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Abstract

Quasinormal modes of anti-de Sitter black holes
by
Oran Gannot
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Maciej Zworski, Chair

Quasinormal frequencies are the damped modes of oscillation associated with linearized
perturbations of a black hole. In this thesis we study the distribution of these frequencies in
the complex plane for a class of solutions to the Einstein equations with negative cosmological
constant; these are the so-called anti-de Sitter spacetimes. Particular emphasis is placed on
the family of rotating Kerr—AdS black holes.

We begin by identifying quasinormal frequencies for massive scalar perturbations as poles
of a certain meromorphic family of operators — this generalized resolvent is the inverse of
P(X), which is obtained from the Klein-Gordon operator [J,+m? by replacing the stationary
Killing field 7' = 0, with —iA € C. In trying to prove meromorphy of P(\) by analytic
Fredholm theory, two complications arise.

1. The ellipticity of P(\) degenerates at the event horizon. In fact, for rotating Kerr—
AdS spacetimes, the characteristic variety of P(\) enters the black hole exterior. This
makes it difficult to prove the Fredholm property for P(\) without first understanding
propagation of singularities phenomena.

2. Anti-de Sitter spacetimes are characterized by the existence of a conformally time-
like boundary Z at infinity. Although P()) is elliptic near Z, it does not determine
an elliptic boundary value problem in the usual sense. This is because solutions to
P(X)u = 0 near the boundary are not smooth, but rather have conormal singularities.
From another perspective, after freezing coefficients at a boundary point, the resulting
model operator on R, is a type of singular Bessel operator.

The first item is addressed by exploiting special dynamical properties of P(\) near the event
horizon, following a general microlocal framework exposed by Vasy [95]. This makes it possi-
ble to prove coercive estimates for P(A) (and its adjoint) microlocally near the characteristic
variety.

To prove the Fredholm property, it remains to handle a neighborhood of the conformal
boundary Z. There, the resolution is formulate a version of the Lopatinskii condition for



P()), where the one-dimensional model equation takes into account the singular behavior
near Z. Once an elliptic boundary value problem (in the sense of Bessel operators) is set
up, we deduce elliptic estimates which can be glued to the estimates near the characteristic
variety.

The aforementioned estimates suffice to prove that P()\) is Fredholm on appropriate
function spaces. Using energy estimates and stationarity of the Kerr—AdS spacetime, it
is possible to prove that P(\) is invertible for Im A > 0 sufficiently large. This provides
an effective characterization of quasinormal frequencies as the discrete, finite rank poles of
P(\)~!, which can then be analyzed using tools from microlocal and functional analysis.

For Kerr—AdS spacetimes, the negative cosmological constant has the effect of confining
certain null geodesics to elliptic orbits near infinity. The second part of the thesis focuses on
how this stable trapping affects the distribution of quasinormal frequencies in the complex
plane. Our main result is the existence of sequences of quasinormal frequencies converging
exponentially to the real axis. These sequences can be viewed as an obstruction to uniform
local energy decay.

The first step in showing existence of quasinormal frequencies is to construct exponen-
tially accurate quasimodes, namely real sequences Ay — oo as £ — oo and functions u, such
that

1P )uc|l = O(e=/€).

The quasimodes we construct (for the Schwarzschild-AdS spacetime) should be thought of
as quantum realizations of the the stable trapping near infinity. We then adapt results in
Euclidean scattering about the existence of scattering poles generated by quasimodes. This
is based on resolvent estimates for P(\)~!.



To my family.
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Chapter 1

Introduction

1.1 Introduction

The study of quasinormal modes (QNMs) has proven useful in understanding long-time
behavior of linearized perturbations throughout general relativity. These modes are solutions
of the linear wave equation with harmonic time-dependence, subject to outgoing boundary
conditions at event horizons. Associated to each QNM is a complex quasinormal frequency
(QNF) which determines the time evolution of a QNM: the real part describes the mode of
oscillation, while the imaginary part corresponds to exponential decay or growth in time.

