s}, IX ={(r.0.¢): T <s}.
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4.2.1. The radiation field along T*. — Recall that given a function v, in Section 3.8 we
introduced the notation

¢ =(*+a>)' 2y,
qD(Gt) - Q(a)(/).
We now have the following straightforward corollary of Propositions 3.8.1 and 3.8.2.

PROPOSITION 4.2.1. — For all solutions  to (2) on Rx¢ arising from smooth initial data
along X% which are compactly supported, and each (z, 0, ¢) € R x S?, the function

o(r,00,7,0) = lim ¢(r,r,0,¢) = lim (r* + a2y (1,1, 0, ¢)
r—>0o0 r—>0o0
is well defined, and is in fact a smooth function on ™.
Proof. — Let r, > ry. The fundamental theorem of calculus, Cauchy-Schwarz, and a
Sobolev inequality on S? imply

lo(t, 72, 0,0) — o(t, 11,0, 9)*
2

=B Z “/’(a)(fﬁ r2.0.¢) — 9@ (z, r1,9,¢>)‘ sinf df d¢
SZ

loe|<2

<B / Haw(a)
Z ( SN{r=>r1} ’

lee]<2

< Bry? / |:r2 ‘8~<p("‘)
! Z Se{r=r1} ’

le|<2

2
] sinf dr dé d¢)

+ r—Z ‘8,;@(“)

2
+ V_2 }aﬁ(p(a)

2
} sinf dr d dg.

In the second inequality we have used the fundamental theorem of calculus along S; and
expressed the resulting derivative in terms of d; and 9j.

Now we conclude the proof of existence of the function ¢(z, co, ¢, 8) by observing that
Proposition 3.8.2 implies that this last quantity is bounded by B(z)r;2.

Smoothness of ¢ as a function on Z* follows in a straightforward manner by applying the
above argument to 8‘;9(“)% fori € Zso and || € Zxo. O

REMARK 4.2.3. — Ifwe combine the proof of Proposition 4.2.1 with Theorem 3.7.1 we may

easily conclude that for any to € R, (r2 + a®)'/2y converges to its limit ¢|,—oo in LY o
=70

Following [38] and using the previous proposition, we may now define the radiation field
along Z7.

DEFINITION 4.2.3. — Given a solution ¥ to (2) on Rx¢ arising from smooth initial data
along T3 which are compactly supported, the radiation field of  along T is defined to be the
function ¢(z, 00,60, ¢).

REMARK 4.2.4. — Note that any solution  to (2) on D arising from smooth initial data
along X which are compactly supported is, a fortiori, a solution to (2) on Rso arising from
smooth initial data along X5 which are compactly supported (cf. Remark 3.6.1). Thus, this
definition of the radiation field may be applied to such solutions.
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REMARK 4.2.5. — Of course, given a solution {r to (2) defined in the past of {*t = 0}, one
may analogously define the radiation field along T~ . In particular, smooth compactly supported
data on T give rise to radiation fields along both T+ and T~ .

REMARK 4.2.6. — In passing, we observe that the weighted estimates of Proposition 3.8.2
would allow us to easily show that the radiation field decays along null infinity:

lo(t,00,6,9)| < Bt~ V2/Eg[y] V>0,

where Eq is a weighted higher order energy along Xj. Again, we emphasize that we shall not
need to use such quantitative decay rates in this paper.

REMARK 4.2.7. — Finally, it is worth remarking that in the case of a massive scalar field, the
radiation field for any solution arising from regular localized initial data will always vanish [51].
Thus one clearly needs a different approach in that setting.

4.2.2. The energy flux through T+. — In this section we will define the energy flux to future
null infinity Z* for solutions to the wave equation (2) arising from smooth initial data
along X7 which are compactly supported. Recall that X} denotes the hypersurface {t* = s}.
We begin with the following lemma:

LemMA 4.2.1. — Givenasolutiony to (2) on R arising from smooth initial data along ¥
which are compactly supported, then for every t > 0, the following limit exists:
(52) lim I yInly..

S0 JoEnJ—(St) s

Proof. — First of all, observe that for sufficiently large s, depending on 7, the integration
in (52) occurs far outside the ergoregion (30), so that in particular, 7 is a timelike Killing
vector field in the region under consideration. With this in mind, a J7 energy estimate implies
that

/ JZ:[l//]nlgI < o0.

Consequently,

lim Tlylns =o0.
S0 JS NI (ED) T [W]"sr
Let 51 < s, both be sufficiently large. Refer to the figure below:

It now suffices to observe the following immediate consequence of a J7 energy estimate:

U | o, | < [ ATI T
/ESZOJ(ST) a Ty T4, NI~ (S7) o sy S:NJ+(Z5,) - §r
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REMARK 4.2.8. — Observe that this lemma holds for essentially any asymptotically flat
spacetime possessing a suitable notion of future null infinity; in particular, we do not appeal
to Theorem 3.7.1.

REMARK 4.2.9. — We observe that one may easily check that if one considers smooth
solutions which satisfy ffn{rzR} JITL [w]n% < oo for all sufficiently large R, but are not
necessarily compactly supported, then an easy modification of the proof of Lemma 4.2.1 shows
that for all Tty < 11, the limit

lim IT[wnk,
ST JEENT = (SeINT F(Sxy) *

exists.
Lemma 4.2.1 allows us to make the following definitions.

DEFINITION 4.2.4. — Given a solution ¥ to (2) on Rx¢ arising from smooth initial data

along 5 which are compactly supported, and t > —oo, the energy flux of  through I; is
defined by

(53) /I L I, = lim Iyt

ST JEINT(ST)

REMARK 4.2.10. — There s, of course, great flexibility in the choice of the hypersurfaces S
and X3, but we will forgo a systematic treatment of which choice of hypersurfaces leaves the
limit (53) unchanged.

Since 71 < 1, implies that J ~(S¢,) C J 7 (S%,), it immediately follows that fz* J;C [w]n; n
is an increasing function of . Thus, we can make the following definition. -

DEFINITION 4.2.5. — Given a solution ¥ to (2) on Rx¢ arising from smooth initial data
along =% which are compactly supported, the (total) flux of W through null infinity I is
defined by

(54) /I N ij[w]ng+ = lim lim JZ[W]ngt € Rso U {oo}.

T—>00 §—>00 E;kn.]—(sr)

REMARK 4.2.11. — As with Definition 4.2.4, we note that this definition also makes sense
for essentially any spacetime possessing a suitable notion of future null infinity.

Now we observe the following immediate consequence of Definition 4.2.5 and
Theorem 3.7.1.

THEOREM 4.2.1. — All sufficiently regular solutions ¥ to (2) on R>o satisfy
T o~ N 1
[REATE Y BEHUTES

In particular, in the case of smooth compactly supported initial data of X7 or X, the total flux
to null infinity (54) is finite.

Finally, the next proposition establishes the expected connection between the radiation
field along null infinity with the energy flux to null infinity
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PROPOSITION 4.2.2. — Given a solution y to (2) on Rx¢ arising from smooth initial data
along X3 which are compactly supported, we have

f( e 10:0(c0, 7,0, ¢)|* sindtdb dp = /I+ Jg[lﬂ]n;Jr V1 € (—00, 0.

Proof. — First of all, a straightforward computation gives

f I [ns, =/ |8:¢|* sin 6 dv d6 d¢
Z5NJ = (St) s =¥NJ—(S7)

+0(/ [10501* + |¥ol|*] sinedvdedqs) as s — oo.
Z5NJ = (S7)

Now we simply observe that Proposition 3.8.1 (with any choice of p € (0, 2]) implies that
we can find a (dyadic) sequence ® {s;}?°, such that lim; ., s; = oo and

Jim [195¢]* + |Ve|*] sin6 dvdf dg = 0. -
1200 Jx,,NT~(Se)

5. Carter’s separation and the microlocal radiation fields

As in our previous work [30], estimates obtained by exploiting Carter’s separation of the
wave equation (2) will play a fundamental role in our analysis. In this section, we quote a
number of results from [67] and [30] concerning the theory of the radial o.d.e (1) for real
frequencies w and its relation to (2). (In Section 6 to follow, we will then obtain various
refinements of the quantitative o.d.e. estimates of [30] which will be fundamental for our
arguments.)

We begin in Section 5.1 by reviewing our relevant formalism based on the Fourier trans-
form of “sufficiently integrable” solutions (Definition 5.1.1); the reader should consult [30]
for more details.

We shall then quote in Section 5.2 some results from [67] concerning the asymptotics
of solutions of (1), which in particular allow us to define the special solutions Uy, Ujns
referred to in the introduction. We state Proposition 5.2.2, the microlocal version of the
energy identity (we will consider more general currents in Section 6.1 below).

The Wronskian 20, as well as the reflection fR and transmission coefficients ¥ referred
to already (together with their dual coefficients R and %), are all defined in Section 5.3,
appealing to the real-mode stability theorem of [67]. We then obtain Corollary 5.3.1 which
gives that the strict inequality (6) indeed holds for any superradiant frequency and establish
a fundamental solution formula for the radial o.d.e. in Proposition 5.3.1.

Finally, our separation will allow us to define the “microlocal” radiation fields and
fluxes in Section 5.4. (Later, in Section 6.8, these will be related to the radiation fields and
degenerate-energy fluxes defined in physical space.)

® The point being that [ If;i)c)ldx < oo implies that there exists a sequence {x; }52 | with x; € [27,2/F]]
such that lim; o f(x;) = 0.
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5.1. Separating the wave equation

We begin by recalling the following definition.

DEFINITION 5.1.1. — Wesay that a smooth function WV : R — Cis “sufficiently integrable”
if for every j > 1, we have

> [l

0<j1+j2+lel<j

2
VAo TR0 sin0 drdo dg € Lig, ().

REMARK 5.1.1. — We note that this definition is in fact weaker than that given in [30].

REMARK 5.1.2. — Observe that it follows immediately from Proposition 3.6.2, Theo-
rem 3.7.1 and Remark 3.7.4 that any solution to the wave equation arising from smooth
compactly supported initial data along = is sufficiently integrable in the sense of Defini-
tion 5.1.1 (c¢f. Remark 3.6.1).

Next, we recall the oblate spheroidal harmonics
{SmZ(Vs Cos 0)eim¢}m£s Ve R7

which are the eigenfunctions of the self-adjoint operator

1 a a ?f 1

P =——— —(sinf—f ) - —5—— —v%cos?d
W ==G550 (Sm 56 ) 997 snzg " ¥

on L2(sin 0 df d¢). We denote the corresponding eigenvalues by )t,(:z € R where m € Z
and [ > |m|. The labeling is uniquely determined by requiring that kf::; depends smoothly
on v and setting Af,?z = £ (£ + 1).® These satisfy

(55) A+ v2 = |m|(jm| + 1),
(56) A8 102 > 2 my).

Because of the above relations, it is often convenient to work with
Ame(v) = Ame(v) + 02

Let W be sufficiently integrable in the sense of Definition 5.1.1. Then, setting v = aw,
where a is the Kerr parameter, for each w € R, we decompose

1 o0 . .
v(t,r0,¢) = E/ Ze‘”‘”\ll,(:ew)(r)Smg(aw,cos 0)e'™?dw.
% me

The sufficiently integrable assumption implies that for each fixed r, this equality may be
interpreted in L7L2,. Now define

(57) F =0,V.
The sufficiently integrable assumption implies that we may define the coefficients

(sz)ifl'Z’) (r) as above (recall that p?> = r? + a2 cos? ).

Carter’s formal separation [15] of the wave operator yields:

® See Proposition B.1 of [66] for a proof that this does indeed uniquely determine {Agl?}.
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PRrOPOSITION 5.1.1. — Let W be sufficiently integrable in the sense of Definition 5.1.1, and
let F be defined by (57). Then

(38)

d d\p(aw)
A (A mt ) + (a2m? + (% + a®)2w? — dMrawm — AN ) V) = A (p*F)

(aw)
mi

dr dr
Note that the sufficiently integrable assumption allows us to interpret this equality for each r
in L2[2

o'ml:

REMARK 5.1.3. — It will turn out to suffice that we study smooth solutions to the o.d.e. (58).
See the discussion in Definition 5.4.1.

Using the Definition (26) of r* and setting

(59) u (1) = (> + a®)' PO (),
(aw)
(60) H(aw)(r) _ A (sz)mE (r)
m{ (r2 +a2)3/2 ?

we obtain

d> o) | 2 law) (aw)
(61) (dr*)zumé + (0° — le (rHu = Hmz ,
where

AMramow — a*m? + AN A(3r2 —4Mr + az) 3A2r2
(r? + a?)? (r?2 +a?)3 (r2 4+ a?)*
We will often refer to (61) as the “radial o.d.e.”

As in [30], we shall often suppress the dependence of u, H and V on aw, m, £ in our
notation. We will also use the notation

©2) Vi) =

d
63 "= .
(63) dr*
Note that
;L A
2442

5.2. Asymptotic analysis of the radial o.d.e.

In this section we will collect various facts concerning the asymptotic analysis of the
radial o.d.e. (61). In view of our applications and Remark 5.1.3, all results stated will concern
smooth solutions. We will omit proofs as the material is standard (see, e.g., [60]).

PROPOSITION 5.2.1. — Fix parameters (w,m,{) € R X Z X Zs, with o # 0 and
w # wim, and let u be a smooth solution of the radial o.d.e. (61)
u” + (*—V)u=H,
where H (r) smoothly extends tor = ry and vanishes for large r (of course, by using the relation

d _ r’+a%2 d
dr — A dr*’

the smoothness condition at r = ry can be translated to a condition on the
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.. k . .
limits of;ér—*ﬁlk asr* — —oo). Then there exist unique complex numbers a, -+, ax—, az+, and
az-, depending on u, such that

(64) u=ar+e® +az—e ' + 0" asr — oo,

(65) u = aH+e_i(“’_°’+m)r* + ap-e' @M L O(r —ri)asr — ry.
Here the O(r~') and O(r — ry.) are both preserved upon differentiation in r*.
Next, we turn to the “microlocal energy identity”.

PROPOSITION 5.2.2. — Fix parameters (w,m,{) € R X Z X Zx|y with ® # 0 and
w # wim, and let u be a smooth solution of the radial o.d.e. (61) with H(r*) compactly

supported in r*. Then, we have
(e )

w?lazt|* — o*lar-|* + o — wim)|ay+ |? — o(@ — opm)|an-|* = a)/ Im(Hu)dr*.
o0

Proof. — We recall the microlocal energy current from [30]:
0T = wIm®u'n),

which satisfies

(0TY = wIm (Hu).
(The above is of course the most basic energy current associated to (61). We will discuss this
and several other currents in Section 6.1). The proposition then follows immediately from
the fundamental theorem of calculus and the expansions (64) and (65). O

It will be useful to introduce the following definitions.

DEFINITION 5.2.1. — Let (w,m,£) € R X Z X Zx|y|. Then we define Upor(r*, w, m, 1) to
be the unique function satisfying

L. U+ (0% = V) Upor = 0.
2. Unor ~ e~ (@=0em)r™ yoar 1% = —00. (10

3. |Uhor (—OO)|2 =1

REMARK 5.2.1. — Note that this definition makes sense even when o —wim = Qorw = 0;
see, e.g., the discussion in Appendix C.1 of [66].

REMARK 5.2.2. — The physical space interpretation of Unor is that the expression
e"itweimd g (0) Unor(r*) corresponds to an amplitude normalized solution of the wave
equation “frequency localized” to (w, m, £), with a vanishing energy flux along H™ and a finite
energy flux on any compact subset of H™.

DEFINITION 5.2.2. — For w # 0, define Upe(r*, w,m, 1) to be the unique function satis-
Jying

1. i,r;f + ((1)2 — V) Uins = 0.

2. Uinp ~ €97 near r* = oco. (1D

(0 More precisely, the requirement is that Upore! (@=@+m)r™" extends to r = r4 as a smooth function of r.
(D More precisely, this means that Ujyr exhibits a (generally divergent) asymptotic expansion Upy =
elor” >0 % asr — o0.
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3. |Uine (00)* = 1.

REMARK 5.2.3. — The physical space interpretation of Uiy is that e 71°e'™® S, (0) Uine(r*)
corresponds to a an amplitude normalized solution of the wave equation “‘frequency localized”
to (w,m, L), with a vanishing energy flux along I~ and a finite energy flux on any compact
subset of TT.

REMARK 5.2.4. — When H = 0, by exploiting the linear independence of the pairs
{Unor, Unor} and {Uint, Uing}, one may easily check that expansions (64) and (65) may be written
as the identities

u = az+ Upng + az-Usny,
U = ay+ Unor + ar—Unor-
Cf. footnote (4).

REMARK 5.2.5. — In the usual language of scattering theory, one would refer
10 {Unor, Unor» Uint, Uint} as Jost functions [62].

PROPOSITION 5.2.3. — The constructions of Unor and Uinr imply that for each k > 0,

dk

d(r—*)kUhor < B(w,m,t,k),

o0
L%

and d(i_f)kUhor depends analytically on w. Similarly, if we additionally assume that v # 0, we
also have
dk

——% Un
d(r*)k f

S B(w9m5£7k)v

o0
L%

and %Uinf depends analytically on w € R\ {0}.

5.3. The Wronskian and the reflection and transmission coefficients

DEFINITION 5.3.1. — For @ # 0, we define 2(w,m, L) to be the Wronskian of Upor
and Uinf.'
W = U; tUnor — UintUy,, -

m

REMARK 5.3.1. — Note that one may easily check that 90 does not depend on r* and
vanishes if and only if Upnor and Uiyr are linearly dependent.

Using the transformation theory of Whiting from [73], in [67], the following was shown:

THEOREM 5.3.1 ([67]). — For all (w,m,£) € R X Z X Lx|m| with w # 0 we have
2 (w,m, L) #0,

and thus the functions Upoy and Uiys are linearly independent.
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REMARK 5.3.2. — In the language of spectral theory the non-vanishing of the Wronskian
rules out embedded resonances on the real axis; it can then be used to establish a suitable
“limiting absorption principle,” see [67]. Previously, Whiting showed that there do not exist
eigenvalues in the upper half-plane [73]. His result can be recovered from Theorem 5.3.1 and
a continuity argument in the parameter a. Similarly, our proof of Theorem 3.7.1 in [30], which
exploits a continuity argument in the parameter a, also appeals directly only to Theorem 5.3.1.
1t is this continuity principle that allows our spectral analysis to only concern real frequencies.

The non-vanishing of the Wronskian will allow us to define the reflection and transmission
coefficients. First we need the following lemma which follows immediately from Remark 5.3.1
and the non-vanishing of the Wronskian.

LeEmMMA 5.3.1. — For w # 0 and w # wym, there exists a unique set of complex numbers
R(w,m, L), R(w,m, L), T(w,m, L) and T(w,m, L) which satisfy

T R U
(66) ——————Uhor = ——Uint + =,
—i(w — wym) w iw
T R U
(67) Ut = —————Upor + ———,
iw —i(w— wym) —i(w — w4m)

Now we can define the reflection and transmission coefficients.

DEFINITION 5.3.2. — The complex numbers R and R are called the reflection coefficients,
and ¥ and ¥ are called the transmission coefficients.

REMARK 5.3.3. — If one considers a solution to the wave equation which is “sourced” with
a flux along T~ equal to 1 and no energy along H~ and which is furthermore approximately
localized to the frequency (w,m, L), then R measures the amount of energy “reflected” back to
Sfuture null infinity T, and T measures the energy “transmitted” to the future event horizon H™ .
There is a similar interpretation for R and . Our Theorem 9.5.3 will make these interpretations
rigorous.

REMARK 5.3.4. — One often sees the reflection and transmission coefficients R and ¥
defined so that they measure the amplitude transmitted to the future event horizon and reflected
to future null infinity of a wave of amplitude 1 along I~, see e.g., Section 28 of [16]. However,
in the context of scattering theory for finite energy solutions, one does not expect to control the
radiation fields s and ¢ in L? along H* and T*, hence an energy normalization is most natural.

Applying Proposition 5.2.2 immediately yields

COROLLARY 5.3.1. — Fix a frequency triple (v, m, £) which satisfy o # 0 and o # wim.
Then »
R? + ———[F = 1.
w—wym
In particular, if
(68) w(w—wim) <0,
i.e., the parameters are superradiant, then

IR > 1.
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Proof. — For the second statement, it suffices to note that the basic local existence theory
for the radial o.d.e. implies that T # 0 (see [60]). O

Though the reflection and transmission coefficient have a nice interpretation in terms of
the scattering of waves coming from H~ and Z~, for technical reasons they are not always
the most convenient way to parameterize solutions to the radial o.d.e. Instead we shall often
use the following quantities.

DEFINITION 5.3.3. — For o # 0 and o # wim, we define the complex numbers
QLI"F (a)v m5£)’ Q[I_(a)v m5£): Ql’)—[+ (a)5m7‘€)1 andQL'H_(w» m5£) by

Pk EEENES _
Uhor = Az+€e'®" +Az-e7'“" + 0 (r 1) asr* — oo,

Uing = Ugg+ e @70+ L9y o @04 L O (r —ry) asr — ry.

Observe that A7+ (0, m, ), Az—(w, m, £), A+ (0, m, £), and Ay~ (w, m, £) must obey the
following constraints.

LEmMA 5.3.2. — We have
Art At + Az-Ap- = 1,
A+ Wt + Ar-Ap— = 1,
Ar+ Ap— + Az-Apt =0,
Ar-Ap+ + Ap—Az+ = 0.
Proof. — We may write
(69) Unor = A+ Uing + Az~ Ulng
= Az+ (Ape+ Unor + A~ Uhor) + Az~ (ﬁH+Uhor + Apy— Uhor)
= (911+91H+ + le—ﬁﬁ—) Unor + (Qlfr A~ + le—ﬁyﬁ) Uhor-
Similarly,
Uint = (%ﬁ A+ + ﬁr%r) Uint + (Qlwrﬁr + ﬁfr%r) Ul
The lemma follows immediately. O

The following relationships may be easily verified in a similar fashion to Lemma 5.3.2.

LeEmMMA 5.3.3. — We have

W = 2iwAr—, W =2i (w— wim) Ay—,

R = _ﬁH—F (Q[’H*)_l , T — ((U a(:)-i-m) (le_ )—1 ,

= s ) T= (@)
(0 — w4m)

We close the section with a final remark:
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REMARK 5.3.5. — By exploiting the underlying analyticity (cf. Corollary 6.5.1), one can in
fact define the reflection and transmission coefficients almost everywhere without the real mode
stability result of [67], quoted here as Theorem 5.3.1. Given this, we see that Theorem 5.3.1
is equivalent to the statement that the reflection and transmission coefficients are bounded
on any compact set of frequencies, with a bound depending however on the set. The fact the
reflection and transmission coefficients are uniformly bounded over all frequencies is the content
of Theorem 6.2.2, to be proven in Section 6.2.

We end this section with a final corollary of Theorem 5.3.1 which concerns a fundamental-
solution representation of solutions u of (61) with vanishing a3,— = az— = 0.

PROPOSITION 5.3.1. — Let u be a smooth solution to the radial o.d.e. (61) with a right hand
side H such that H(r) smoothly extends to r = ry and vanishes for large r, and such that u
satisfies ay— = az— = 0. Then u is given by the following explicit formula:

(70)

u(r*) = m—l(Uinf<r*) / " Unor (") HO)dx* + Upor () / h Uinf(x*)H(x*)dx*).

Proof. — Given the non-vanishing of the Wronskian (Theorem 5.3.1), this is a trivial
computation. O

REMARK 5.3.6. — In the language of spectral theory, (70) is simply a formula for the
continuous extension of the resolvent to the real axis.

5.4. The microlocal radiation fields and fluxes

We are now ready to define the microlocal radiation fields. As the name suggests, the
definition of the microlocal radiation fields relies on the Fourier transform; hence, we will
only be able to define the microlocal radiation fields for a solution v if it is defined on all
of 703, not just 7%20.

DEFINITION 5.4.1. — For all solutions ¥ to (2) on 702 which are sufficiently integrable in the
sense of Definition 5.1.1, we may apply Carter’s separation to ¥ and define the corresponding
Sfunction u. An easy argument (one can slightly modify the proof of Lemma 5.4.1 of [30])
implies that for almost every w and every (m,{), u will be a smooth solution to the radial
o.d.e. (61) with H = 0. In particular, we may apply Proposition 5.2.1 and easily show that the
corresponding a;+ (w,m, ) and a,,+ (w,m, ) are measurable functions of (w,m, £).

The microlocal radiation field along Z* associated to V¥ is then defined almost everywhere
by the measurable function

arx(w,m,£) : RXZ X Zsjm — C,

and the microlocal radiation field along H* associated to  is defined almost everywhere by
the measurable function

aHi(a),m,Z) ‘RXZ X Zsjm — C.

We also have the corresponding total fluxes.
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DEFINITION 5.4.2. — For all solutions ¥ to (2) on 7% which are sufficiently integrable in the
sense of Definition 5.1.1, the total microlocal energy flux through Z% associated to yr is given

by
o0
/ Za)2|azi|2 dw € Rxo U {00},
% me

and the total microlocal (degenerate) energy flux through H* associated to v is given by

/ Z(a) - oo+m)2|a7_ti|2 dw € Rxo U {oo}.
—0o0
ml

These latter fluxes will be related in Section 6.8 below to the flux to Z% and the degenerate
K-energy flux to H™ defined previously in Sections 4.2.2 and 4.1.2, respectively.

6. Estimates for the radial o.d.e. and applications

In this section we will produce estimates for the radial o.d.e. (61) and give some useful
applications. These estimates are refinements of estimates originally proven in [30].

In Section 6.1 we review the separated current template from [25] and [30]. These currents
form the essential ingredients for all of the o.d.e. estimates of this section.

In Section 6.2 we start by proving Theorem 6.2.1 which is a general estimate for solutions
to the radial o.d.e. with a vanishing right hand side; the proof of Theorem 6.2.1 will heavily
rely on Theorem 8.1 from [30]. As a corollary we will obtain the uniform boundedness of all
reflexion and transmission coefficients (Theorem 6.2.2). This gives in particular Theorem 11
of Section 2.4.1. We will also obtain a Wronskian bound (Proposition 6.2.1) which will be
used in Section 7.

In Section 6.3 we will prove Proposition 6.3.1 which gives asymptotic control of Uy, in the
superradiant regime as r — ry independent of the frequency parameters. Proposition 6.3.1
plays an important role in Section 7. The proof of Proposition 6.3.1 will require us to quote
a special case of Theorem 8.1 from [30] (here given as Theorem 6.3.1).

Next, using closely related ideas, in Section 6.4 we will prove Proposition 6.4.1 which states
that for fixed w and m, the large-¢ limit of ¥ must vanish. As a corollary, we deduce that
limy_,  |R| = 1.

In Section 6.5 we will approve Proposition 6.5.1 which states that for each fixed m and £,

the reflection coefficient R is not identically 0 as a function of w. Using analyticity of 2R, one
corollary will be that 2R can only vanish at isolated points.

In Section 6.6 we will interpret the weighted r? hierarchy of estimates of [24] (given
previously as Proposition 3.8.1 of Section 3.8) directly at the level of the o.d.e. (1). The main
result is Proposition 6.6.1. We will then use this in Section 6.7 to give a quantitative estimate
on the rate of convergence of the microlocal radiation field (Proposition 6.7.1). Using these
results, in Section 6.8, we will succeed in relating the microlocal radiation fields of Section 5.4
with the physical-space definitions given previously in Section 4.
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6.1. The separated current templates
In this section we will recall the separated current template from [25] and [30]. All of our
o.d.e. estimates will be based on suitable combinations of these currents.
PROPOSITION 6.1.1. — Fix parameters (w,m,£) € R X Z X Zx |y withw # 0, and let u be
a smooth solution of the radial o.d.e. (61)
u” + (w?—V)u = H.
Let h(r*) be a C? function, y(r*) be a C' function and z(r) a C' function of r.
Set V.=V —Vl|r=r,. Then we define the Q" current
1
Q"u] = hRe(u'i1) — Eh/|u|2,
the & current
. 2
2=y (o' + @2 = V) ).,
the microlocal redshift current
(71) 0% 4[ul iz|u’+i(a)—u>+m)u|2—zI7|u|2,

the microlocal r? current

(72) pr[u]iz|u’—iwu{2—zV|u|2,
the microlocal T-energy current

(73) Q' [u] = wim (u'u)

and the microlocal K-energy current

(74) QX u] = (w — wym) Im (u'w).
We have

(5) @) = h (WP + (V= Dlul) — 2 Hul + hReGeD),
6 (¢)) =y (ju'[* + (@ = V) ) = V" |ul + 2y Re ('H).
(77) (Qrealu
(78) (QFplu
(Q"[u
(1) Q%[

/

' +i(w - oo+m)u{2 — (217)/ lu|? 4+ 2zRe (Hu’ +i(w—wym) u) ,
li

=z —iwu|2 — (V) |ul* + 2zRe (Hu —iwu),
= wlm(Hu),

)
)
)
])/ = (w — wym)Im (Hu) .

The identities above follow by direct computation. Note that we have already used the
QT current (73) in Proposition 5.2.2.

REMARK 6.1.1. — Note that the microlocal r? current appears for the first time in this
paper. The reader may find it illuminating to compare (71) with (72).
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6.2. The microlocal ILED estimate and applications

Recall that the microlocal radiation fields a;+ and a,,+ were defined in Definition 5.4.1.
With this notation, in our previous work [30], estimates for the radial o.d.e. (61), in all
frequency ranges, with a non-zero right hand side H and u satisfying ay— = az— = 0 played
a fundamental role in the proof of Theorem 3.7.1. Besides depending on Theorem 3.7.1 as
stated, in the present paper we will also require Theorem 6.2.1, which is a variant of the
o.d.e. estimates of [30], concerning now solutions to the homogeneous radial o.d.e. (61) where
we do not however assume that ay— = az— = 0. We will thus prove this latter theorem in
the present section, referring to constructions in our [30]. We will close the section with two
corollaries of Theorem 6.2.1: Theorem 6.2.2 which gives the boundedness of the reflection
and transmission coefficients and Proposition 6.2.1 which gives a uniform bound on the
Wronskian.

6.2.1. The microlocal ILED estimate for the homogeneous radial o.d.e.— We will prove here
the following variant of Theorem 8.1 of [30] which applies to solutions of the homogeneous
o.d.e. (61) (with H = 0) but allows general asymptotics a,,+ # 0, a;+ # 0.

THEOREM 6.2.1. — There exist parameters s— and s4 satisfying ry <3M —s_ <
3M + sy < oo such that for all —oo < R* < R < oo, the following is true. Given (w,m, ()
satisfying o # 0 and w # wym, there exists a parameter Fiap (0, m, £) with

Ttrap = 0 or Pirap € [3M —s_,3M + 5],
such that for all smooth solutions u to the radial o.d.e. (61) with vanishing right hand side H = 0,
(80)

*

RY
(a)—oo+m)2|aH—|2+w2|a1—|2+/ [|u/|2 + ((1 — rtmpr_l)2 (0?4 A) + 1) |u|2] dr*
R*
< B(R™. RY) [(@ = wpmPlares P + 0?lags ).

REMARK 6.2.1. — Recall that the degeneration due to the (1 — ryapr~")? term arises
because of trapping. See the discussion in [30].

REMARK 6.2.2. — Note that applying the theorem to u yields the same statement with the
roles of ay— and az- interchanged with a, .+ and ar+.

REMARK 6.2.3. — Let us emphasize that even though we require o # 0 and v # wym
in order to define a,+ and a;, the constant B(R™, RY) is according to our conventions in
Section 3.3 independent of the frequency parameters and in particular does not blow up in either
of the limits w — 0 or @ — wym. The fact that we have a uniform estimate as @ — 0 does
not follow from Theorem 5.3.1; a separate low-frequency argument is necessary, see [30].

Proof. — We recall that in [30] we studied solutions to radial o.d.e. (61) with a non-zero
right hand side H and u satisfying ay- = az— = 0, whereas here H = O but all a;,+, a;+
are in general nontrivial.

We begin with the important observation that in (version 2! of) [30] in the proof of
Theorem 8.1 we used microlocal currents (see Section 6.1) where the functions f, A, etc.
were all bounded as r* — +oo. The currents which led to the positive bulk of the microlocal
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ILED statement produced (1) a term associated to the inhomogeneity H and (2) boundary
terms which were proportional to (v — wym)? |u(—oo)|2 and w? |u(oo)|2. These boundary
terms were eventually controlled with suitable applications of (cut-off versions of) the Q7
and QX currents. In order for this to work, one key point was that under the assumptions
arn- = az— = 0 we have

B |QTlr=ry| = 0@ —wim) u(=o0)|.  Qle = w? u(0)”
(82) K, =@-0m?uoof. QK | = [0 - wim) (o).

Now we consider the case of a solution u to the radial o.d.e. (61) with a vanishing right
hand side H but where we make no assumption about the vanishing or non-vanishing of a,+
and a4+ . Since all of the multipliers discussed above are bounded, we immediately observe
that we may apply all the currents from (version 2 of) [30] to u.

The term associated to the inhomogeneity in the resulting identity, of course, now vanishes
since H = 0.

However, every application of the microlocal energy currents QX and Q7 will yield now
various boundary terms each of which will be proportional to one of (0 — wym)?|ay—|?,
(0 — wim)?|lay+|?, @?|laz+|?, or w?|az-|*>. Furthermore, the term proportional
to (w — wym)?|an—|* will always enter with the opposite sign of the term proportional
to (w — w4m)?|az+|*. An analogous relation holds for the terms proportional to w?|az+ |2
and w?|az-|?. In particular, we do not have (81) and (82) and we cannot hope to prove
an estimate with all of the microlocal radiation fields on the left hand side 12. We are thus
forced to always put the boundary terms associated to one of the pairs (ax—,az-) and
(@y+.az+) on the right hand side.

Given these observations, the following estimate immediately follows from the proof of
Theorem 8.1 of [30]:

(83)

*

RY
(0 — wym)?|lan-|* + a)ZIaIfIZ—i—/ [|M/|2 + ((1 - Vtrap”_l)2 (@ +A)+ 1) |”|2] dr*
R*
< B(R*, Rj;)[(w — wrm)?|ay+ | + o*lag+?

2
+ 1{wlow5Iw‘Swhigh}m{Afe‘:ihthw}%igh} |aH_| il’
for a parameter rap(w, m, £) satisfying
Firap = 0 or Pirap € [3M —s_,3M + s54].

where 1 (Olow 3 denotes the indicator function for the set

<|o|<@nigh}N{A <€ @i
. . -1 2
Fp ={(w.m,{) : wow = @] < whigh and {A < €4 Ohign -
The wiow, Whigh and ewidin are fixed constants which arise during the proof of Theorem 8.1.

Thus we have established (80) for frequencies (w,m, ) & Fy.

(12) This is not so surprising of course, because if we could prove such an estimate we would deduce that u# had to
vanish!
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In order to finish the proof we need to show that (w, m, £) € F, implies
jar=I> < B[(@ = wim)? lays | + 0 lag+ ).

Consider the solution u' to the radial o.d.e. defined by

uf = (aI+QB—1(2iw)> Unor + (aH+Qﬂ—1(2i (0 — co+m))) Uinrt,
and let aL 4+ and a; + denote the microlocal radiation fields of ut.
Observe that Lemma 5.3.3 implies that
aL+:aH+, a;+=a1'+.

Thus, applying Theorem 5.3.1 and Remark 5.3.1 to u — uT implies that u = u'. Using the
explicit definition of u', appealing to Theorem 5.3.1 again and using the compactness of 7,
we immediately conclude that

2
jar- = |af- | = B2 (02 lage |? + @ = 0m)? fages ]
< B|0? lag+ [+ (@ = 02m) ay ] -
6.2.2. Uniform boundedness of R and ¥. — Applying Theorem 6.2.1 to the solutions U,

and Uj,r immediately implies that the reflection and transmission coefficients are bounded
uniformly in (w,m, £).

THEOREM 6.2.2. — The reflection and transmission coefficients are uniformly bounded:

~ 12 ~12
|m|2+\m\ +|f|2+(z] <B.

Proof. — We simply note that by the definition of & and ¥, there exists a solution u to the
radial o.d.e. such that

< R 1
aH_ = Oa aI+ = ar— = —.

aypt = ————
H —i(w—wym)’ iw iw

Theorem 6.2.1 immediately yields

TP +IRP = (© = 04m)? aye | + 02 lag+ > < B[ (@ = 01m)* lar-* + 0? az-I*] < B.
An analogous argument applies for R and <. O

The above in particular already yields Theorem 11 of Section 2.4.1.
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6.2.3. A bound for the Wronskian 28. — We close the section with a uniform bound on the
Wronskian which will be useful in Section 7.

PROPOSITION 6.2.1. — For all (w,m,£) € R\ {0} X Z X Zx || we have
w? + wim?

< B.
|20/

Proof. — We first apply Theorem 6.2.1 with u = Uy,,. In this case we have

_ S 20
_=1’ :0, —:Q[ s :Q[_z_.—.
an An+ ar T+ az+ T 2w
In the last equality we have appealed to Lemma 5.3.3. Theorem 6.2.1 then implies
(0 —oym)* + w? |A+]* < B|W|?.
Dividing through by 202 implies

(@ — wym)?

84 <B.
(84) oS
Next we apply Theorem 6.2.1 with u = Ujyr. In this case we have
— 20
- = Q[ s = Q[ -
an HE ant " 2i (w — wym)
ar— = Ql1'+ = 0, a1'+ = Q[I* = 1.

Again we have appealed to Lemma 5.3.3. Theorem 6.2.1 then implies
(@ — w1m)? [+ [ + 0® < B |2

Dividing through by 202 yields
2

1)
85 < B.
(85) S
Since
oﬁrm2 =(w—wym—w)?<B [(a) —wym)® + a)z] ,
it is clear that (84) and (85) conclude the proof. O

6.3. Superradiant estimates for Uy,

The frequency range defined below will play an important role in our arguments.
DEFINITION 6.3.1. — For every € > 0 we define the set ]-'u(e) by
FO ={(@.m ) ERXLX Ljm : ame > 0 and || — |oym| < € |m]| .}

REMARK 6.3.1. — Observe that if we set € = 0, then ]-'ée) would exactly correspond to the

superradiant frequencies (68). When € > 0 is small, then F, © contains all frequencies which are
“close” to being superradiant. These frequencies will later pose the most serious difficulties in
the analysis of Section 7.

REMARK 6.3.2. — Note that for frequencies in .7-';6) we have A > b(e) (1 + w?).
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In this section, we shall prove

PROPOSITION 6.3.1. — Let Eyo; be defined by

Uhor(r*) = e—i(a)—w_;,_m)r* + Ehor(r*)~

Then (w,m,f) € ]-'n(e) for a sufficiently small € > 0 and A sufficiently large imply

(86) |Enor] < 2 (j'_m' S

for sufficiently small r — r.

REMARK 6.3.3. — Note that the ~/ A factor above represents a “gain of a derivative” over
what one would expect to prove if we were not restricting to (w,m, ) € ]-'n(e).

This proposition will be of fundamental importance in Section 7. To prove it, we will need
again to return to our o.d.e theory for (61). We begin with some preliminaries reviewing some
additional results and notation from [30]. The proof proper will be contained in Section 6.3.4.

6.3.1. An inhomogeneous ILED in the superradiant regime. — The following estimate is a
special case of Theorem 8.1 from [30]. 3

THEOREM 6.3.1 ([30]). — Let € > 0 be sufficiently small and —oo < R* < R} < oo,
then there exists a constant B (Ri, RY, e) such that for all smooth solutions u to the radial
o.d.e. (61) with a smooth compactly supported right hand side H , u satisfying ay— = az— = 0,

(€)

and frequencies (w, m,{) € .7-' with A sufficiently large, we have

I
60 @-ommPlag P+ otlag P+ [ [+ A W] dr
R*
o
< B(Ri,Ri,e)/ (\Hu’i + «/X|Hu|) dr*
—0o0
REMARK 6.3.4. — Note that the integrand on the right hand side of (87) does not degenerate
(cf- (80) below). This is because the (e-enlarged) superradiant frequency range .7-"#(6) is not

trapped. See the discussion in [30] regarding the fortuitous disjointness of the difficulties of
superradiance and trapping.