The QNF spectrum depends on black hole parameters (such as cosmological constant,
rotation speed, and mass), but not the precise nature of the perturbation. The distribution
of QNFs in the complex plane is expected to dictate the return to equilibrium for linearized
perturbations. This follows established tradition in scattering theory, where QNF's typically
go by the name of scattering poles or resonances.

There has been a great deal of interest in the QNMs of asymptotically anti-de Sitter black
holes, motivated both by developments in the AdS/CFT program and by closely related
questions in classical gravitation [50, 70, 104]. Understanding perturbations of such black
holes is a common thread in both the physics and mathematics literature.

According to the proposed holographic correspondence, a black hole in an AdS back-
ground is dual to a thermal state on the conformal boundary. Behavior of perturbations in
the bulk therefore yields predictions on thermalization timescales for the dual gauge theory
which are difficult to calculate within the strongly coupled field theory. It is also important
to note that QNMs have a distinguished interpretation in the AdS/CFT correspondence [17,
61].

Additionally, a major unsolved problem in mathematical general relativity is the nonlin-
ear instability of global anti-de Sitter space, in the sense that a generic perturbation of such
a metric will grow and form a black hole [7, 9, 10, 11, 16, 24, 26]. If AdS is indeed unstable,
a natural question is whether the endpoint of instability is a Kerr—AdS black hole. Both of
these subjects have motivated substantial interest in the nonlinear instability (or stability)
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of Kerr—AdS [17, 24, 26, 55, 57, 56, 58, 59].
This thesis studies the particular case of scalar perturbations of Kerr—AdS black holes.
The relevant linear equation to be solved is the Klein—Gordon equation

(O, +v* —9/4)¢ = 0 on My, (1.1)

where (M, g) is the exterior of a Kerr—-AdS black hole, and v is an effective mass parameter
which in appropriate units satisfies the Breitenlohner—Freedman unitarity bound v > 0. Our
first goal is to provide a robust definition of QNFs for Kerr—AdS metrics which does not
depend on any extra symmetries (separation of variables), and then show that the QNF
spectrum forms a discrete subset of the complex plane. This means studying solutions to
(1.1) of the form ¢ = ="y, where A € C and u is a function on the time slice {t* = 0} (here
t* is a time coordinate which is regular across the event horizon). The critical observation is
that the outgoing condition is equivalent to a certain smoothness requirement for u at the
event horizon.

We use recent advances in the microlocal study of wave equations on black hole back-
grounds due to Vasy [95] to study global Fredholm properties of the time-independent op-
erator

P(\) =™ (O, + 12 — 9/4)e™ "

Upon verifying some dynamical assumptions on the null-geodesic flow of Kerr—AdS metrics,
the approach of [95] provides certain estimates for P(\), at least away from the conformal
boundary; there is no restriction on the rotation speed of the black hole.

Since the conformal boundary Z on an asymptotically AdS spacetime is timelike, there
is no reason for the set of QNFs to be discrete unless (1.1) is augmented by boundary
conditions at Z. Choosing appropriate boundary conditions is a subtle point, depending
on the effective mass v. When v > 1, it suffices to rule out solutions which grow too
rapidly near the conformal boundary. On the other hand, when 0 < v < 1 the problem is
underdetermined and boundary conditions must be imposed.

Furthermore, P(\) does not give rise to an elliptic boundary value problem in the usual
sense, even if 0 < v < 1. This is because P()\) has a type of Bessel structure, and solutions
to the equation P(A\)u = 0 have only conormal regularity near Z. Another aim of this work
is to develop a theory of boundary value problems for some Bessel-type operators. This
theory applies to a large class of asymptotically anti-de Sitter spacetimes. Provided the
boundary conditions satisfy a type of Lopatinskii condition when 0 < v < 1, we obtain
elliptic estimates near the boundary. These boundary conditions account for the majority
of those considered in the physics literature [3, 8, 13, 14, 25, 65, 105]. In particular, certain
time-periodic boundary conditions are admissible.