(13) Note that we have strengthened the statement of Theorem 8.1 in version 2 of [30] with Theorems 6.3.1 and 6.2.1
in mind.
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6.3.2. Properties of the potential V in the superradiant regime. — We recall the following two
propositions proved in [30].

PRrOPOSITION 6.3.2. — Let (w,m, ) € Fée)forasuﬁﬁciently small e > 0. Then there exists
a unique r value rmax where the potential V of (62) achieves its maximum. Furthermore, there
exists 8 > 0, independent of the frequency parameters, such that

(V - wz) |r€["max—8armax+8] z bA.

Furthermore, rmax is uniformly bounded away from r4 and oo.

ProPOSITION 6.3.3. — Let (w,m,l) € .ﬂ(e)forasuﬁ?ciently small € > 0, then there exists
81 > 0, independent of the frequency parameters, such that

dv
rery,ry+681] = ar > b(e)A.
r

6.3.3. Animproved estimate in the superradiant regime. — We begin by applying Theorem 6.2.1
to Upor and refer to Lemma 5.3.3 concerning the Wronskian. We obtain

COROLLARY 6.3.1. — For all frequencies (w, m, ) € fée).fora sufficiently small e > 0 and
sufficiently large A, and for any constants —oo < R* < R < oo, we have
(88)
R
@=wim? 1+ 0?2 P+ [

i [[Uporl* + A 1Unor ] dr* = B(RZ, Ry ) 1201,

Proposition 6.3.2 allows us to “gain a derivative” in comparison with Corollary 6.3.1 in
the following lemma.

LEMMA 6.3.1. — There exists r{ > —oo such that for all frequencies (v, m,{) € .7-';6) with
a sufficiently small € > 0 and A sufficiently large, and r§ < rf, we have

2
20|

A

*
81
*

(89) [ [Vl + A Oherl] a1 < B30
To

Proof. — Let u be an arbitrary smooth solution to the homogeneous radial o.d.e. (61),
with (w,m,{) € ]fﬂ(é) for a sufficiently small ¢ > 0 and A sufficiently large. Let h be a
smooth positive function supported in [rpax — 6, Fmax + 6] which is identically 1 within
[Fmax — 6/2, rmax + 8/2]. Then set h = Ah. Using (75), we obtain

Fmax+8/2 2 2 o0 h Tmax+6 ’
(90) A/ [/ + A Jul?] dr* 5/ © [u])’—i—B(e)A/ lu|
r —0o0 Fmax—

max_8/2
Fmax+6
= B(e)A / |u|?
¥,

max =8

< B(e) [(a) - w+m)2|aH+ 12 + a)2|aI+ |2] .

In the last line we used Theorem 6.2.1.
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In particular, applying the estimate (90) to Unor and then appealing to Corollary 6.3.1
implies
Fmax+6/2 Ble an
1) f [[Utoel? + A 1UnoeP] dr™ < %
Fmax—8/2
Now let y be a function which is identically 1 on [r4, rmax — 6/2] and identically 0O
on [rmax + 6/2,00), and then set it = yUpo,. We have
i+ (02 = V)il = f"Unor + 21 U, = H,
an— = az— =0.
Thus, taking r| sufficiently negative, applying Theorem 6.3.1 to i yields
Fmax+6/2

*
81
*

[ (10l + 8 100rF] < 030 (10l A [Uher?] ar*
To

Fmax—0/2
2
- B(r§.¢€) |20 .
- A
In the last line we used the estimate (91). O

Now we are ready for the following lemma.

LEMMA 6.3.2. — There exists a constant € >0 such that for all frequencies (w,m, £) E}"#(E)
with a sufficiently small € > 0 and A sufficiently large, we have

(r+ +€)* 5 o 5
—0o0
Proof. — We consider the microlocal redshift current (71) with
. A
Z = ——= r),
Vx( )

where y is a bump function which is identically 1 for r € [r4,r4+ + €] and O for r € [2€, 0),
for a small positive constant € to be determined. We obtain from (77) the estimate

(ryq+o* >
(92) / [z' \Upor + i (@ — 04m) Uno | ] dr*
—0o0
20 o 5 §
< B(e.&) [1Usor + A NUhorl?] dr* = Qglr=,
(r4+é)*

If € > 0 is small enough, then via Proposition 6.3.3 we see that r € (r4, r4 + €] implies
that z/ > b(r — r4)~'. In particular, after fixing a small choice of €, we may combine (92)
and Lemma 6.3.1 to conclude

4+ B(e) |27
(93) / |Ulor + i@ — 0pm)Unar]* (- — )" dr* < % —BOZ s,
—oo
We conclude the proof by noting that
—Oredlr=ry = —A <0. O
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6.3.4. Proof of Proposition 6.3.1. — Finally, Lemma 6.3.2 easily allows us to prove Proposi-
tion 6.3.1.

Proof of Proposition 6.3.1. — Let A be sufficiently large. Recall the definition (128)
of Epor. It follows that
Etor = Upor + i(@ — 04m)Upor.
Assuming r — ry sufficiently small, we then have

r* r*

| Enor(r®)| < / ‘E}Iwr| ds* = / {Ulior +i(w—wym) Uhor| ds*
—00 —00

.
< B/ |Utor +i (@ — 01m) Upor| (s — r4) " ds
r+

-
< Bm\// U + i (@ = 01m) Upor|* (s = )72 ds
r+

<B.r—rgt \// ‘U}ior +i(w—wym) Uhor’2 (s —ry)lds*
—0o0
_ B 1]
- VA
6.4. The large-{ limit of T

N O

It is useful to observe that ¥ must vanish in the large-£ limit.

PROPOSITION 6.4.1. — For each fixed value of @ and m satisfying v — wrm # 0, we have

lim € (w,m,£) =0, lim % (w,m,£) = 0.
{—o0 {—00

Proof. — We will only consider the case of ¥ as the proof for ¥ is exactly the same.

Fix a pair w and m such that w —w4m # 0. Next, pick and fix some value of ry € (r4, 00).
Then, for all sufficiently large ¢, there will exist a § > 0 such that

©4) (V — @) Irefro—s.r0+5] = bA.

The basic intuition is that for A sufficiently large, this large potential barrier will prevent
the transmissions of waves to H*. To make this rigorous, we observe that an examination of
the beginning of proof of Lemma 6.3.1 shows that (94) implies that if £ is sufficiently large

ro+48/2 5 » B ro+3§ 5 )

95) f [[Urorl® + A 1Uorl?] dr* < X/ [[Usorl” + A 1Unorl?] .
ro—36/2 ro—38

Keeping in mind that Lemma 5.3.3 implies

R(w — wym) pior* _ (w0 — wym) pior®

Unor = — T % +0(r™') asr — oo,
an application of Theorem 6.2.1 implies that
ro+8 o — wim)? | R
(96) [ [[Urerl” + A Unorl?] dr* < B [1 + |+T|2) =
r(r&
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Combining this with (95) implies

ro+48/2 B (w,m,r w —wem)? |R?
©7) / [’Uéor}2+/\|Uhor|2] dr* < ( . 0) 1+( +m)~ |R| .
.

0—8/2 1z
Intuitively, the estimate (97) shows that Uy, must be small near the large potential barrier.
We now want to use an energy estimate to show that if Uy, is small near the poten-
tial barrier, then T must be small. We thus consider the microlocal K-energy current (74)
from Proposition 6.1.1. Now let y(r) denote a cut-off function which is identically 1
for r € [r4,ro — 8/2] and identically O for r € [ro + §/2, 00). Then, keeping (97) and (79) in
mind,

(98) (@ — wym)? = T (4K dr* < B o Ul |+ |Unor? | dr*
+m)” = (XQ ) r-= 52 | hor| + |Unor| r
—0o0o ro—
_B - (0 — 0pm)? R
B )2 ‘

Now we may multiply (98) through by %, divide through by (w — wm)?, take £ — oo and
apply Theorem 6.2.2 to conclude that

lim ¥ (w,m,{) = 0. O
{—o00
The following corollary follows easily from Proposition 6.4.1.

COROLLARY 6.4.1. — For each fixed value of w and m satisfying ® — wym # 0, we have

lim R(w.m,£) =1, lim R(w,m, L) = 1.
{—00 {—00
Proof. — This follows immediately from Corollary 5.3.1 and Proposition 6.4.1. O

6.5. Nonvanishing of R

The next proposition shows that for any fixed m and ¢, the reflection coefficient R cannot
be identically 0.

PROPOSITION 6.5.1. — For each m and £, there exists w such that R (w,m,f) # 0 and
R(w,m, L) #O0.

Proof. — We will only consider the case of 9 since R is treated in a similar fashion.

Fix a choice of m and £. Then, for the sake of contradiction, assume that R (w, m, £) is
identically 0 in w. We first consider the case when w4m # 0. Then Corollary 5.3.1 implies

Y 1% = 1.
w—wym
Then we get a contradiction by considering any w such that w(w — w4m) < 0.

The case when wym = 0 is a bit more subtle. First of all, observe that the vanishing
of R (w, m, £) implies that for each w, we can construct a (non-zero!) solution u = u(r*, w,m, £)
to the radial o.d.e. such that u ~ e 77"" as r* — —oo and u ~ e7'"" as r* — co. By direct
inspection, one finds that the estimates of Section 8.7.1 of (version 2! of) [30] go through for
such a solution (see Remark 8.7.1 at the end of Section 8.7.1), and in particular prove that
for w sufficiently small, ¥ must vanish. This contradiction finishes the proof. O
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COROLLARY 6.5.1. — The reflection coefficients R and SR cannot vanish on an open set of .

Proof. — Standard o.d.e. theory implies that for each fixed m and £, 9% and %R are analytic
inw € R\ {0}, and, because Proposition 6.5.1 implies that they are not identically 0, we
conclude that they can only vanish at isolated points in w. O

6.6. The microlocal r? estimate

In this section we will establish an analog of Proposition 3.8.1 for the function u, using
the microlocal r? current (72).
The following proposition is the microlocal analog of Proposition 3.8.1.

PROPOSITION 6.6.1. — Fix parameters (v, m,£) € RXZ X Lsm withw # 0, and let u be
a smooth solution of the radial o.d.e. (61)
u" + (w*—V)u=H,

such that H(r*) is compactly supported and the constant az— from Proposition 5.2.1 vanishes.
Then, for all p € [0, 2] and sufficiently large R (independent of (w, m,{)!),

o
[ [rp_l |u’—ia)u|2+[(Z—p)rp_3A+r”_4]|u|2] dr*
R+1

R+1 o
<B [ (ot AP B I o]+ ] dr,
R R

In the case p = 2, then we may moreover add the term A |az+|* to the left hand side.

Proof. — We begin by observing that a further asymptotic analysis (see Appendix A
of [67]) of u yields

A C
u=are'®" (1 +—+4+0 (r_z)) asr — oo,
r

where C € C is a constant independent of u but depending on (w,m, £). In particular, we
find that
u' —iou =0 (r7?) asr — oco.

Next, let R < oo be sufficiently large and let z = yr? where p € [0,2] and y is a cut-
off function which is monotonically increasing, identically O for »r < R, and identically 1
for r > R + 1. Keeping in mind that

A 2M 1 — (A =2
1= (A =2amo)]

V:r_2+ r3

(r™*) asr — oo,
we find that
0% [ullr=c0 = 0 if p €[0.2),
O rlullr=cc = —A |aI+|2 if p=2.
Furthermore, recalling that by (56) we have
A =>2amo|,

one may easily check that r sufficiently large and p € [0, 2] imply

—(rPV) = b [(2 - p)rp_3A + rp_4] — Brp_4.
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Thus, applying the fundamental theorem of calculus to the identity (78) yields

(99) /::l[prp_l W —ioul” + [ = p)r? A+ rP 4] uf?]

R+1 0o
§B[ P (1+ 2 + A) Jul? dr*+B/ r? |H||u' —iwu| dr*
R R
o0
A
+B/ 7 ul® dr*,
R+1 TP™

where in the case p = 2 we may add A |az+ | to the left hand side.

It remains to estimate the last term on the right hand side of (99). (Note that for any
p € [0,2) we could take R sufficiently large depending on p and absorb the troublesome
term onto the left hand side. However, this cannot work in the case p = 2.) Let s be a cut-
off which is identically O for » € [r4+, R] and identically 1 on [R + 1, 00). Then, taking R
sufficiently large and applying the fundamental theorem of calculus to the identity (76) with
y = j easily yields

A R+1 [ee)
/ = u® dr* < B/ (14+w? +A)Jul* dr* + B/ |H| || dr*,
R+1 7T R R

and thus concludes the proof. O

6.7. A quantitative estimate on the rate of convergence of the microlocal radiation field

The following proposition will be used in Section 6.8 below and also in Section 9.1.2.

PROPOSITION 6.7.1. — Fix parameters (w,m,f) € R X Z X Ly, with  # 0, and
let u be a smooth solution of the radial o.d.e. (61) with a right hand side H vanishing for
sufficiently large r*, such that the constant az— from Proposition 5.2.1 vanishes. Then there
exists a sufficiently large constant R, independent of the frequency parameters, such that for
every e >0

: *
® (u —e'r aI+> ‘

REMARK 6.7.1. — Note that if we allowed the constants B and R to depend on the frequency
parameters, standard o.d.e. theory (e.g., see [60]) would allow one to replace —2 + € with the

2 R+1
< B(e)ro_2+€/ (1+ A3) u)? dr, Vro > R.
R

r=ro

sharp exponent —2.

REMARK 6.7.2. — As far as the applications of Proposition 6.7.1 are concerned the only
thing important about the A dependence is that it is polynomial.

Proof. — Set
E=u—e“"ast.
Recall that standard o.d.e. theory implies that E = O (r~') as r — oo (where the implied
constant may depend on (w, m, £)).
Next, we observe that one may find a sufficiently large R < oo not depending on the

frequency parameters so that r > R implies |V| < B (r% + r%)
A simple computation gives

E" +w?E = VE + ¢ az4 V.
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Variation of parameters () then implies

oo eia)(r*—s*) _ e—iw(r*—s*) -
E(r) = — / ' (VOE®S) + ¢ azs V(s)) ds”

* 2iw

In particular,

00 2
100)  |wE(M)[ < B [(/ w s ) +laz+? (1:_2 + %)] :

Now we consider the two terms on the right hand side of (100) separately. For the first
. * . * / . .. .
term, we begin by observing that e*®”" (e_"‘” E) = u’ — iwu. Keeping this in mind, we
have

0o 2
o1, (7Y < iy [ EOP,

- 50 / ’“”‘

e 'S  E(s)
<B(€)/ E s)

< B(e)r 2 6/ \u —ia)u|2 ds

2

ds*

R+1
<1+ A)B(e)r—”G/ lu|* dr*.
R

In the third inequality we used a standard Hardy inequality, and in the final inequality we
appealed to Proposition 6.6.1.

For the second term in (100), we first note that Proposition 6.6.1 with p = 2 gives

|az+|2 -2 R+l 2 *
(102) A—2 < BAr |ul= dr*.
r R
For the lower order term we use
(103)
2 o) 2 o) 2 2 R+1
E
|aI+| SB/ |aI+| ds* S B/ |U| +| | ds* E B(] +A)r_3/ |u|2 dr*.
7‘4 ¥ S5 ¥ S5 R

In the last inequality we used the estimates done in (101) and Proposition 6.6.1.

Combining (100), (101), (102), and (103) concludes the proof. O

(14) More concretely, we define a function E by the formula given, note that (E — E)' +w?(E—E) = 0, observe
the trivial fact that any solution to g’ + w2g = 0 which satisfies g = O(r 1) must be identically 0, and deduce
that E = E.
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6.8. Relation to the physical space radiation fields

Definition 5.4.1 is motivated by the following propositions.

ProPOSITION 6.8.1. — For all smooth solutions ¥ to (2) on D arising from smooth
compactly supported data along X, let az+ (w,m, €) be the microlocal radiation field along T .
Then waz+ € Lilil and

1 o0 . .
0:0(t,00,0,¢) = —/ we % (w,m, ) S (aw, cos )™ dw.
o 9= = _w% 7+ (@, 1, ) S )
Recall that ¢(t, 00, 8, ¢) denotes the radiation field of r along future null infinity T+ .

Proof. — First of all, as noted in Remark 5.1.2, ¢ is sufficiently integrable in the sense
of Definition 5.1.1 and thus the microlocal radiation field a;+ is a well defined measurable
function.

Now, define

Y = 2@y,
Y- = (1= ")y,
where y(x) is a cutoff function which is identically O for x < 0 and is identically 1 for x > 1
(the apparent asymmetry in the use of a cutoff depending on ¢* will not be a problem).
We shall denote (r? + a2)1/2 v, (r* + a2)1/2 Yy, and (r? + az)l/2 V_by ¢, ¢;,and ¢_
respectively.

The following facts are immediate consequences of ¥’s compact support along ¥ and the
finite speed of propagation.

o+lz+ = @lz+.
o_|lz- = ¢lz-.
V=Y + Y.

Og ¥+ vanishes for large r.
Og ¥ vanishes for large r.

M.

Next, we observe the following immediate consequence of Proposition 3.8.1 with p = 1 and
Theorem 3.7.1 (note that the compact support of v’s initial data implies that the norms on
the right sides of the estimates of Theorem 3.7.1 are finite and thus the right hand side of the
estimate of Proposition 3.8.1 is uniformly bounded as 7, — o0):

oy [T

where R is sufficiently large. Applying the discrete isometry (¢, ¢) — (—t, —¢) and repeating
the above argument implies

w [ L L

where R is sufficiently large.

0, + 0,+) ((r2 +a?)'? w+)‘zsin0dt drdf d¢ < oo,

(9, — d,+) ((r2 +a?)'? I/f_)f sinf dt dr df dp < oo,
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Noting that ¥4 are easily seen to be sufficiently integrable in the sense of Definition 5.1.1,
we may apply Carter’s separation to ¥4 and _ and define u and u_. Now we observe that
Plancherel and (104) are easily seen to imply the existence of a dyadic sequence {r, } such that

o0
nlglgo /_oo % |M/+ - ia)u+|2 lr=r, = 0.

In turn, upon passing to a subsequence, this implies that for almost every w and every (m, £)
we have

Jlim [y —iwuy|lr=r, =0.

Finally, combining this with Proposition 5.2.1 clearly implies that uy ~ €!®" asr — oo.
Similarly, we observe that u_ ~ e'*"" as r — co. Since we clearly have u = w4 + u_, we
finally conclude that for almost every w and each (m, £) we have

(106) Uy =ar+e® + 00 asr > oo,

(107) u_=az-e "+ 00 VHasr > .

Observe that the Fourier transform in t of d,¢4 is given by (e_i“”* + 0 (%)) wu
asr — oo. Furthermore, observe that Theorem 3.7.2 and Plancherel are easily seen to imply

that
0 R+1
/ Z/ (l—i—/\3+a)2)|u+|2 dr*dw < co.
—00 v R

Thus we may apply Proposition 6.7.1 to conclude that we*®" "1, and w2e!®" " u converge
in L2/ 31 ¢, asr — oo to waz+ and w?a;+ respectively. In particular, the Fourier transform
in 7 of d;¢4 converges to waz+ in Lil;z as r — oo. Plancherel then implies that any
subsequence {0;¢+ }, is Cauchy in L]%gng Now, recalling that d.¢4 (z,r, 6, $) converges
to 9z (7,00,0,¢) in L7 o, (see Remark 4.2.3 and keep in mind that the finite speed of
propagation implying ¢+ is only supported along t > 7o for some 79 € R), we conclude,
using the uniqueness of L7 limits, that d.¢4 (t,r,0,¢) converges to d.¢4(7,00,0,¢)
in L2 Finally, continuity of the Fourier transform on L? implies that

RxS2*
1 o0 : imo
0 7,00,0,¢) = —[ we a1 (w,m, £)Spe(aw, cos 0)e'Pdw.
@+ ( ?) == _mg 7+ (@1, O) S )
To conclude the proof we simply recall that ¢4 |7+ = ¢|7+. O

Now we turn to the horizon flux.

PROPOSITION 6.8.2. — For all solutions v to (2) on D arising from smooth compactly
supported initial data along ¥, let az+(w, m, £) be the microlocal radiation field along H™ .
Then (w — wym)ay+ € Lilﬁw and

(108) Kl/f(t*»"+v9a¢)

1 (o)
- «/4M7'rr+ /;oo

Z (w — wym) e_i“’t*aH+ (@, m, 0)Spe(aw, cos 0)e'™? dw.
m{
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Proof. — First of all, as noted in Remark 5.1.2, ¢ is sufficiently integrable in the sense
of Definition 5.1.1 and thus the microlocal radiation field a,,+ is a well defined measurable
function.