Combining estimates near the boundary with those in the interior suffices to prove the
Fredholm property for the stationary operator. The inverse of this operator forms a mero-
morphic family, and QNFs are then defined as poles of that family, with (finite) multiplicities
given by the ranks of residues.
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Next, we study the distribution of QNFs in the complex plane. Here, our thinking is
guided by the existence of stably trapped geodesics near Z. In scattering problems, it is
expected that trapping of classical trajectories should produce QNFs (or scattering poles or
resonances) converging to the real axis; this is often referred to as the Lax-Phillips conjecture,
see [72, Section V.3]. When trapping is weak, for instance in the sense of hyperbolicity, the
general conjecture is not true as shown by Tkawa [63].

When the trapping is sufficiently strong that a construction of real quasimodes is possible,
the works of Stefanov—Vodev [93], Tang-Zworski [94], and Stefanov [92] do show that there
exist resonances close to the quasimodes. In our setting, (exponentially accurate) quasimodes
refer to functions u, such that

IPe)uell = O(e™/)

for a sequence of real frequencies Ay — oo. These results were established in Euclidean
scattering for compactly supported perturbations of the Laplacian, or more generally for
perturbations which are dilation analytic near infinity [89, 90]. Another goal of this thesis
is to prove an analogue of [94] for Kerr—AdS spacetimes: given any reasonable sequence of
quasimodes, we would like to conclude the existence of QNFs nearby. This is achieved in
Chapter 6.

To prove existence of QNF's converging exponentially to the real axis for rotating Kerr—
AdS, we apply our result to the quasimodes found by Holzegel-Smulevici [56]. Their original
motivation was not directly motivated by QNMs; instead, they constructed quasimodes to
study lower bounds on uniform energy decay.

One downside is that these quasimodes lack a good description of their frequencies. In the
non-rotating Schwarzschild—AdS case one can use an independent construction of quasimodes
due to the author, where the spherical symmetry allows for precise spectral asymptotics. This
refined construction is carried out in Chapter 5.

As a historical note, existence of QNFs converging to the real axis was first observed
for the Schwarzschild-AdS solution through numerical and formal WKB analysis [26, 37].
In addition, the asymptotic relation between these QNFs and the spectrum of global AdS
provides a link between the conjectured nonlinear instability of global AdS and that of
Kerr-AdS [7, 9, 11, 10, 16, 21, 22, 26, 24, 55].

For the Kerr—AdS solution, it is more difficult to demonstrate the existence of long-lived
QNMs. Due to the more complicated structure of the separated equations, a WKB analysis
is harder to perform. Futhermore, the author is not aware of any numerical studies of QNF's
for Kerr—AdS in the high frequency limit. Nevertheless, we are able to exhibit such QNF's
for Kerr—AdS spacetimes without restrictions on the rotation speed.

Quasimodes, constructed either for Kerr—AdS or Schwarzschild-AdS, are quantum man-
ifestations of elliptic trapping near infinity. A classical result of Ralston [83] (in obstacle
scattering) shows that localized quasimodes of this type are an obstruction to uniform local
energy decay. In fact, with a loss of finitely many derivatives the best decay rate one can
obtain is logarithmic. This was proved for Kerr—AdS spacetimes in [56]. Since logarithmic



CHAPTER 1. INTRODUCTION 4

upper bounds were previously established for Kerr—AdS [55], such a decay rate is more or less
optimal; this slow decay lead to the original conjecture in [55] that Kerr—AdS is nonlinearly
unstable.

Outline of the thesis

Here we briefly describe the contents of this thesis.

Chapter 2: In this chapter we define stationary, asymptotically anti-de Sitter (aAdS) space-
times. We discuss global AdS space, as well as the Schwarzschild-AdS and Kerr—AdS
families of black holes. In terms of a canonical product decomposition near the confor-
mal boundary, we write down an expression for the stationary Klein—-Gordon operator
on an aAdS spacetime. This motivates the class of singular boundary value problems
studied in Chapter 3.