We first consider the case where the initial data for ¥ are in fact compactly supported
along . We may then proceed in a completely analogous manner to the proof of Proposi-
tion 6.8.1. We note that the argument is in fact simpler since we will be able to rely directly
on Theorem 3.7.1 instead of developing an analog of Theorem 3.8.1 near the horizon.

Define

Ve = x0)V,
Y- == xO),
where y(x) is a cutoff function which is identically 0 for x < 0 and is identically 1 for x > 1.

The following facts are immediate consequences of 1/’s compact support away from the
bifurcate sphere B and the finite speed of propagation.

L Yyly+ = ¥lp+

2. Y-l =Yln--
30 = vy U
4. Ogy4+ vanishes for small r — r.
5. Ogy— vanishes for small r — r..
Recalling that the smooth extension of d,« to HT U H~ satisfies d,|,,+ = K and
dyx|— = —K, we see that Theorem 3.7.2 immediately implies
(109) lim 3y« — K) Yy = 0in L2. gu 4o (sin 0 dt* d0* dgp*),
r—>ry [
(110) lim (0, + K) Y- = 0in L3, g .y (sSin*0 d* 1 d*0 d* ).
r—)r+ ’ ’

Appealing to Theorems 3.7.1 and 3.7.2, we may apply Carter’s separation to ¥4 and ¥_
and define vy and u_. Since we clearly have u = u4 +u_, Proposition 5.2.1, (109), (110) and
a similar argument as we used near I (note that the convergence of v to its radiation field
along the horizon in both Lﬂ%ioxsz and Lﬂé>0x§2 follows immediately from the fundamental
theorem of calculus and Theorem 3.7.2) imply that for almost every @ and for each (m, £),
we have

(111) Uy = aH+e_i(w_“’+m)r* + O —ry)asr — rq,
(112) U_ = aeri(‘”_‘”er)r* + O —ry)asr — ry.
Now, we note that Theorem 3.7.1 is easily seen to imply that Y1 |,=s — Yi|r=r,

ass — ry in Lf* PR Arguing in a similar fashion as in the proof of Proposition 6.8.1 we
conclude that a,,+ isin L2[?  and

azg+ (@, m, ) Spe(aw, cos 0)e™" dw.

1 o0 ok
113 t*,ry,0, =—[ e
(13) Y (t.ry.0.0) = —rmees _m%e
Now we consider the case where the support of ¥ may contain the bifurcate sphere 5.
We begin by commuting (2) with K and conclude that O, (K1) = 0. Then we recall that
Ky vanishes on the bifurcate sphere in view of (40). Now, let y(x) be a smooth function
which is identically 0 for x € (—ooc, 1] and identically 1 for x € [2,00). Set ye(x) = yx (£),
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and, recalling the coordinate system (U™', V™, 0, ¢) near the bifurcate sphere which was
introduced in Section 3.2, let (Kv), denote the solution to the wave equation with the initial
data of y. (V+) K. Using that K is smooth and vanishes at the bifurcate sphere, one may
easily verify that

. N _ no_
Ehn%/iJu [Ky (Klﬂ)e]ni 0.
Theorem 3.7.1 then implies that

lim | T K = (K, =0

Since (Kv), is compactly supported away from the bifurcate sphere,
(114)

(KY)e(t™. 7. 0.0) =

1 o0 H * 2 *
S e By m 0)S,(aw, cos 0)e!™? dw,
\/W /_Oo % e,’)‘{+( ) mi( )
where ag;)l 4 Is the microlocal radiation field along H™* for (Kv) (observe that (Kv)e is
easily seen to be sufficiently integrable in the sense of Definition 5.1.1).

In order to finish the proof, we just need to establish that ailz s — (0 — oym)ay+

in qul,%l ¢, as € — 0. We begin by noting that the convergence of (Ky). to Ky and
Plancherel imply that {ag{) +J has an Lil; ¢ limit as € — 0; hence, it suffices to check

that (w0 — w4m) ailg . converges to (w — wym) a,+ pointwise almost everywhere. In order

to see this, we let ugK) denote the result of applying Carter’s separation to (Kv),, and

(K) (K)

observe that g+ is, up to an appropriate normalization, equal to the Wronskian of u,

with Upor:
a®, = (<2i (@ —wym) " [ (4F) Tngr — u®T]
eHT — +m)) Ue hor — U hor | -

Since Theorem 3.7.1 may be easily used to show that for each (w,m,£) and r*, uEK) (r*,w,m,?{)

converges to u. (r*,w,m,f) as ¢ — 0, we conclude that (v — w4m) a212+ (w,m, )

converges to (w — w4m) ag_‘KJz ase — 0. O

7. Boundedness revisited: A degenerate-energy boundedness statement

This section is dedicated to refining our recent proof from [30] of boundedness for the
wave equation so as to apply for finite degenerate V -energy solutions.

We will collect all statements which we shall need for the remainder of the paper in
Section 7.1. The key statement is Theorem 7.1 together with one immediate corollary. (In
particular, after digesting these statements, the reader impatient to proceed to the scattering
theory constructions can skip to Section 8.)

In the brief aside of Section 7.2, we shall also state the full degenerate-energy analog
of Theorem 3.7.1 in Section 7.2 as Theorem 7.2. We shall not actually require the latter
result in the paper and it in fact is more convenient to infer it a posteriori with the help
of the backwards scattering maps which we shall construct in Section 9. Thus, the proof of
Theorem 7.2 is in fact deferred till Section 9.4.
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Section 7.3 gives the proof of Theorem 7.1. We note that the proof will crucially use
Proposition 5.3.1, Proposition 6.2.1 and Proposition 6.3.1.

7.1. The main theorem and corollary
The main result which we shall require for later sections is the following.

THEOREM 7.1. — For all solutions ¥ to (2) on Rx¢ arising from smooth initial data on %
which are compactly supported, we have

(115) [ oot + [ s, <5 [ ol

REMARK 7.1.1. — One can easily formulate and prove higher order versions of Theorem 7.1
but we will not pursue this here.

Given that the restriction of the deformation tensor of V to J~ (Z§) N J*(T) is
compactly supported away from H™ U H~ U B, a finite in time energy estimate, i.c., (24)
with X = V, immediately implies

COROLLARY 7.1. — For all solutions ¥ to (2) on J T @ arising from smooth compactly
supported initial data along 3, we have

(116) fI T, + [WJ,’f Wint . < B /f 3t

7.2. Aside: the full degenerate boundedness and integrated decay statements

We note that we can in fact obtain the full analog of Theorem 3.7.1 where energy bound-
edness is given with respect to a spacelike foliation, and where integrated local energy decay
is proven, both now involving the degenerate energy. We will not require this result in the rest
of the paper and it is in fact convenient to obtain it a posteriori using our scattering theory.

THEOREM 7.2. — For all solutions ¥ to (2) on Rx¢ arising from smooth initial data on %
which are compactly supported, we have

(117 /. RAGEEY [ i vz
W8) [ (P TR 4 = g2 20 4 )
R>0

< 5®) [ 3wk,
s I pKS
where C is defined as in the statement of Theorem 3.7.1.
The proof is deferred till Section 9.4.

REMARK 7.2.1. — Note the degeneration of the bulk integral at the horizon. One can easily
formulate and prove higher order versions of Theorem 7.2 but we will not pursue this here.
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7.3. The proof of Theorem 7.1

Before we begin the discussion of the proof of Theorem 7.1, let us briefly indicate what
would go wrong if we simply tried to repeat the proof of Theorem 3.7.1 as given in [30].

1. Anytime the redshift estimate of [27] and [23] is applied to i, one must put a term
f>33 Jﬁ’ [1//])1%8 on the right hand side of the resulting estimate.

2. In[30], when we proved the integrated energy decay statement for y» we first proved an
estimate for yy where y(¢*) was a cutoff function which was identically O in the past
of ¥ and identically 1 in the future of X7. We then studied the inhomogeneous wave
equation

Og (xv) = 2¢""Vyux Vo + (DgX) Vv =F.
The resulting estimate in [30] had, in particular, a term on the right hand side propor-

tional to
[ e
RN{r<R}

for some constant R > r4. Note that on the horizon, F' will contain a term propor-
tional to Z*v. Unfortunately, this is exactly the derivative that the JV energy loses
control of as r — r.

In order to prove Theorem 7.1 we will first observe that without loss of generality,
we can assume that the initial data for v is supported near the horizon. Applying a JX
energy estimate for ¢ and Plancherel then immediately reduce the problem to estimating
the microlocal radiation fields for ¥.. along Z% in the superradiant frequency regime fﬁ(e).
Next, using the fundamental solution representation of Proposition 5.3.1 we will repre-
sent the microlocal radiation fields along Z as an integral in 7* of the Fourier transform
of F against Uy,,. Following this, in the most subtle part of the proof, we will crucially
exploit the fact that we are in a superradiant frequency regime where we can afford to lose
a derivative, the fact we only need to estimate the flux to ZT, the fact that F is supported
near the horizon and the oscillations of Uy, in r* (as embodied in Proposition 6.3.1) in
order to gain some degeneration in r — ry. Somewhat surprisingly, this step does not use
that FF =2g""V, xV, ¥ + (Dg )() ¥; it treats F as an arbitrary inhomogeneity. Finally, the
proof concludes with finite in time energy estimates and Hardy inequalities (of course, the
fact that F = 2g""V,, yV, ¥ + (Og x) ¥ is used in this step).

Proof of Theorem 7.1. — We start with an easy reduction; we may split ¥ into 1 and v,
where 1 has initial data supported near the horizon and v, has initial data supported away
from the horizon. Of course, the estimate (115) for v, follows from Theorem 3.7.1. Thus,
without loss of generality, we will assume that ¥, = 0 and that ¥+ = ¥ has initial data
whose support is contained in r € [r4, 10M].

We now define .. = yy where y is a function which is identically 1 in the future of X7,
and identically 0 in the past of X7. This satisfies

Og Ve = 28"V x Vo + (Qg x) ¥ = F.

The functions v and H are then defined by applying Carter’s separation to yy and F
respectively. This satisfies the radial o.d.e. (61) with a non-zero right hand side H. Let az+
denote the corresponding microlocal radiation field of u.
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We begin by showing
o [ afww [ Ye@-omlen? do< [ 3w,
Hoo —00 ¢ %0

Note that part of the proof of this statement will be that the unsigned quantity
jf;o Yo @ (0 —wym)|ar+ |2 dw is absolutely convergent. (One should think of (119) as
corresponding to the formal statement in-O JKWIns o + [+ I wInY < B fE; Jh [W]ngé.
However, we will wish to avoid a discussion of the convergence of the unsigned integral
f1+ J;If [‘/f]”ng )

Lets > Oand rp > ry. We start with a JX energy estimate in the region bounded
by HT(0,5), =¥ N {r < ro}, {r = ro} N J(E}), and 3. We obtain

CEOR e | U | K[yt _
s T Inraery T B Jrargini-@nnstay TH T o

= IK [y, .
/E(’;ﬂ{rgro} K’ Zo

It easily follows from Theorem 3.7.2 that for each ro, there exists a dyadic sequence {s; }7°,
such that

lim IX[ynk, =o.
=00 )55 n{r=ro} 5

We thus obtain

(121) / IEInt, + / Kyl = / K[y
1, M HE r=roind+(z8) {r=ro} SEnfr<ro} | o

Observe that Theorem 3.7.2 allows us to unambiguously assign a value to the unsigned
quantity

Jllf[l’,/]n?r=ro}'

/{;:r@ﬁ]+(26‘)
Next, recalling that 1/f|>;3 is supported with [ry,r+ + 10M], we observe that if ry is
sufficiently large, then (121) becomes

(122) [, ok [ sty <5 [ sl
ety Ve T 2 8 s
Now we explicitly compute, apply Plancherel, and integrate by parts:

(123) / Vilvdnfy oy = / (T + 04 @Y) 3+ Yic) (r® + a?) sin 0 dt d6 dp
{r=ro}

{r=ro}
— [+ @) P o007 + ) )
{r=ro}
3+ ((r* 4+ a®)V/?y0)) sin 0 dt dO d¢p
= [oo Z (@ — opm) Im (u'%) |r=r,dw.
e

Next, we consider the microlocal K-energy current (see Section 6.1):

0% [u] = (0 — orm) Im (u') .
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This is conserved for r > rg for ry sufficiently large, i.e.,
(0%) =o.

Noting that the proof of Proposition 6.8.1 implies (1’ — i wu) |,=c = 0, we thus obtain
o0 o0
(124) / D (@ —wym)Im (') |r=pydew = f > o (@—wim)lag+]? do.
~ me % me

In particular, the right hand side of (124) is absolutely convergent. Combining (122), (123),
and (124) yields (119).

Next, we observe that Propositions 6.8.1 and 4.2.2 together imply that

(125) [+J,{[w]ng+ =/ Zaﬂ laz+|* do.
T S

Now, observing that (w,m, {) & fﬁ(é) imply that (0 — wym) > b(e)w?, it is clear that
in order to finish the proof we need only show

o0
ae S Jesom|jag do < B(e) /E RAGLS
= (mD:@m HeFy 0

for some sufficiently small € > 0.
We turn thus to the proof of (126).

First, note that Proposition 5.3.1 allows us to write

2
(127) laz+|* = (20|72

/ " Unor (") H(x")dx*

oo

Keeping in mind that the set {(w,m, {) € .7-';5) : A < c}iscompact, standard o.d.e. theory
implies

(128) Unor (™) = e H@70+m™ 4 By o),
where (w,m, £) € ]—'ée) and A < ¢ implies
(129) | Enor(r*)| < B (e,¢) |r —r4/,

for r — r4 sufficiently small. As ¢ — oo, however, the dependence of B(e, ¢) may be bad.
Fortunately Proposition 6.3.1 shows that if € > 0 is sufficiently small and A is sufficiently

large, then we have
B(e) |20
| Enor| < %«/r =71,

for sufficiently small r — r4.
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Applying (127), (128), (129), Proposition 6.2.1 and Proposition 6.3.1, we obtain
(130)
o0
> wrwm| |ag+|* do

= (im0 (@m,0eF)

[oe] [’} 2
= 3 focom| | [ G M HEdr| do
—o0 WP )
{om,0):(0,m,0)eF{}
[e9) o) 2
< B/ Z lwrwm| ‘/ e—i(w—w+m)r*H(r*)dr*
21" 1o

—00
{m.0):(0.m 0)eF}

o0
" lo&izﬂ' ’/ e Om M Byor(r*) H(r*)dr®

<500 | X U/_: eritomaenr gy are |

—0o0
{(m.0):(0.m )eF}
2 ]

2
:|da)

+ '/00 Jr=r{|H@™)| dr*

iB(e)/oo > [I+11].

" (om0 @.m e F)

Let us now recall the explicit form of H:

A o0 e .
(131) H = m /;Oo /S2 e'“le ’m¢sz(9,aw) (sz) sinfdtdbdg,
(132) F =2g""Vy V¥ + (O x) v

We begin by showing that the term proportional to /7 can be dealt with easily. On the
support of H we have dr* ~ (r — ry)~' dr. Thus, changing variables from r* to r, applying
Cauchy-Schwarz, Fubini, Plancherel, a straightforward Hardy inequality, and a finite-in-
time energy inequality yields
(133)

oo oo

> s 3

{m.0):(0.m )eF} * {n.0):(w,m 0eF}

2

oo
(r—r) 2 |AT H(r)| dr
r+

5/_00 3 /oo(r—r+)|A—11L1(r)]2 dr

(m,0:@m0ery T

/ / /|F| (r—ry)sinfdtdrdfde

S| X Wine
o BT

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



442 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

For every y > 0, the same direct application of Cauchy-Schwarz, Plancherel, a straight-
forward Hardy inequality, and a finite in time energy inequality to the term / will only give
(134)

o0

Y =BG C=r |20+ B [ S

- zrN J4+10M
= (om0 (w,m DeF) §Nlr-r++10M]

Unfortunately, the first term on the right hand side is (barely) not controlled by | b J K [W]nl£3~

We control the term 7 as follows (we will not lose anything by allowing the sum in m and ¢

to be over all of Z X Zx):
T p2w poO 00 ) . .
/0 /(; / / et (w—m+m)r €twt€_lm¢Sm[ (9’ aw)
—00 J—00
A2

[Zmae=[ ¥

2
p . .
WF sinfdfdpdtdr®| do
[ 00 poo  p2m
Y o e~
0 _‘X’zm: —o0 Joo JO
Ap? 2
mthi)dtdr sinf dw d#.

For each fixed m we have used the orthogonality of the S,,¢ in the last inequality.
Now we introduce the variables ¥ = t + r* and &i = ¢ — r* and keep in mind that F is
only supported in a compact range of v. Then (135) becomes

(136)

kg 0o [e¢] [oe] 2w o 2
il im(uurv;”—qb) Ap Fdodiidv
e e — udv
/0 ;/—oo‘/—oo/oo /0 (r2—|—a2)3/2 ¢
T oo oo o0 2 o P A 2
iwii jim(04 —¢)7P -
= B/(; /;oo%:/;oo‘./;oo/o ¢ ¢ : (r2+a2)3/2Fd¢du
T o} 00 2w G—ii Apz 2
_ —¢ . -~
= (271)3]0 /;OO/_OO; /0 oim(@4 73 )—(r2+a2)3/2Fd¢ sinfdudvdo
T poo 00 2r ) A 2
S
0 —00 J—00 0
00 poo
- (2;1)23[ / /
—00 J—o0 J§2

(r2 + a2)3/2
<B Ik,
/gg ”“[ ] Zo

2
sinfdudvdode

We have used Plancherel in the w variable and the orthogonality of the ¢!”?. In the

last line we used finite in time energy estimates and the Hardy inequality f:f f2dr <

B frof (r —ry)%(0, £)? dr, which holds for smooth functions f which vanish for large r.

Putting together (130), (133), (135) and (136), we have indeed obtained (126). The theorem
is thus proven. O

2
sinf dw df

2
sinf dwdi df.

2
sinfdudvdb

02

—A F
(r2 + a2)3/2
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8. The forward maps

We now turn to our scattering theory proper.

The first order of business is to carefully set up the relevant spaces described in Section 2.1.4
of the introduction. This will be accomplished in Section 8.1 below.

We will then define in Section 8.2 the various forward maps .# and infer their bound-
edness. The boundedness of the map with domain Sg* (Theorem 8.2.2) is independent of
0

Section 7. This will give Theorem 1 of Section 2.3.1.
The boundedness of the degenerate-energy theory maps with domain Sg and Sg (Theo-
rems 8.2.3 and 8.2.4, respectively) indeed requires the statement of Theorem 7.1 just proven.

This will give Theorem 3 of Section 2.3.3.
8.1. Function spaces

In this section we will define the function spaces for which we will formulate our scattering
theory.

8.1.1. Initial data on ), S and T. — Let us denote by 2C(25), 2C""(E) 2C2(3) the

vector space of smooth compactly supported pairs of functions ({, ') defined on X7, %,
¥, respectively. We will complete these vector spaces with respect to appropriate norms to
define the Hilbert spaces of our scattering theory.

We start with the non-degenerate N -energy space. We shall only in fact consider this for
initial data on Xj.

DEFINITION 8.1.1. — For ({1, /') € >C35(X5) we set

ey, = /[ st

where U is any extension of I to R such that Ny =

The above expression gives a norm on the vector space 2Co"(E ), and we define the space
g *4 || " N
€1 ley,)
to be its completion.

Next, we define the degenerate V-energy spaces along X3, 201, and X, respectively.

DEFINITION 8.1.2. — For (Y, ') € 2C""(EO) 2Co"(E) and 2C2° (E) respectively, we set

H(\lhllf/)Hg;gi‘//OJV[‘I’]nz*, w0y = /in[\IJ]ng,
lnwlley = | [,

where WV is any extension of s to D such that nysW = U, ngW=0ng¥ =0 respectively.
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The above expression gives norms on the vector spaces 2C""(EO) 2C°°(2) and 2C2 (E)
respectively, and we define the spaces

v 4
(62*’ ” : ”512/3)’ (8)3 s ” : ”g%‘/)a (557 ” . ”g%),
to be their respective completions.

REMARK 8.1.1. — Note that the energy density is pointwise degenerate because asr — r4
the vector field V becomes null. An explicit calculation gives

JZ[’I’]”I;S ~ |3z*qf|2 +(r—ry) |Z*1Tf|2 + |X711r|2 asr —ry.

This does not however affect the positive definitivity of the above norms, which moreover are

easily seen to arise from a positive definite inner product. Thus, Eg’*, Sg*, 5 Sg are all

in fact Hilbert spaces. Note moreover that both &£ N* and & V* may be ldenllﬁed with subsets

of L} (23) x L .

Finally, we note that one may easily check that a sufficient condition for a pair of smooth func-

tions (U, V') to lie in Sg is that ||(, V') || gv < oo and limy ., (Y, ¥') = lim, 00 (P, ') = 0.
>

loc

(25) and, after this identiﬁcallon is made, S}:* is a proper subset of Eg*
0

8.1.2. Scattering data along H>0, Ht and H+. — We now carry out similar constructions

for data along HZ,, H* and H~+. Let us denote by CS 2 (HLy).Co(HY).C (H+) the vector

space of smooth compactly supported functions s deﬁned on H>0, HT, ’H+, respectively.
We start with the case of finite non-degenerate energy data along H;ro

DEFINITION 8.1.3. — For r € CZ(HZ O) we set

. ©
lles, = [ [ 3o,
>0 >0
The above expression gives a norm on the vector space CZy(HZ 0) and we define the space
€ N lex, )
>0

to be its completion.
Next, we define the K-energy spaces along H>O, H*, and H+, respectively.

DEFINITION 8.1.4. — For {r € CZy(HI 0) cx (H+) and C2 ('H"‘) respectively, we set

||llf||gz<>0 = / JE )" Myt ||llf||571:+ = //H+ JE IRt .
lles = [_afrmt.

The above expression gives norms on the vector spaces C ('H 20 C ('H+), and CZy (H™),
respectively, and we define the spaces

EX ek ), EX N lex ), EE -l ),
(H;ro | ||5H+) Ers |l ||5H+) G| HSF)

=0

4¢ SERIE - TOME 51 — 2018 — N° 2



A SCATTERING THEORY FOR THE WAVE EQUATION ON KERR 445

to be their respective completions.

REMARK 8.1.2. — Note that the K-based energy densities are pointwise degenerate in that
the norms do not control 09\ and dg=. An explicit calculation gives

K 1% 2
J;,L [1]}]71,)_{+ ~ |K1/f| .
Again, this degeneration does not however affect the positive definitivity of the above norms,
which moreover are again easily seen to arise from a positive definite inner product. Thus, £ ;Z 4

>0
K, X X _areallin fact Hilbert spaces. Note moreover that both EN . and X, may
HI, H HT AN H

>0

be szentiﬁed with subsets of L2 _(H™) and, after this identification is made,_c‘,’ﬁ + Is a proper

loc o
=
subset of £X
sub: 4
Hoo

8.1.3. Scattering data along T. — Finally, we turn to null infinity. Let us denote by CopT *)

the vector space of smooth compactly supported functions ¢ defined on Z+.
The space of finite energy data along Z is then defined as follows.

DEFINITION 8.1.5. — For ¢ € CSE(IJF) we set

oller, =/ [ 10ror®

The above expression gives a norm on the vector space CZp (T T, and we define the space
er Al er
€l Ner,)
to be its completion.

REMARK 8.1.3. — Note that this energy density is pointwise degenerate in that it does not
control 39 and 4. As before, this does not however affect the positive definitivity of the above
norms, which moreover are easily seen to arise from a positive definite inner product. Thus, SIT L s
in fact a Hilbert space.

8.2. Definition and boundedness of the forward maps

In this section we will define the various forward maps from Cauchy data to scattering
data and infer their boundedness. However, we first need the following corollary of Theo-
rems 3.7.2 and 4.2.1.

COROLLARY 8.2.1. — Forallsolutions s to (2) on R> arising from initial data in 203;’(26‘),

we have that the radiation fields to H;ro and I lie in the spaces € ﬁ 4 and SIT 4 respectively.

=0
Proof. — Given Theorems 3.7.1 and 4.2.1, the only statement we need to check is that the
radiation fields lie in the closure of compactly supported smooth functions.

In order to prove this, we start by giving a (standard) argument which upgrades
Theorem 3.7.2 to the statement that

(137) lim IV, =0 VR>ry.
§—>00 ¥n{re[r4+,R]} s
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First we observe that the fundamental theorem of calculus and Theorem 3.7.2 immedi-
ately imply the following Lipschitz property:

W, - [

)]}kl N{re[r+,R1}

(138) < B(Y) |s2 —s1].

IV [y nk,
/zigzm{re[r+,R]} " Zs)

Let € > 0. Using (138) we may obtain

(139) I Wi, < B@)e+ _inf

I Wi .
s'€[s—e,s+¢€] /}::,ﬂ{ré[r_g-,R]} " Ey

/E’Skﬂ{re[r+,R]}
Of course, Theorem 3.7.2 implies that

lim inf /

$—>00 s/ €[s—e,s+¢€] E;‘,ﬂ{re[r+,R]}

Thus (139) implies that

JY [Ving., = 0.

lim sup/
s—oo JEIN{re[r4,R]}

I Wk < B()e.
Since € was arbitrary, (137) follows.

Now, using Theorem 3.7.2 we immediately obtain higher order versions of (137). Sobolev
inequalities then imply that
(140) lim sup || = 0.

570 sEn{relr4, Rl
In particular, we may conclude that the radiation field along the horizon H™ lies in the
closure of compactly supported functions.

For the radiation field along null infinity, we recall that in the proof of Proposition 6.8.1,
we proved that 0.¢|,—,, converges as ro — oo to the d; derivative of the radiation field
in L]ézt <2 for some sufficiently negative ty. For each ry, (140) implies that ¢|,—,, lies in
the closure of smooth compactly supported functions; completeness thus implies that the
radiation field along null infinity also lies in this closure. O

Similarly, we have the following two corollaries.

COROLLARY 8.2.2. — For all solutions vy to (2) on R arising from initial data in 2052(203),

we have that the radiation fields to H™ and I lie in the spaces 8;_/( 4 and EIT 4 respectively.

Proof. — 1t follows immediately from a K energy estimate near the bifurcate sphere that
the radiation field of ¥ along H™ vanishes for sufficiently negative #*. Since a finite-in-time
energy estimate implies that (WES’nE(’?WES) € 262;’(23), the rest of the proof may be
concluded with an appeal to Corollary 8.2.1. O

COROLLARY 8.2.3. — For all solutions ¥ to (2) on R arising from initial data in 26’2’; (%),

we have that the radiation fields to H+ and I lie in the spaces E;j and EIT 4 respectively.
Proof. — The proof is the same as the proof of Corollary 8.2.2. O

The above three corollaries allow us to make the following definition.
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DEerINITION 8.2.1. — We define the “forward maps”
T 2CHED) > &y @6 Ty 203 (0) > X @ el
Ty 2C5(E) » EX @&y,

to be the maps

!
14 (Ulge g g Vlgs 8 o) P ¥

= Wht) st ormd = Vet et or e Plzt =1V z+)

which take smooth initial data in 2C"O(EO) 2c% (E) or2C% (E) solve the wave equation to the
Sfuture and then compute the radiation fields along H>0, H+ or H, respectively, and T.

Theorem 4.2.1 and (46) now imply

THEOREM 8.2.1. — The forward map %4 uniquely extends by density to a bounded map

. eN N T
y+ N 523 —> gHi—o D gl""

This gives Theorem 1 of Section 2.3.1.

Similarly, Theorem 7.1 implies the following theorem.

THEOREM 8.2.2. — The forward map % uniquely extends by density to a bounded map

Fi Sgg — Sﬁio ® SIT+
Lastly, Corollaries 7.1, 8.2.2 and 8.2.3 now imply the following two theorems.

THEOREM 8.2.3. — The forward map ¥ uniquely extends by density to a bounded map

Tt :Eg — $§+ GBE;F

THEOREM 8.2.4. — The forward map ¥ uniquely extends by density to a bounded map

5V—>5K eEL,

We have obtained thus Theorem 3 of the Section 2.3.3.
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9. The backwards maps and the scattering matrix

This section represents the heart of the paper. We will here construct bounded maps
(142) #_ - 5@0 oel, — 553, #_ X oEl, - 5%’, B_ 57%@8; - &L,

which will invert the maps % from Theorem 8.2.2, 8.2.3 and 8.2.4 and then we shall
construct the scattering maps

(143) & @El > ®EL. S E-BEL > E L DEL,.

It turns out that for technical reasons, it is easiest to first construct the middle map of (142)
and show that it is a two-sided inverse of the corresponding forward map on £ . This will be
the content of Section 9.1 where the main result is stated as Theorem 9.1.1. The remaining
two backwards maps to £ and Y will then be easily constructed in Sections 9.2 and 9.3, and
these will be shown in Theorems 9.2.1 and 9.3.1 to be two-sided inverses of the corresponding
maps %4 . The above three theorems will give Theorem 4 of Section 2.3.4.

The scattering maps (143) and their boundedness will be deduced as Theorem 9.5.2 in
Section 9.5 after introducing the past-analogs .%_ and %, and inferring their boundedness
(Theorem 9.5.1). This will give Theorem 5 of Section 2.3.5. We shall also represent . in the
frequency domain by Theorem 9.5.3, giving the relationship between the fixed-frequency and
physical space theories. This will imply in particular Theorem 12 of Section 2.4.2.

Finally, this section contains two separate “asides,” Sections 9.4 and 9.6, either of which
can be skipped, but both of which could have interest independent of the rest of the paper. In
Section 9.4, we will use the maps (142) to complete the theory of boundedness and integrated
decay for the degenerate V-energy by giving the proof of Theorem 7.2 from Section 7.2. In
Section 9.6, we will give an alternative, self-contained discussion of the Schwarzschild a = 0
case using exclusively physical-space (i.e., “time-dependent”) methods.

9.1. The backwards map to >
We begin by constructing the map #_ : EX, ® €, — 5%’.

9.1.1. A frequency-space definition of #8—. — First, we define what will turn out to be essen-
tially the Fourier transform of our backwards map. We begin by recalling the coefficients
A+, A+ and the Wronskian 20 from Definitions 5.3.1 and 5.3.3, as well as Theorem 5.3.1
which states that 20 never vanishes.

DEerINITION 9.1.1. — For all smooth functions az+(w,m,{) and ay—(w, m, L) which are
only supported on a compact set of (w, m,£), for all (w, m,£) withw # 0 and w # wym, we
define

B (@rer . az0) lwmo = (az+ B 2i)) Tror + (ar+ B Qi@ — w1m)) Ui,
The next proposition explains the definition of Z_.
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ProPoOSITION 9.1.1. — For w # 0 and v # wim, L@_(aH+,aI+) is the unique solution
u to the radial o.d.e. (61) with vanishing right hand side H = 0 such that there exist complex
numbers a(w,m, ) and B(w, m, £) satisfying
(144) U = aq+ Unor + o(w, m, £)Upor,
(145) U = az+ Upng + B(w, m, £)Uiyy.

Proof. — We start with uniqueness. Suppose that we have two solutions u and # to the
radial o.d.e. (61) with a vanishing right hand side H such that

U = agp+ Unor + a(w, m, £)Upor. i = ap+ Unor + &(w, m, £)Upor,

= a7+ Ut + B(w.m, 0)Upy.

<

u = al’+ Uinf + ,B(wﬂnag)m,

Then, for each (w,m,f) with w # 0and w # wim, u — i would be a solution to the
radial o.d.e. (61) with a vanishing right hand side such that

: *
U—u-~e asr — oo,

U—ii ~ e i(@morm)rt qgp ri.

These asymptotic conditions imply that u — @ corresponds to a “mode solution” (see
Definition 1.1 of [67]), and Theorem 1.6 of [67] proves that there are no non-zero mode
solutions.

To see that %_ verifies (144) and (145), it suffices to recall the relations

Uhor = Uz+ Upnt + (2i0) "1 Ujys,

Uinf = Ql’)—ﬁ- Unor + (21(60 - (’~)+m))_12nUhor- O

We now introduce a useful function space.

DEFINITION 9.1.2. — Let CVC‘,’; denote the set of functions f : R x S? — C such that

Fw,m, )= ioty=imb g (aw,0) fsinbdt do de

1 o0
== e
V2 J-o0
is smooth in w and vanishes for (w,m,{) outside a compact set of R X Z X Zi> ).

Next, observing that ég; may be naturally identified as a subset of either LY (H™) or

loc

LE (TF), we let ég;(Hﬂ be the result of identifying Cvé’; with a subset of 5§+, and let

b1 . po b1 . T
Con (T) be the result of identifying Cep with a subset 0f5H+.

REMARK 9.1.1. — One may easily check that éfz (H) is dense in €§+ and that éfl‘j Th)is
dense in EIT+.

We now define the map %_ on the space Cvfg (HY) & Cvé’l‘j ).
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DEFINITION 9.1.3. — For all (\,p) € ('H"') &) C (I+) we define the function
B_(V,¢): R — C by

B0 l0roy = I Dt @00 5 (8:8) o o

a2)1/2 o

Note that B-_ (11} cf)) vanishes for all (w,m, L) outside a compact set, it immediately follows
that — (U, ¢) is a smooth function of (t,r, 0, @).

9.1.2. Boundedness. — The following proposition will be used to show that the map ({J, ¢) —
(%_(w Ol ns B-(4. )]s ) is bounded.

PROPOSITION 9.1.2. — For all (s, ¢) € C2 S(H) ®C°°(I+) we have
|4 2 2] .
/%J“ EZEQUA d>)]n‘§ =< Bf_oo fsz [}(8r + 049g) V| + 19:0] ]sm@drd@ dé.

Proof. — Set

U= g‘g}— (11;7 (,l\)) |(w,r,m,€)’
V=% (0,0 |t.r0.9)

First of all, we observe that ¥ : R — C is a smooth solution to Ogv = 0, is easily
seen to be sufficiently integrable in the sense of Definition 5.1.1, and that applying Carter’s
separation to ¥ yields u.

Keeping the explicit formula for Z_ in mind, applying Theorem 6.2.1 to u implies that
for each —oo < R* < R’ < oo we have

(146)

R*
(@ — wim)?|lan-|* + w2|a1—|2+/ ' [|M/|2 + ((1 - rtrapr_l)z (@ +A) + 1) |u|2] dr*
R*
= BIR%, RY) (@ = om?2 B + w?I62).

The rest of the proof will borrow some ideas from Section 13 of [30]. In order to work
around the presence of the (1 — rtrapr_l)2 term in (146), it will be useful to decompose
in pieces, each of which experience trapping near a specific value of r. We first define the
following ranges of (w, m, £):

DEFINITION 9.1.4. — Let € > 0 be a sufficiently small parameter to be fixed later. We define
Fo = {(@.m. ) : rgap = 0},
Fi ={(@.m. ) rgap €BM —s™ +€(i —1).3M —s~ +¢€i)},
Vi=1,...[e! (s +57)].

Observe that each value of (w, m, £) lies in exactly one of the .%;.
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DEFINITION 9.1.5. — We define y; by a phase space multiplication of W by 1z, the
indicator function of F;.:

Wi e 2. Sy (aw, cos 0)e'™® %_ (ﬁf $) dw.

. 1 e
B (r2 +a>)\227 /;oo %

Note that each v; is a smooth function from R to C, satisfies O, ¥; = 0 and is sufficiently
integrable in the sense of Definition 5.1.1.

Next, keeping in mind that each I@i is compactly supported in (w, m, £), Plancherel imme-
diately implies that for each r4 < rg < r; < oo we have

o0
(147) / [ It ds < oo
—oo Jumsintreroy S

In particular, for each ry < rog < r; < ooandi = 0,...,[e" ! (st 4 s7)] there exist a

constant C;(rg, r1) and a dyadic sequence {s,(f)}ff;l such that s,(f) — oo asn — oo and

I [y - Ci(ro,rl)'

(148) / | <Gl
(r=syn{relro,n 1} . tr=si} s,(Ll)

Next, taking € from Definition 9.1.4 sufficiently small (and then fixing ¢), for each r; we
appeal to Corollary 3.4.1 and construct a T'-invariant timelike vector field V; on R which is
Killing in the region

reBM—s +(—-1)¢,3M —s™ +ie),
and is equal to V for r sufficiently close to r4 and r sufficiently large.

Finally, we are ready for our main estimate. For each r4 < rg < r; < oo such that
ro —r4 is sufficiently small and ry is sufficiently large, we apply the energy identity associated
to V; in between the hypersurfaces X N {r € [ro, r1]}, {r = ro}NJ T (E) nJ- ({l = s,(,l)}),

{fr=r}nJ*t (%) nJ- ({t = s,(,i)}), and {r = 5?3 N {r € [ro. r1]}. We obtain

(149)

I il
/im{re[ro,rl]} wAETE

s’(li)
§B/ / iy n_ ds+f _ Iilyiln®
o Jir=sinsupp(K"7) Wil f=s"0trelronly tr=s")
+B (/ +f ) V(2 +a) ") 0 (2 +a2) 93| sino ar ao ag,
{r=ro} {r=r1}

where we have used the calculation (123) and the fact that

’KV" < BJ"i,

where we recall that K¥i = 7,5 T* and (") 7,5 denotes the deformation tensor of ;.
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Taking n — oo and appealing to (148) then yields
(150)

. 3% il
En{relro.rl} z
o V;
=< B/ / Jilyilnt_ . ds
o Ju=sinsupp(rvi) =S

+B (/{r=r0}+/{r=rl}) lv((rz +a?)/2 wl_) 3y ((rz +a?)? wi)

12 a2
Next, since (1 — rtmpr_l)2 Vil ~ || forvaluesof r in the support of K#), we observe

sin 6 dt d6 dg,

that applying Plancherel and (146) yields
(151)

o0
Yilyint_ . ds
/0 /{l=s}ﬂsupp(KVi) M =
<[ W,
—00 {t=s}ﬂsupp(KVi)
o Fmas /2 -1\2, 2 2 *
B Z |u| + (1—rtrapr ) (W“+AN)+1)|ul”|drfdw
T (w,m)eF; U

B[ [@= o + 6] do
T mt

ds

A

min

IA

53/‘”/ [‘(8r+w+a¢)‘l’|2+|3r¢|2]8in9drd0d¢,
—00 Sz

We conclude that

(152) /%J}f [wilng < B/_ /Sz [}(at + w10g) W] + |af¢|2] sinfdtdb dp

+ B liminflim inf (/ —i—/ )
"0+ 11700 N {r=roy  Jr=r1}

‘V ((r2 + az)l/2 1//,-) Dy ((r2 + a2)1/2 1/f,-)

sinf dt df d¢.

It immediately follows from Proposition 5.2.3, the compact support of 1% in (w,m,?),
and (146) that

(153)

lim inf
ro— r4+

|4 ((rz +a2)1/2 %‘)ar* ((r2 +a2)1/2 %)
= liminf / _ K (2 +a) ") o (2 + a2 i)

o0
SliminfB/ Z|(a)—u)+m)uu/| dw
% me

ro—>r4

sin@ dt df d

r=ro

sin 6 dt d6 d¢
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<8 [ Y@ wim?[lar P+ o] do
% me
<8 [ 3 [@=omm?if +o?br] do
% me
<B /_oo /Sz [|(a, +wpdg) U+ |a,¢|2] sinfdr dé do.

REMARK 9.1.2. — Note that the passing of the limit through the integral and sum that
implicitly occurs between lines 3 and 4 is justified by Proposition 5.2.3 and the compact support
of Wi in (w,m, ). Moreover, we emphasize that the compact support of Vi is only used
qualitatively in this fashion; none of the constants depend on the size of the support of 1/A/l-.

Similarly, it immediately follows from Proposition 6.7.1, Proposition 6.6.1, the compact
support of /;, and (146) that

(154)
lim inf V(02 +a®)" i) 0 (2 + a2 wi)| sino dr ao dg
ri—>oo r=rq
= liminf T ((2+a®)"? i) o (2 + )" vi)| sin 6 dr a0 dg
rp—>0o0 r=r

oo
< liminf B [_Oo % ey
% 2 2 2
<B Za) [|az+| + |az-| ]da)
% me
<5 [ Y [@-wm? P + b do
~® me

= B/oo / [|(a, + w1d5) W[* + |ar¢|2] sin6 dvdf dg.
—o0 J§2

Combining (152), (153), and (154) yields

(155) /E;JXZ [Wz]”g < B/; /82 [|(ar+®+3¢)¢}2+|3r¢|2] sinfdtdfdg.

We conclude the proof with the (trivial) observation that

e 1 (sT+s7)]

Vv Vi Talp.
[RAGE Y )3 /{ M, O

The following proposition will be used to show that the range of (%’_|§, n§%_|§) lies

in&Y.
by
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PROPOSITION 9.1.3. — For all (\, $) € C°°(H+) ® C°°(I+) we have
lim sup |Z- (. §) |¢=0| =0,
r—>r4 82

rlggo suzp |Z— (U, ) [1=0| = 0.
S

Proof. — We start with the limit as r — ry. Since B_ (ﬁf &)) is compactly supported

in (w,m, ), and Uy, and 20 are smooth for € R \ {0}, one may easily establish that for
every 6 > 0

A

min (jo|, |0 —wim|) > § = SB_ (11[ (13) = ay+e ~i(o-wim)r* +apn- e (@=oem)r 4 Brror,
where

|Error| < B(8,V, &)(r — ry).

Let y(x) be a cutoff function which is identically 1 in a neighborhood of 0 and identically 0
for |x| > 1. For every § > 0 we have

(156)
lim sup ‘(r2 + a2)1/2 v2n%_|(0,,,9,¢)‘
r—>ry
S . ~
= lim sup / Ze’m"’Smg (aw,0) B_dw|.
r—>r4 —00
< lim sup / Z X (@871 1 (@ — wpm)8™") ™9 S, (aw, 0) B dw
r—>r+
Sl . A
+ lim sup f (1= x(@87") (1 = x (@ — 04m)§™")) Ze’md’Smg (aw,8) B_dw)|.
r—>r4 —00 mi

We estimate the first term simply with Cauchy-Schwarz and (146):

(157) lim sup

r—>r4

/ ZX (@871 1 (@ — 04m)871) €™ S,y (aw, 0) B dw

<B®.¢) limsupSI/ZJ
r—>r+ —

< B, ¢)51/2\] / > [|61H+|2 + |a7r|2]
0 e
< B (. ¢) 8"
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Set s = (1 — x (@87')) (1 — x ((w — w4m)§7")). For the second term we use the oscil-
lation in r*:

(158)
S . A~
lim sup / > e 5 Smi (aw. 0) B dw
r—>r4 —00 mi

< B ({5, $,8) limsup

r—>rq

o0
/ Z i5eim¢Sm4 (aH+e_i(“’_“’+m)’* + aH—ei(w—w+m)r*) dw
—0o0

m{

< B (U, ¢,8) limsup ! |r’"|_1

r—>r4

=0.

In the second to last line, the decay in r* came from an integration by parts in w.

Since § may be taken arbitrary small, combining (156), (157), and (158) concludes the
proof for the limit when r — r4. Moreover, it is easy to see that essentially the same proof
works for the limit as r — oo. O

The previous two propositions and Remark 9.1.1 immediately imply the following corol-
lary.

COROLLARY 9.1.1. — The map (%_|§ngﬁ_|§) which we shall, by a mild abuse of
notation, now denote by %_, extends by density to a bounded map

#_ X, @€l — giV.

Proof. — The key point is that a straightforward calculation (remember that V' vanishes at
the bifurcate sphere!) shows that lim (%7@, n§%,|§) = 0 and rlgglo (@,|§,n§@,|§) =0

r—ry

. . . V
imply that (93_|§, ”i'%)_lf:) lies in 5)3 . O
9.1.3. Inverting the forward map. — Finally, we are ready for the key result of the section.

THEOREM 9.1.1. — Let B— and F be as in Corollary 9.1.1 and Theorem 8.2.3. Then %B—
and F 4 are both bounded isomorphisms and satisfy #— o F+ = 1d and F4 o B_ = 1d.

Proof. — Of course, it suffices to prove the assertions _ o .%#; = Id and %4 o A_ = Id.

We start with establishing % o _ = 1d. By density (Remark 9.1.1), it suffices to check
that

(F1o0%-) |(f(?§(7-(+)e;cvgg(1+) = 1d.

Let (U, 9) € CVS;’(HJF) ® CVS;(IJF). Proposition 9.1.1 implies that there exist functions
a(w,m, ) and B(w,m, £) such that

B_ (\Tf @)) = UUnor + @Unor.
P (1.4) = Uit + T
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Now, using that (Z_(, ¢)|§,n§%_(¢r, ¢)|§) lies 5%’, and Theorem 7.1, one may easily
check that the same arguments used in the proofs of Propositions 6.8.1 and 6.8.2 immedi-
ately imply

(Fyo0B-) (V. d) = (V. §).

We now turn to establishing #_o.%, = 1d. By density, it suffices to study solutions arising

from initial data (y, J’) € 263;’(%). Let ay+ and a7+ denote the microlocal radiation fields.

Then Propositions 6.8.1 and 6.8.2 yield

1 o0 e
F : N — / 2: —it*w tm¢S dow,
+ (0 ) ( AMrry J oo mﬁe ¢ omldpr 4w

1 b . .
— eTT0eimb S vari dw |.
kY4 21 /;oo % meeTT )
It immediately follows from Proposition 9.1.1 that (%— o %4) (\, V') = (Y, ¥). O

9.1.4. A physical-space characterization of 9—. — Before we close the section it will be
conceptually clarifying and technically useful to observe that the backwards map may also
be characterized in physical space.

PROPOSITION 9.1.4. — Let (Vgy+, dz+) € CI(HT) & C3H(Z ™). Pick 1o < oo such that
gt is compactly supported in H (—o0, 10) and b+ is compactly supported in It"’o, and then
let ®+ be any smooth extension of o7+ to the manifold with boundary R (see Definition4.2.1)
such that ®+ vanishes in the neighborhood of Sy,.

Next, using Proposition 3.6.4, for each s > 0 sufficiently large we may uniquely define a
smooth solution Vs to (2) in the past ofH;O U (S,O N{r < r(ro,s)}) Ut =sn{r=>r(w,s)})
(see the diagram (43)) by requiring

Vs |TJ£IO = Y+,

(l/fs |Sr N{r<r(z,s)} 1S, 1/fs |Sr r\{rfr(r,s)}) = (0, 0),

rYsli=sinir=re,9)} = Pr+lit=s}ntr=r(z,s)}-

Let {s;}$2, be a sequence satisfying s; — oo asi — oo. It follows that Vg, |J+(§) and
any finite number of derivatives form a bounded equicontinuous sequence. In particular, we may
extract a smooth limit  which will be a solution to (2) in the region D~ (Sro) NJ (). Finally,

we have
(159) B (s, b74) = Wlg.ng¥re).

Proof. — The boundedness and equicontinuity of any finite number of derivatives of {y, }
follows immediately from (higher order) JV energy estimates (it may be useful for the reader
to note that the intersection of D~ (Sg,) N J +(§1) and the support of (") is compact and
contained in (e, ] Ss)-

Next, using Theorem 9.1.1, we note that (159) would follow from

(160) Fr(Wlg.ng¥g) = (Wpt. dz+) .
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Now, the equality F (|, ng¥s)lp+ = P+ Is a trivial consequence of the definition
of the radiation field and Proposition 3.6.2.

Finally, the equality #, (V|g.ng¥g)lz+ = 7+ follows from Proposition 3.8.1 and a
straightforward modification of the arguments given in the proof of Proposition 4.2.1. [

9.2. The backwards map to X3

In this section we will define the backwards map %_ on £ 5+ ® EIT y-

>0
DEFINITION 9.2.1. — Let & : CEE(H;O) — C?I‘,’(HJF) be any map satisfying
L&)yt =1
2 fyur K1 (PNl < B [y IK 110,
Note that such a map is easily constructed.
Then we define the backwards map
. (00 o] |4
B CoHMHI) ®CHITT) — Ex;.
by

10 5 (0 800) = (36 (1) ) o - (4 () ) ).

The reader should keep in mind our standard recycling of the notation concerning the symbol %_.
In particular, Z_ on the right hand side of (161) is as in Definition 9.1.3.

The next theorem establishes that the backwards map extends to £ 7’; L+ ® 5IT + and inverts
>0

the forward map .%,..

THEOREM 9.2.1. — The map %B— defined above is a bounded map and thus uniquely extends
to a map
. oK T v
B_ - SH;O &, — 823.

Let %4 denote the forward map 4 5;:/* — 5% @ EIT+. Then, B— o ¥4 = 1d and
0
Fy o B_ = 1d and thus B— and 7+ are bounded isomorphisms.

REMARK 9.2.1. — Observe that one corollary of Theorem 9.2.1 is that — does not depend
on the choice of extension &.

Proof. — First of all, we observe that the boundedness of Z_ and the statement
F4 o %A_ =1d follow immediately from Theorem 9.1.1, Proposition 3.6.3 and finite in
time energy estimates (cf. the proof of Corollary 7.1).

The equality #_ o % = 1d is a bit more subtle. The key observation is that it suffices to
check this on a dense subset and it pays to expend a little effort in creating a convenient one.
We thus turn to the construction of a useful dense subset. First of all, CZ) (H™) ®C,(Z T)isa
dense subset of5§+ @&T, , and thus Theorem 9.1.1 implies that Z_ (CS5(H™) & CS5(Z)) is

a dense subset of Sg. Now, considering the elements of Z_ (Cé’; HY) & Cop (T +)) as Cauchy

data along EOJ, we may solve the wave equation to the future of S with Proposition 3.6.2 and
restrict the solutions to Xj. This defines a subset Czé of 8;:/* . It follows from Proposition 3.6.4
0
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and finite in time energy estimates (cf. the proof of Corollary 7.1) that C}:g is in fact a dense
subset of £F..
0

We now turn to proving that #_ o £Z+|C~23 = Id. Let ¢ be a solution to (2) in Rxo
whose initial data along X lie in Cxx. We then define a solution ¥ to (2) in R by applying
Proposition 3.6.1 to solve the wave equation with initial data (#_ o %) (W):g M Wzg)
along Ea . We need to prove that ¢ — ¢ = 0. Now, the key advantage to considering in~itia1
data in Cyy is that it immediately follows from Proposition 9.1.4 that |z, nss v/, ¥[s:
and nsx 1}|23 are smooth functions and hence that ¥ and ¥ extend smoothly to H;O. Since
F o B_ = 1d we conclude in particular that K (¢ — V) |Hi0 =0.

Set T = K (¢ — V). Since the Cauchy data for T along =¥ vanishes at H*, we may
easily construct a sequence {wf};?il of solutions to (2) whose initial data along Xj are
smooth and compactly supported away from H* N T¥ and spacelike infinity and which
satisfy

. Vi o~
Y AT
Since the 1//;r are compactly supported away from H+ N 3§, they may easily be extended
as solutions to (2) to all of R by applying Proposition 3.6.3 with vanishing initial data
along H_;FO. We will also denote the extension by wiT. Since w;r is easily seen to be sufficiently
integrable in the sense of Definition 5.1.1, we may apply Carter’s separation to 1/fiT to define uiT
t o _andal .
i,H i,Zt
construction of w; , Corollary 7.1, Proposition 6.8.1 and Proposition 6.8.2 that

(162) lim ” [

Proposition 9.1.2 (and an easy density argument) then imply that

ii%/JK[WtT]n‘{iﬂ} =0.

and the corresponding microlocal fluxes a It follows immediately from the

2 2
i i
ai,H+‘ + )ai,IJr‘ :| =0.

Then, finite in time energy estimates show that ¥ vanishes. Finally, using also (137) from
the proof of Corollary 8.2.1, we conclude that (¢ — 1})|RZO vanishes. O

9.3. The backwards map to ©

With Theorem 9.2.1 proven, we can now revisit scattering to ¥ and prove a version of
Theorem 9.1.1 where £ g is replaced by 5% and 875 4 is replaced by 5%.

THEOREM 9.3.1. — Let #, be the forward map ¥ : 5% — 5%69 €IT+. Then there exists
a backwards map
. oK T v
PB_ .SH—+®EI+ - &
such that B— is a bounded map, B o ¥+ = 1d and F4 o B— = 1d. Thus B— and F are
both bounded isomorphisms.
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Proof. — We begin by introducing the notation
HEy = HE N T (Z5).
Then, we define the function space 3C§I‘,’ (H;ro U X§) to consist of triples (xl,rriro, 11;23 , 1!;’28)
such that WHT is a smooth function on Hio, Vs and V.. are smooth functions of
<0 - 0

compact supp(;rt on X and there exists a smooth function U on D such that \MH—+ = qu—Jr,
=<0 =<0

V|gs = Uxg and nys Vs = V'|xs.

Proposition 3.6.3 states that to each (quT, s, Vi) € 3C§§ (Hi’0 U Xj) there exists a
<0 0 - o
unique smooth solution v to (2) in J~(X§). Restricting these solutions to X thus defines a
map

(163) (ML, USE) > 2C (D).

e ¢]

Conversely, given any element of ({, ') € 2CCIJ (¥), Proposition 3.6.2 yields a unique
solution to (2) whose Cauchy data along X are given by (, {’). Restricting these solutions
to HE, U =f defines a map

(164) 2C2(T) > 2C(HL, U ).

It immediately follows that the maps (163) and (164) are inverses of each other and hence
that both are bijections.

Next, we let SVT s denote the completion of CZ) (HZ, U £¥) under the norm
HSOU 3 -
oo = K[p]nt VIW]nk,
H(llf@,l!fzoﬂlfzo) o \//HioJM[ 1+ +/23Ju[ ]"20’

*
HSOUZO

where W is the smooth extension mentioned in the definition of the space Cep (H;O U X5).
Finite in time J energy estimates and the bijection (164) immediately yield a bounded
isomorphism
165 AN
(16 =" HLUEG
We conclude the proof by combining (165) with the easily observed fact that Theorem 9.2.1
implies that forward evolution yields a bounded isomorphism

|4

K T
A —>EE_DES. O
Hiusg Ht z+

9.4. Aside: Proof of Theorem 7.2

At this point, using the properties of the backwards map %_, we can now complete our
study of boundedness and integrated local energy decay for the degenerate V -energy theory
by giving the proof of Theorem 7.2 of Section 7.2.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



460 M. DAFERMOS, I. RODNIANSKI AND Y. SHLAPENTOKH-ROTHMAN

Proof of Theorem 7.2. — Observe that for any s > 0, we could have defined a forward
map L?J(rs) : Sg* - & 7§+ @ 8; 4 which, in the case of smooth compactly supported data,

computes the radiation field of Cauchy data along =¥ and, similarly, we could have defined
a backwards map B¢ : EﬁJr ® SIT+ — &7, Just as before, we would obtain that ff)

and % are both bounded (v_vith a constant independent of s) and inverses of each other. In
particular, since ffrs) Wlgg.nsr¥lsy) = F+(Wlsg. nsg ¥lsx), we obtain

(166) /*JZ[W]n’;; = B||Z0Wlsr ns;v1ny)| |«
5 H;S@E;_i_
<B Her(Wz*»ﬂ):*Wz*) ‘
0’0" %0 g§i0®£f+

<B [ ) [Wnk..
.

Next, we observe that during the proof of Proposition 9.1.2 an integrated estimate in r is
in fact established. Using this, an easy density argument, a finite in time energy estimate and
an application of Plancherel easily show that for any compact set K C (ry, c0) we have

agn [ (PR Z ] )

= BK) || 72 Wsgonsg¥lsp)|| e s
H;OGB +

< B [ 3t

In order to finish the proof we need to exchange the restriction {r € K} in (167) for the
appropriate weights in r and r — r. For r large, the desired estimate is a trivial consequence
of the “large-r estimate” of Proposition 4.6.1 in [30] and the arguments of Section 9.4 in [30].
For r close to the horizon it is possible to apply a degenerate version of the redshift effect [57]
to achieve the desired estimate. O

9.5. The scattering matrix . = %, o #+

For notational convenience, we have so far restricted our attention to scattering data
along H* and Z7. However, in view of the discrete isometry (34) of D, all of our theorems
have exact analogs where H ™ is replaced by H~ and Z is replaced by Z~. In particular, we
have the following version of Theorems 9.1.1 and 9.3.1.

THEOREM 9.5.1. — Forward evolution (towards the past) uniquely extends to the bounded
maps
T —Ep-@EL-,  T_1Eg > E-BEL.
There exist bounded maps A+
By EX_ @l _>5§V, By EE-DE]- > EL,

such that #_ o B4+ = 1d and B+ o F_ = 1d.
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Combining Theorems 9.1.1 and 9.5.1 allows us to define the maps between scattering data
along H~ UZ~ and HT UZ*+. We immediately obtain the following theorem.
THEOREM 9.5.2. — We define the scattering map (or S-matrix)
s tfeel el eel,,  siefedl X wel,
by
(168) S = Fp o0 By.

The map . is then a bounded isomorphism from EX_ & EX_ to 571_5 + ® $IT 4 and 5757_ o L
K T
to 5H7+ @&,

Furthermore, for every (Ury—, dz-) € 571_57 &) Ssz, there exists a unique set of initial data
(V) € 5; such that F_ (b V') = (y-. dn-) and Fo (Y. V') = & Iy, ¢z-). An
analogous statement holds for (=, dz-) € 575—, &) EIT_

This is the precise statement of Theorem 5 of Section 2.3.5.

Next, we observe that our scattering map .’ may be given by an explicit formula involving
the reflection and transmission coefficients.

THEOREM 9.5.3. — Let . denote the scattering map from Theorem 9.5.2. Then,
Jfor (Y—, dz—) lying in either domain 57157 @ Esz or 87157_ &) 5}; we have

(169) . (U3~ ¢z-)

1 *© w - o
= — — . —R —itw tm¢S d .
(i [ (525 ) #) oo

B D O (e P dw).
7 ome

Here

M o0 . .
—i (0 — wym) ay— = 4/ s / / (0 + 040p) Ve wemimbg ,sinb dt* d de,
s —o0 JS2

d;pr—e'1®e™ M S, sin 6 dt dO dg,

1 o0
—iwar- = —
N2 /;oo S2
and we emphasize that in interpreting the formula (169), one must keep in mind that the
az+ (w,m, L) are only defined as functions such that wa,+ € LZ)Z;E and that the Ay o+ (w,m,?)
are only defined as functions such that (o — oym)a,+ € L2I>

o 'ml’

Proof. — This follows immediately from the construction of ., Propositions 6.8.1

and 6.8.2 and an easy density argument. O
In particular, specializing to the case where {»— = 0, this establishes Theorem 12 of
Section 2.4.2.
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REMARK 9.5.1. — We note that one can define the map . by the expression (169) and
prove directly by Theorem 6.2.2 that the map is a bounded isomorphism without relying on
Theorem 9.1.1; in fact, the proof is a good deal easier because one need never establish the
boundedness of the map $B—. However, one would still have to prove the decomposition (168) so
as to identify elements of 5715_ ®EL and 85 ) SIT + as radiation fields of solutions to the wave
equation arising from finite energy Cauchy data.

9.6. Aside: A self-contained physical-space treatment of the Schwarzschild case

In the Schwarzschild case (¢ = 0) there is no superradiance and it is much easier to
establish that .% is invertible using the unitarity property. Furthermore, the proofs may all
be carried out in physical space, i.e., using “time-dependent methods”. In this section we will
give a self-contained treatment of how this can be done in our set-up (cf. the related [59]).

The ease of the Schwarzschild scattering theory is all associated with the following
unitarity property.

PROPOSITION 9.6.1. — Let a = 0, and observe that in this case K = T = V. Then the
SJorward maps F 4 of Theorems 8.2.2, 8.2.3 and 8.2.4 are unitary:

(170) 175 (), + 175 )l r, = 110n )z,
(171) 175 (e 0)ler, + 117+ @) er, = 11w \lr’)||§g,
(172) 172 (¥ + 117 (0 ¥)ler, = 11009z

Proof. — We will only prove (170) as the proof of (171) and (172) is exactly the same. By
density it suffices to prove (170) in the case when (, ') € 2C§;(Z§). Let us assume this for
the remainder of the proof. It follows now from Proposition 3.8.1 and Theorem 3.7.2 that we
can find a dyadic sequence {z; }{2, such that

lim [ J0[F (00)]ng, =0.

i—00 S
i

Next, for each 7; a J7 energy estimate yields

Tl o / y7s
[

=t

L7 ()]t + [T ek,

= [l
0
We conclude the proof by taking i — oc. O

REMARK 9.6.1. — Let us remark that in the Schwarzschild a = 0 case suitable versions of
the statements of Theorems 3.7.1 and 3.7.2 can be obtained without phase space analysis with
respect to either time or angular frequency decompositions. See [27] and [29]. Thus, not only
the construction but also all relavent properties of % are obtained purely with physical space
(ie., “time-dependent”) methods. Cf. with the Kerr a # 0 case where the construction of F is
still formulated in the time domain but requires the result of Theorem 3.7.1 which is itself based
on frequency-analysis.
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The injectivity of the forward map is an immediate corollary.
COROLLARY 9.6.1. — Let a = 0. Then the forward map % is injective.
We now construct the backwards map.

THEOREM 9.6.1. — Let a = 0. Then the forward map 4 is a unitary isomorphism (with
either domain 8; or 5;’* or ng ) with two-sided unitary inverse Z_ satisfying #_ o F4 = 1d,
0
§+ o %A_ =1d

Proof. — We consider the case where the domain is 5;, the cases Sg or Eg* are handled
0
in an analogous fashion.

First of all, using the physical space construction from the proof of Proposition 9.1.4 we
may define the backwards map on a dense set:

B CH(HLp) & CHETT) > Egy.

Furthermore, the proof of Proposition 9.1.4 shows that (Ury,+, d7+) € Cop (H;o) ®CH (T )
implies
T (B— (U, d7+)) = (W, oz+) -

We thus conclude that the forward map .%, has a dense image. Since the unitarity of .7
implies that the backwards map %_ is bounded on its domain, it follows immediately
that .#; is in fact surjective. The rest of theorem follows immediately. O

REMARK 9.6.2. — It is instructive to compare the above “time-dependent method”
construction of PB_ to the stationary-method construction of Definition 9.1.1. Of course,
one could have defined _ on a dense subset in the general Kerr case with Proposition 9.1.4,
but one would still need to have used the representation of Definition 9.1.1 to estimate it so as
to take the completion.

Applying the discrete isometry ¢ +— —t of Schwarzschild yields the analogs of the above
statements for #_ and % . As before, we then define the scattering map . = F; o %,
We immediately obtain the following corollary.

THEOREM 9.6.2. — Let a = 0. Then the scattering maps .7 572_ oL - Sfﬁ ® EIT+ are
I _ €l € - & SIT+ unitary isomorphisms.

T T
H— HE
10. Further applications

We collect here some further applications of our scattering theory.

In Section 10.1, we will construct a physical-space (time-domain) theory of superradiant
reflection. Theorem 10.1.1 will give the results of Theorem 6 and Theorem 7 of Section 2.3.6.
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We will also formulate and prove an analogous amplification statement in terms of compactly
supported smooth Cauchy data (Theorem 10.1.2).

We will then show in Section 10.2 a “pseudo-unitary” property (Theorem 10.2.1) of our
scattering map . restricted to past scattering data supported only on Z—, as well as a genuine
unitarity property of . restricted to an appopriate Hilbert space of non-superradiant data
(Theorem 10.2.2). This will give Theorem 8 and Theorem 9 of Section 2.3.7.

Finally, in Section 10.3 we will establish the injectivity result theorem 10.3.1, which corre-
sponds to “uniqueness of scattering states” for improperly posed scattering problems (for
which there is no existence). This will give Theorem 10 of Section 2.3.8.

10.1. A physical space theory of superradiant reflection

First we define the physical-space reflection and transmission maps referred to already in
Section 2.3.6.

DEerINITION 10.1.1. — Define the reflection map & and the transmission map 7 by
X = =
TeT, °Llo@el - T Tek, o iyl
where
. oK T T . oK T K
E‘SITJr ey ®EL > Epy, n5§+ L ®EL > &y

are the natural projections.

We can view

We are now ready for the following theorem.

THEOREM 10.1.1. — The operator norms of 7 and % are bounded

71 <B, %] =B
Ifa =0, then |Z|| = 1, whereas if a # 0 then
2| > 1.

Proof. — The maps .7 and & are compositions of the bounded maps el s Mgk and .%
and hence are bounded. ’ "

Next, it follows immediately from the formula (169) that
[|Z]| = sup R(w,m,L).
(w,m,{)

Thus, when a # 0, Corollary 5.3.1 shows that |Z|| > 1, and when a = 0, Corollary 6.4.1
shows that | Z| = 1. O

We have now established Theorems 6 and 7 from Section 2.3.6.

With a little more work, we can upgrade the above result to the following statement.
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THEOREM 10.1.2. — Leta # 0. There exists a smooth solution  on D such that the initial
data for W along X is supported away from the bifurcate sphere B (though not necessarily of
compact support), ¥ has finite V -energy along 3 and we have

[ 3wt <o

T K T w
/I A [I AT
Also, for all R < oo there exists a solution Yyg to (2) on R such that the initial data for ¥

along 3 are compactly supported withinr € [R, 00), and g exhibits superradiance in the sense
that

[EATE T AT

Proof. — We start by letting az—(w,m,£) be a non-zero smooth function which is
compactly supported in the set of (w, m, £) which satisfy

w >0,
(w —w4m) < 0.

We define

. T R 1 S
u=————-0a7-Unor = ~—az-Uint + —az—Unf,
—i (W — wym) iw iw

mioteimég v (aw,0)udw.

. 1 *©
S +a2)1/2m/_w§e

Note that Proposition 6.8.1, Theorem 7.1, and Proposition 9.1.2 imply

/Jﬁ[wo]ng; / az-|2.
— o0 ml

Now, Corollary 5.3.1 implies
R laz-|? = laz-|* + €,
for some sufficiently small ¢ > 0 on a compact set of frequencies. Integrating and summing
and applying Proposition 6.8.1, Theorem 7.1, and Proposition 9.1.2 yields
(173)
* 2 2 oo 2
[ ottt = | [ S PlarPdo> | [z do = [ 3Tvaln-.
It —oo v —o0 Y I-
Finally, applying Proposition 6.8.2, Theorem 7.1, and Proposition 9.1.2 yields
[ 3w =0
e

Thus, we may multiply ¥ by an appropriate constant to define a solution 1, which will
satisfy

L[ I8 [ynlnty > 1.
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2. [r- JT [Y1]n7- =

3. fH— J;If [WI]””}—r =0.

Let ¢ denote the radiation field for y; along Z~. Let y(zr) be a bump function, € > 0
be sufficiently small, and let 1, be the unique solution to (2) whose radiation field vanishes
along H™ and has the radiation field

x(ze) @
Sz 3L L (e Gln
along Z~. Using the boundedness of the map . from Definition 9.5.2, it is clear that taking €
sufficiently small (and then fixing €) will imply that

L [ I [alny > 1.

2. [ Jg [Walnl— = 1.

3. [o- I Y] nf— = 0.

Note that an easy domain of dependence argument shows that the initial data for yr,

along 3 is compactly supported; thus we may set v = .
In order to construct ¥z we need to do a little more work. We begin by recalling the
estimate (137), the proof of which (being invariant under time reversal) implies

(174) lim i Walnj_y, =0  VO0<é <A<oo
§—>—0 {t=s}N[ro+€ ,rp+A4]
Let y(x) be cut-off which is 0 for x € [0, 1] and identically 1 for x € [2, c0). Letting €’
be small enough so that K is timelike for r € [ry,r, + 2€'], applying a JX energy estimate

0 (1 —x (r (e’)_l)) Y easily implies

(175) I W2l

{t=s}N[ry,rp+¢€']

< / 3K Wl + B / / [ walnts_yy + vl ] ds.
H K {t=s}N[ry+e€' ry+2¢]

Theorem 3.7.1 implies that the second term on the right hand side of this estimate converges
to 0 as s — oo. Since the first term on the right hand side vanishes, we conclude that
(176) lim sup Jff[t//z]nﬁzs} =0.
§—>—00 J{t=s}N[r4,rq+e’l
Taking R suitably large, and applying a similar argument in the region r > R, one may
easily deduce that

(177) lim sup

[ Tulalng_g < 1.
s—>—o00 J{r=s5s}N{re[R/10,00)}

Let €’ > 0 be a small constant to be fixed later. Now we choose R sufficiently large and
s = s(e¢,” R) sufficiently large and negative so that

(178) /{ }JK [V2—x (rR7Y) 23 ng:s} <€/
t=s
(179) /{ }JK [x ("R™Y) ya] nlh_y <1 +e/
t=s
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Let ¥3 be the solution to (2) whose initial data along {t = s} are given by x (rR™") 2.
Now set Y4 (¢,7,0,¢) = 1ﬁ3 (t —s,r,0,¢). Itis clear that if we choose €” small enough, then
Theorem 7.1 will imply that

/1+ T lyalng, > /{-t=0} % Wl oo

Finally, appealing to Theorem 7.1 one more time, we may define ¥g to be the unique
solution to (2) whose initial data along {r = 0} is given by (1 — x (rS™")) ¥4 for some
sufficiently large S. O

10.2. Pseudo-unitarity and non-superradiant unitarity
The next sequence of results expresses the conservation of the J7 flux. Since this flux is

unsigned along H™ we may interpret this as a statement of “pseudo-unitarity”.

ProOPOSITION 10.2.1. — Let ¥ be a solution to (2) whose initial data lie in SQ’*. Observe
0
that Theorem 3.7.1 implies that

[ ot <5 [ st <5 [ 3w,
Ho Ho 2

0

In particular, even though the integrand is unsigned, the integral
AL
/HSL Iz HT
is well defined and finite.

We then have

[t = [ st [ g

0

Proof. — By density considerations, we may assume that  lies in CZ5(Xg). As we have
already argued a few times before, Proposition 3.8.1 and Theorem 3.7.2 then allow us to find
a dyadic sequence {t;} such that fSr- Jﬁ' [1//]n‘§r — 0asi — oo. For each 7;, a JT energy
estimate yields l l

T w T 12
/. A / A / .

=T

Vi, = [ It

1

Now we simply take 7; — oo and observe that ’Jg 2 ‘ < BJ) [Yln§_ . O

REMARK 10.2.1. — Of course, one may prove a version of Proposition 10.2.1 where the
hypersurface 3§ is replaced by .

THEOREM 10.2.1. — For any ¢ € CZH(Z™) we have
(150) [ amen, + [ st = [ s
(181) [ICACCENE Y R AT

Then, an easy density argument shows that (180) and (181) hold for arbitrary ¢ € EI_.
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Proof. — The equality (180) follows immediately from Remark 10.2.1 and the fact that
¢ € CZ5(Z7) implies that

L3t e 0.0t < o

The inequality (181) follows immediately from Plancherel, Theorem 9.5.3, Theorem 10.1.1
and the fact that combining Theorem 10.1.1 and Corollary 5.3.1 implies that ) © T‘ is

0—04

uniformly bounded.
This gives Theorem 8 of Section 2.3.7.

REMARK 10.2.2. — Note that we cannot consider the case of general initial data in 5711(_
as\ € 5'75_ does not imply that

/ IEIn, - < oo
-

Finally, we observe that if we restrict the initial data along H~ and Z~ to be non-
superradiant, then the map .¥ will be unitary in the standard sense. First we introduce the
relevant function spaces.

DEerFINITION 10.2.1. — We define S;f to be the Hilbert space consisting of functions
f(z,0,¢) : T* — C such that

A 1 o0 . ,
f(w,ml) = \/T_ﬂ/ /52 e@leTimé S  f sin@ dt d6 de,
—0Q

lies in the closure of functions compactly supported in {(w,m,f) : w (0 — wym) > 0} under
the inner product
S _
f ZCUZRE <f1f2)~
® me
DEerFINITION 10.2.2. — We define S;i to be the Hilbert space consisting of functions

f(t.0,¢) : H* — C such that

~ 1 o0 . .
f(w,mt) = \/T_Jt/ /52 ei0leTime S  f sin@dt d6 de,
—00
lies in the closure of functions compactly supported in
(182) {(w,m,?) : w (w — wym) > 0}

under the inner product

/oo Zw(w—w+m)Re(flﬁ>.
% me

The following theorem is an immediate consequence of the microlocal energy identity of
Proposition 5.2.2.
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THEOREM 10.2.2. — The restriction of the map . to functions whose Fourier transforms
are compactly supported in (182) extends by density to a map . : 6’;’3 oelt Sﬁ’ﬂ @ Lt
which is a unitary isomorphism with respect to the positive definite inner product

(W1, 91), (U2, b2)) = /"0 Z [a) (w0 — w4m) Re (@1@2) + »’Re (&1@)] -
% me

This gives Theorem 9 of Section 2.3.7. Note that the above reduces again to Theorem 9.6.2
in the case a = 0, where £ ;i & 5;5 coincide with £ ;i & E;E. It also yields in particular
that .7 restricted to axisymmetric scattering data is unitary.

REMARK 10.2.3. — One may also formally consider the inner product
(160 2020 = [ [0 = wimRe ($16) + oRe (§5,) .
e

This corresponds to the particle current which is relevant in quantum field theory, see [71]. In
this setting, one may establish the analog of the pseudo-unitarity statement of Theorem 10.2.1.

10.3. Uniqueness of ill-posed scattering states

We turn finally to the “ill-posed case,” where one attempts to pose scattering data on H+ U
H,ITUZI ", H UZTorHtUZ .
To state our theorems, let us note first that we may define the forward maps

(183) F el el eel F &L — 57%@55_,
T &l >k el T &g~ EX L DEL

by completion of

(184) (W) = ¥ = (blz+. blz-) or (Wlpg+ . W) or (Wlae—. dlz+) or (Wpg+. blz-),

and these are again bounded maps by our previous results. We have the following statement
of uniqueness (but not existence!) of “improper” scattering states:

THEOREM 10.3.1. — The maps F of (183) are all injective.

Proof. — We start with the case of the first two maps of (183).

First of all, the proof is conceptually clearer in the case of smooth compactly supported
initial data, and we thus begin with this case. Consider ({, ') € 2022 (X), let ¥ be solution
of (184) and assume (\, ¢) is in the kernel of the first or second map of (183). Then, upon
an application of Carter’s separation to ¥ we have that for almost every (w, m, £), the result-
ing u is a smooth solution to the radial o.d.e. (61) such that when @ # 0, |az+|* + |az-|*> = 0
or |az+|* + lax~|* = 0, respectively. It follows immediately from the local existence theory
for these o.d.e.’s that u is identically O (see [60]) whenever w # 0, and thus  is 0. It follows
that (Y, ) = (0,0).

For general (J,}') € SfV, let us first consider the case only of the first map of (183), i.e.,
let (U, ') € ker 7 : &L — EI @ 7. Let  denote the solution of the wave equation (2)
arising from (Y, '). Theorem 3.7.1 implies that  liesin L§, L7, o ;. In particular, we can
take the Fourier transform of ¢ and define the Carter separated function u (r, w, m, £) which
will liein L2 L2]?

loc,r "m0
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Lete > 0, let F;, denote an arbitrary compact set of (w, m, £) and let C denote an arbitrary
compact set in (r4, 00). Now, by regularizing the initial data for v, we can produce a solution
¥e to (2) with smooth compactly supported initial data such that

Lot —vans<e

It follows immediately from the fact that the forward map is well defined, that

| an s < be.

In particular, if we let @ 7+ denote the microlocal radiation fields for ¥, Propositions 6.8.1
and 4.2.2 imply that

* 2
/ Z I:}ae,I+| + |ae,I—|2] dw < Be.
T e

Letting u. denote the result of applying Carter’s separation to v, it now follows immediately
from standard o.d.e. theory that

|/ ue? < BK. F)e.
K J(w,mL)eF,

Finally, an application of Theorem 3.7.1 to the ¥ — v followed by an application of
Plancherel implies

/ / lu|* < B(K, Fy)e,
K J(w,m,L)eF,

where u (r, w, m, £) is the result of applying Carter’s separation to . Since €, K, and Fj, were
arbitrary, we conclude that u and hence ¥ vanish.

The case where (\, {’) lies in the kernel of the second map of (183) is treated in exactly
the same way.

We turn now to the case when (s, ') lies in the kernel of the third and fourth map of (183).
Since ¥ is not necessarily sufficiently integrable, we cannot use Definition 5.4.1 to define

the microlocal radiation fields; instead we define a4 (w,m, ) and a, 4 (w, m, £) by applying
Carter’s separation to the functions .7+ (Y, {')| 7+ and Fx (Y, P') |, +:

oo
ar+ = / /S . e ™M, T (U, V)| ,x sin 0 dt dO de,
—0Q

o0
Ayt = 2Mry [ /SZ 0TI Ty (U, )|yt Sin 0 dt™ d6* dop*.
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Now, we may apply Theorem 9.5.3 (and its complex conjugated version) to conclude that
(185)

T / — ;/OO _ w—w4m _i _ —itw jim¢ d
T = = _w%( (=) an-% + az-®) e 106 5, do,
(186)
o —_— =~ J— . .
F_ (U, )|z- = \/%7 /_Oo % <— (M) aH+‘I+aI+9{) el0eim S dw,
(187)

w

1 o - oo
T (U =—/ > - ~Ttay-R)e "M S do,
+ (W) [+ s ) o me( (a)—w+)aI +an )e e Sy do
(188)

1 © w — = s
T ) / o= _ T R —itw tm¢S do.
(W ) [x m/_w%( (w_w+)az+ + az+ )e e Sme dw

Observe that if (s, ¢’) lies in the kernel of the third map of (183), then ay— and az+ will
vanish almost everywhere. Then (185) and (188) imply that az—-R and aH+9~% both vanish
almost everywhere. However, Corollary 6.5.1 implies that 98 and 98 can only vanish at isolated
points in w. We conclude that a,,+ and az- can only be non-zero at isolated points and hence
that a;,+ and az- vanish almost everywhere. We conclude that % (1, ') = (0, 0) and thus
that v vanishes.

The case where ({, ) lies in the kernel of the fourth map of (183) is treated in a similar
fashion. O

We have thus obtained now Theorem 10 of Section 2.3.8.

REMARK 10.3.1. — In regard to the first two maps of (183), we note that it is possible to
prove localized versions of the above via the techniques of “unique continuation,” where r is only
assumed to vanish on certain portions of HY U H™ or portions of T+ U H™, but with stronger
regularity assumptions and decay at infinity. See [14] for such results in the Schwarzschild
case, [1] for such results on general asymptotically flat spacetimes and [2] for such results for
(among other things) certain non-linear wave equations on Minkowski space.

11. The backwards blue-shift instability and horizon-singular solutions

In this final section, we shall show that any solution of the wave equation (2) on Schwarz-
schild assumed to have a particular choice of radiation field necessarily would have infinite
N -energy on the hypersurface 7. Our theorem can be stated as follows:

THEOREM 11.1. — Let a = 0 and let  be a smooth spherically symmetric solution of the
wave equation in the region Rxq such that

1. Theinitial data for \ lies in the closure of compactly supported initial data under the norm

L , RAVAER AR ns.
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2. 05y extends continuously to the function (t* + 1)™? on 'Hio for some p > 2.

3. 05 (TY) extends continuously to the function —p(t* +1)"7~! on Hiofor the same p as
above. -

4. There exists to such that T, > to implies

lim ry|;=¢ = 0.
r—-o0
Then
INyn*, = .
[zg KT

We will prove Theorem 11.1 in Sections 11.1-11.2 below. We have stated our theorem in
the above form so as to be independent of the existence of the scattering theory maps %,
AB_, etc., proven in this paper. Thus, the proof of Theorem 11.1 can be read independently
of the rest of our paper. The argument exploits the blue-shift factor of the horizon together
with a simple monotonicity property of the spherically symmetric wave equation.

In combination with the results of our paper, Theorem 11.1 can be reinterpreted in the
context of both our N-energy and our T-energy theories. First, applying Theorem 9.2.1,
we shall construct solutions v satisfying the assumptions of Theorem 11.1 such that their
induced data lie in Sg* and give a short discussion of the significance of the existence of such
solutions. Finally, in Section 11.4, we shall reinterpret Theorem 11.3 as a statement of the
non-surjectivity of the map .7, : é’)[:\% — &N, @ EY, of Theorem 8.2.1. This will thus give
Theorem 2 of Section 2.3.2.

11.1. Schwarzschild computations

Setting @ = 0 in (29), the Schwarzschild metric in Boyer-Lindquist coordinates takes the
form

oM oM\ !
(189) Zschw = — (1 - —) de® + (1 - —) dr® 4 r? (d6? + sin® 6 d¢?).

r r

To get an explicitly regular expression for the metric near the event horizon H* we
introduce the (7, r, 0, ¢) coordinate system defined by

dr*,( 2M)_1 . .
=(1-—— , v=r+r".

dr r

The metric then takes the form

oM
(190) ESchw = — (1 — _) di? +2d5dr + r? (d6? + sin® 6 dg?) .
r

Note that we have T = dy in the (v, r, 8, ¢) coordinate system. Let us also agreetoset Y = 9,.

It will also be useful to introduce a (7, r, 8, ¢) coordinate system in the following fashion.
Let y(r) be a cut-off which is identically O for r € [2M, 3M] and identically 1 for r € [4M, c0).
We then set

tt,ry=t+r*=2xrr*.
Note that d; = T is Killing.
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Finally, it turns out that it is often convenient to work in the null coordinate system
(1,0, 0, ¢) where v is defined as before and

u=t—-r*

The metric then takes the form

2M
(191) gSchw = —2 (1 — —) diidv + r* (d6* + sin” 0 d¢?) .
r

REMARK 11.1.1. — These coordinates break down at the horizon, where i = oo. Neverthe-
less we can still use these coordinates in an effective manner near H* as long as we remember
-1 . )
that the (1 — 22)"" 05 =Y is a regular vector field on H.

If not explicitly noted otherwise, d; and d; will also be defined in the (i, 0, 6, ¢) coordinate
system. Let us agree to set L = 0y.

In null coordinates, the wave equation (2) applied to a spherically symmetric function
takes the form

dp (rzaﬁl//) + 05 (rzag‘(//) =0

(07r)d5v n (5r)0ay _ 0.
r r

(192) & v+
The equation (192) is equivalent to the following coupled transport equations for rd; ¢ and
r 85 Iﬂi

@0 day) _ (1= F) rday

(193) 0 (rdsy) = ; -
_ - _2M) 5.
(194) 3 (rday) = —(a“r)(rra“/’) _u ’r) ALy

Near the event horizon it will be useful to work with transport equations for r (1 — %)_1 oY
and rogy:

—1 _2M l_w—laﬁ
(195) (1-2) PPN G| Ui 14

r

_1 _1 -
(196) 3 (r (1 _ %) am/,) n % (r (1 _ %) am/f) _rovy
r r r r

REMARK 11.1.2. — The fact that 2r—1‘24|H+ = ﬁ > 0 represents the positivity of surface
gravity and is intimately tied to the (local) redshift effect. See the discussion in [27].

11.2. Proof of Theorem 11.1
We are now ready for the proof of Theorem 11.1. We will proceed in four steps.

1. Letting ¥ be as in Theorem 11.1, we begin by establishing a local energy decay state-
ment with a sharp rate:

f [T + @] < BRIG+D7 VR > 1y,
S:N{r<R}
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2. Using the decay from the previous step, for all sufficiently small € > 0 we will propagate
the (1 + ©)~” lower bound for 95y along H* to a (1 + v)~? lower bound on the
hypersurfaces {r = 2M + €}. Cf. [18, 22].

3. Using the (71,0, ¢) coordinate system, define y(7,r) = — [7° (5, r) d5. Using the
equation (196) and the previous steps, we will prove that unless f23 Jﬁ’ [w]n;g = 00,
then (1 — %)_1 9z and 93y both are positive along one of the hypersurfaces
{r =2M + €}.

4. Under the assumption that fzg Jﬁ’ [I/f]nlé3 < oo we will use some monotonicity
hidden in the system (193) and (194), and show that the positivity of 9% and 93V
along {r = 2M + €} propagates along outgoing null curves. Finally, we will see that
this positivity of rd;y and rdz¥ implies that r cannot vanish along Z*, yielding a
contradiction to the assumption |. b J ﬁ’ [1#]71%3 < 00.

11.2.1. Local energy decay. — We begin with the following proposition.

ProrosiTiON 11.2.1. — Let ¥ and p be as in the statement of Theorem 11.1. Then, for
all R < oo we have

[ @+ 6] < B+ o7,
St:N{r<R}

Proof. — We begin by arguing that

=

(197) /S J.yins, < B [/7# Tl + fI+ Jﬁ[w]n;} <B4+t

Let T < oo. Since fzg JZ [W]n’g* < oo we may find a sequence of solutions {y;} to (2)
), 0
whose initial data lie in Exx and which satisfy lim; e Is. J7 [Wilns, = [s, Jr [yl . As
we have already observed multiple times, Theorem 3.7.2 and Proposition 3.8.1 imply that we
may find a dyadic sequence {t;’)};?‘;l such that lim; . [ . J;C [Viln's o =0 Then we may
Tj ‘L'j

apply a JT energy estimate to each y; and conclude

T 1% T 1% T 1%
/;‘t JM il Se /7‘-(+(t,f/('i)) JM il HE L*(r,r,('[)) JM il ™ /S

Taking j to infinity and then i to infinity yields

[S RAE [H REAUTS /I REATTS

Finally, using that 93y extends continuously to (1 + ¢*)"? one may easily show that
fH; Jz[t//]n%Jr <B[X®(1+ 1*)7?? dr*, and hence establish (197).

Next, we commute with the Killing vector field 7 and consider the solution 7. Repeating
the above procedure (using in particular that Ty is assumed to have a finite J7 energy
along X and the assumption on the limit of d5(Ty) to Hio) another J7 energy estimate

implies

T w
JN [wi]ns 0N
L@ T
J

>T
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The final ingredient is an integrated local energy decay estimate. Setting X = f(r*)d,=
for a function f to be fixed later, a straightforward calculation yields the following general
formula:

(199)
GHUE (f; (-2 "+ fr‘l) (Ty)? + (% (-2~ fr‘l) .
We set f = —r~3 and obtain
(200) VATl = S T+ 2 e
Keeping in mind that X|,+ = —(Q2M)~*T and ‘ S IXInls | < B[ ITTyin

combining (200) with (197) and (198) yields the following two estimates:

(201 / b / (97 + @] < BRIQ+ 0777 VRS> 1,
T S:N{r<R}

(202) /OO/S - [(TZIp)Z + (8,*T¢)2] <B(R)(1+1)2P! VR > ry.

We will now interpolate between these four estimates in a straightforward fashion. (19
For every k > 1, using the fact that
2k+1

/Sm{rsR} [(Tl/f)2 + (3r*1/f)2] < B(R) (2k)—2p+1 |

2k

we may find a 1z € [2%,2%*1] such that
(203 / () + @r0)?] < BRIZ.
Se, N{r<R}

Now consider T € [tx, Tx+1]. The fundamental theorem of calculus and the estimates (201),
(202), and (203) imply
(204)

| [awr+@er]
S:N{r<R}
Th+1 =

p /rk+1 [ |:_[k—1 (Tv)? + 77" 0¥ + (Tzlﬁ)2 + T (3r*T¢)2]
% SsN{r<R}

= BR) 570 + 577 + 57| < BRyT. D

REMARK 11.2.1. — Ifin the process of carrying out a contradiction argument one adds the
assumption that fzg J ﬁ’ [W]n;* < 00, then one could establish the local energy decay statement
0

using only transport equations in the region {r < R}.

(15 For example, see [65] for an application of such an interpolation argument to interior decay for the wave
equation.
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COROLLARY 11.2.1. — Of course, the use of the particular foliation {S:} is not important
for the above proposition. By modifying S; to equal {0 = t} in the region {r < R} and repeating
the above proof, one immediately obtains

/ (@97 + Grep)?] < BRI +1)727.
{v=t}N{r<R}
Analogously, for (rg,r1) C (r4, 00) one may show

/ [T + @9 1?] < BGo. (1 + 0727,
{u=t}n{relro,r11}

11.2.2. Pushing the tail off the horizon. — We now turn to the proof of

ProrosITION 11.2.2. — Let be asin Theorem 11.1. Then, for all e > 0 sufficiently small,
b(1+70)"7 = (rds¥) lr<om+ey = B(1 +0)77.

Proof. — Keeping in mind that (1 — %)_1 0z = Y isequal to , in (3,7, 0, ¢) coordi-
nates, we integrate the transport equation (193) and obtain
Q05) 03 om0 = (0 o= + [ dav dr.
{U=t}N{r<2M-+e¢}

Cauchy-Schwarz and Corollary 11.2.1 then yield

(206) ((raf)w) |(17,r)=(r,2M+e) - (1 + _[)—p)Z <€ /{l_ I <2M e} I:(Tw)z + (ar* W)Z]

< Be(1+1)7?7. J

11.2.3. Positivity of . — As we have already indicated in the outline, it will be useful to
introduce the function

(207) v, r) = f oow(g,r)dg.
t

Using the fact that T is Killing, and the fact that |¥(z.r)| < B(r)(1 + 7)"P*!, one may
easily check that v/ is a smooth solution to (2) in Ro and that Ty = —1// The goal of this
section is to use the transport equation (196) to show that r ( — %)
of rdgy’s positivity.

We begin by studying r (1 — M)_l .

7

33 inherits some

ProroSITION 11.2.3. — Let W be as in the statement of Theorem 11.1, ¥y be a fixed
sufficiently large constant, and (i,0) € {r = 2M + €} for v > vy and € > 0 sufficiently
small. Then

() _l
ol )2 )
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Proof. — We may write Equation (196) as

5] -1 0
(208) 05 |:exp (/: i—ﬁfdﬁ’) r (1 - @) 3,;1//j| = exp (/: i—?dﬁ’) 5.

We conclude that
(209)

oM\ YoM oM\
(r (1 - —) 8,;1//) ‘ . =exp (—/ —2d5’> |:(r (1 - —) 8,;1#)
r (u,v) 5o T r
) VoM
+/ exp [ —-dv" | 9y ydd’ | |.
) oo T
Next, using Proposition 11.2.2, we observe that
UM v VoM
(210) exp (—/ —Zdﬁ’)/ (exp (/ —zdﬁ”) 85/1pd1~/)
5o T 7o i T
UM v VoM _
> bexp (—f —2d1”/)/ (exp (/ —2d17”> (¥') pdf/).
5o T 7o o T

Using that |d3r| < Be, a straightforward series of integration by parts yields

@11)

VoM v VoM _
exp (—/ —Zdﬁ/)/ (exp (/ —zdf/’) () pdﬁ/)
g T U o T
N L YR (i
—\2Mm ) e oM
oM v " oM _
— Beexp (—/ —zdﬁ’)/ <exp (/ —zdﬁ”) (¥') ”df/)
170 r Vg ) r

r2 r2
-B(— DRy [
2M ) @@ 2M

We conclude that

oM v VoM _
(212) exp (—/ —2dﬁ’>/ (exp (/ —Zdﬁ”) (%) ”dﬁ’) > b P,
o T o iy T

Combining (212) with (209) finishes the proof. O

(#,%0)

(Vo)™ 7 exp (— (1 — Be) (v — Do))

(o,u)

(Do) P Lexp (— (1 — Be) (D — o)) — B P~ L.

(Vo,i)

REMARK 11.2.2. — If we added the assumption that ( — %)_1 0¥ was uniformly
bounded, then for sufficiently large v this proposition would prove that (1 — %)_1 0y > b7 P,

Cf [18]

We now have
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PROPOSITION 11.2.4. — Let y be as in Theorem 11.1, v defined by (207), and o be a
sufficiently large constant. Then (i, v) € {r = 2M + €}, € > 0 sufficiently small, and v > vy
imply

oM\t (1—Be)v
rl1—=—) oy > —Be™ M / IN[Ings sy + b2+
( r ) “ \/ G=to)nir<aM+e} 9=%0}

Proof. — Using that (i1, 70) € {r = 2M + ¢} implies that i = ¥ — (4M + 2¢)*, applying
Proposition 11.2.3 to ¢ and integrating implies that

-1
(213) r(l—g) W

o0 oM 2MN\ 7!
> —B exp|— | —dv'|(1-=—) oy
v o T r

Now, we observe that a change of variables yields

o) b} -1
e | exp(— [ i—f‘fda/)(l—% Dy

2M+Be 2M B
/ (r — 2M)~B€ [y | [s_sodr.
2M

di + by~ P Tl

(V—(4M +2¢€)*,09)

(5-2(2M +¢),70)

b}

IA

Cauchy-Schwarz then gives us
(215)

v

(A—=Be)v

2M+Be 2 B
| (= 2M) P Yy amiyr < B S [ Wt
{U=0p}N{r<2M+e}

O

11.2.4. Positivity on It and the contradiction. — Finally, we will show that if 95y and 9z
are eventually positive along {r = 2M + €}, then the null derivatives of ¥ must eventually
be positive in a neigbourhood of Z+.

PROPOSITION 11.2.5. — Let y be as in Theorem 11.1 and define v by (207). Additionally,
let us assume that f{ﬁ:ﬁo}ﬂ{r§2M+e} Jﬁ[l/f]nﬁ;=ﬁo} < 00. Then, there exists a constant ¢ such
that

(216) rdgy > co Pt gy = ca Pt
for all sufficiently large r and v.

Proof. — Propositions 11.2.2 and 11.2.4 imply that we may find ro > 2M and 7y < oo
such that ¥ > ¥ and (i1, ) € {r* = rj} implies that there exists a constant ¢ > 0 such that

(217) rogy > cv P, rogy > cu P
Now, we define
A= {se0,00]: > T and r*(ii,7) € [rg,ry +5) = rdgy > 0P and rdzy > cii P11},

where we emphasize that ¢ is the constant from (217). The proof will be finished if we can
prove that A = [0, c0).
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It is clear that A is a closed and non-empty subset of [0, 00), so it suffices to prove that
A is open. Suppose that 59 € A. We show that so + € € A for € > 0 sufficiently small.

It immediately follows from the transport equations (193) and (194) and Corollary 11.2.1
that e sufficiently small implies that for all 7* € [ry + 0,7y + So + €] and ¥ > T we have

-1 -1
(218) rogyr > Ecﬁ_l’“, rogyr > Eca—l’“.

Given these estimates, we integrate again the transport equations (193) and (194) and now
use (218) to determine that in the region r* € [ry + 50,75 + So + €] and ¥ > Ty, rogyr is
monotonically increasing in —i and r 951 is monotonically increasing in #. We conclude that
r* € [ry + 0,1y + so + €] and ¥ > Up imply (216). O

The next corollary establishes the desired contradiction and thus concludes the proof of
Theorem 11.1.

COROLLARY 11.2.2. — Let Y be as in Theorem 11.1 and define W by (207). Then, for each
sufficiently large t1,

lim ry (r,71) <O.
r—o00

Proof. — Using Proposition 11.2.5 and the facts 95 + 93 = T and T = —y we find that
—ry =rTY =rdgy +rdg¥ > c (@ P + 57,

The result follows since lim, _, o % (r, 71) is bounded above. O

11.3. Construction of v using the degenerate T -scattering theory
We now apply our degenerate scattering theory of Theorem 9.2.1 (see also Section 9.6) to
indeed construct solutions v as in the statement of Theorem 11.1. Let 1];H+0 : H;O — R

denote the function

(t* +1)~rH!
=——
Wy, () —

for p > 2.
PrOPOSITION 11.3.1. — Leta = 0. For 4 &0 € Sﬁio e&l, c 5;10 ® EL, above,

the solution %_ (¢H+0, 0) satisfies all of the hypothesis of Theorem 11.1.

Proof. — Let us set ¥ = HB_ (11’7# ,O). We first note that the spherical symmetry of
>0
Schwarzschild, Theorem 9.2.1, and commutations with 7" and Q% are easily seen to imply
that ¢ is a smooth spherically symmetric solution in R and that

T T
Lg (. W1+ 3, [Ty H;S < 0.
Next, we observe that (193), the fundamental theorem of calculus, Cauchy Schwarz and

an easy density argument show that d3v and d3 (T'v) extend continuously to the functions
(1 +1t*)"? and —p(1 + t*)"P~! respectively along H;O.
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In order to establish that lim, .. r/|s, = 0 we first observe the unitarity property of
Theorem 9.6.1 yields

(219) /;:;k JZ: W]ng;« = /Hi‘t Jg[l/f]nzgt < B(] +Z)_2p+1 .

Next, for r sufficiently large, the fundamental theorem of calculus implies

@0 ) < / ol dr < V2 / oy dr

r

S r—1/2 / JZ; [,(p.] S Br_l/z(l +t)_p+1/2.
V J=;

Since r is comparable to ¢ along any fixed hypersurface S;, and p > 2, the estimate (220)
immediately implies that
lim ry|s, = 0. O
r—>00
We immediately obtain the following corollary.
COROLLARY 11.1. — Leta = 0. For deIO ®0e 5;;}0 @ S;Jr C 577_;+0 ® SIT+ above, then

=

the map $B— of Theorem 9.2.1 maps
T N
(@_(KUH;O’ 0) (S 523 \ gz(a;
More pedestrianly,
COROLLARY 11.2. — There indeed exists  as in Theorem 11.1.

We note that by what we have shown in Proposition 11.2.1, ¥ has several nice additional
properties. In particular, we have the following decay result.

COROLLARY 11.3. — Let \, + be as in Corollary 11.1. Then, for every R < oo we have
>0

/Srn{rsm UT'@‘(%;’O)‘Z +

These strong decay properties lend further support to Conjecture 2.5.

ar*@_(qf@o,m(z] <BR)(1+1)2  Vr>o.

11.4. Non-surjectivity of the N -energy forward map

Lastly, we can immediately reinterpret Corollary 11.1 as a non-surjectivity result (cf. the
discussion in Section 2.3.2).

COROLLARY 11.4. — Let a = 0. The asymptotic state \, + @ 0 is not in the image of
=0
the map F : EIEV* — S;ZJF <] SIT+. Thus, the map of Theorem 8.2.1 is not surjective, in fact,
0 >0
the image % (EIEV*) has infinite co-dimension in € ;Z L+ @ 5'; + and infinite codimension when
0 >0
intersected with 5;:5 @ 0 for any n > 0.
>0
Proof. — If Vpr, @ 0 was in the image of the map F, : EZEVE — 871;’10 @ &I, then

Theorem 9.2.1 and7C0rollary 11.1 would immediately yield a contradiction. O
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We have thus obtained the final remaining Theorem 2 of Section 2.3.2.

Carter’s Separation

413

Ehor, 425
) 413

Sine, 412

Unor> 414

Usinf, 414

v 413

Ay, 412

@9 412

ml >
A 412
Ayt , 417
Ap—, 417
Ar+, 417
Ar—, 417
20, 415
w413

Constants and Functions
B, 398
A, 395
$, 395
f,395
€0, 398
02,396
w4, 397
¢, 402
b, 398
r4, 395
Ftrap, 421

Coordinates
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VT, 397
¢, 395
¢*, 395
0,395
0*, 395
i, 395
7,395
r, 395
r*, 395
t, 395
t*, 395
*$, 396

*0, 396
*t,396

Currents

Ofea» 420
Z,,420
JX, 394
KX, 394
Ty, 394
£X, 394
Q" 400
LY 420
QX 420
QT, 420

Function Spaces

29, 449
Co5(H*), 444
CoS(HE,), 444
CS(TF), 445
C(HE), 444
EK. 445

2C25(h), 443

2029(5), 443

2C30(T) . 443
Hypersurfaces and Subsets

Sz, 400

¥, 396

R, 395

Ry, 395
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Ht(s1,52), 395 az-,414, 418
HL,, 395 Reflection and Transmission
Rss, 395 R, 416

B, 397 %,416

Ht, 395 %, 464

H™, 396 7, 464

7, 407 %, 416

I, 407 7,416

7%, 407 Scat}ering Maps
5,396 2,448

$, 396 %1, 461
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E” 397 ﬁi 461

HE, 397 . 461

%z, 400 Vector fields
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Radiation Fields Z, 396

¢, 408 Z*,396

@ 408 Q;, 395
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