Chapter 3: This chapter considers boundary value problems for a class of singular elliptic
operators which appear naturally in the study of aAdS spacetimes. After formulat-
ing a Lopatinskii-type condition, elliptic estimates are established near the boundary.
The Fredholm property follows from additional hypotheses in the interior. This pro-
vides a rigorous framework for the mode analysis of aAdS spacetimes for the full range
of boundary conditions considered in the physics literature. Completeness of eigen-
functions for some Bessel operator pencils with a spectral parameter in the boundary
condition is shown, which has applications to the linear stability of certain aAdS space-
times.

Chapter 4: The quasinormal frequencies of massive scalar fields on Kerr-AdS black holes
are identified with poles of a certain meromorphic family of operators, once boundary
conditions are specified at the conformal boundary. Consequently, the quasinormal
frequencies form a discrete subset of the complex plane and the corresponding poles
are of finite rank. This result holds for a broad class of elliptic boundary conditions,
with no restrictions on the rotation speed of the black hole.

Chapter 5: In this chapter we produce quasimodes for the Klein—Gordon operator on
Schwarzschild-AdS backgrounds subject to Dirichlet boundary conditions. This is
done by considering an auxiliary eigenvalue problem whose eigenfunctions are concen-
trated near the conformal boundary. Because of the spherical symmetry, we are able
to give a precise description of the frequencies at which these quasimodes exist.

Chapter 6: We construct an approximate inverse for P(\) modulo errors of Schatten-class.
This allows us to estimate P(\)~! away from QNFs. We also prove “self-adjoint”
estimates in the upper half-plane using energy estimates, even though P()) is far from
self-adjoint. We then deduce the existence of QNFs converging exponentially to the
real axis for Kerr—AdS spacetimes using the quasimode construction of [56]. Much
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more precise spectral asymptotics are available from our results in Chapter 5, provided
one works with non-rotating black holes.

Previous work

Much of this thesis is contained in the author’s previous papers and preprints. Chapters 3,
4,5, and 6 are based on [40], [39], [42], and [41], respectively.



Chapter 2

Asymptotically anti-de Sitter
spacetimes

This chapter introduces the notion of a stationary, asymptotically anti-de Sitter (aAdS)
spacetime. The first example is global anti-de Sitter spacetime itself, whose metric behavior
near infinity is the model for aAdS spacetimes in general.

To study the general case we review the ADM decomposition of a stationary Lorentzian
metric and its d’Alembertian with respect to a foliation of the spacetime by spacelike hy-
persurfaces. The stationary d’Alembertian (depending on a complex spectral parameter) is
defined by a Fourier transform, and formally reduces the wave equation to a spectral problem
on a fixed time slice.

Next, we define stationary aAdS metrics and find a canonical product decomposition
near the conformal boundary. In general the stationary Klein—-Gordon equation is not an
elliptic boundary value problem of the usual kind (apart from certain values of the Klein—
Gordon mass). Instead, the operator has a Bessel structure in the conormal direction. This
motivates an extension to Bessel operators of the elliptic boundary value problem apparatus
studied in Chapter 3.

Finally, we define the Schwarzschild-AdS and Kerr—AdS families of spacetimes. These
are solutions to the Einstein equations with negative cosmological constant which contain
both an event horizon and an aAdS end. Spectral properties of the stationary Klein—Gordon
operator on these spacetimes are studied in detail in Chapters 4, 5, 6.

2.1 Anti-de Sitter space

Hyperboloid model

Anti-de Sitter (AdS) spacetime is the unique maximally symmetric solution of the vacuum
Einstein equation
Ric, + Ag =0
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with negative cosmological constant A < 0. Equip R*»¢ = R%*? with the metric

grea = —dzf — - —d2j + dzgyy +d2g,
of signature (2,d), where (z1,...,24:2) are Euclidean coordinates on R4™2. AdS;.; is the
hyperboloid
2 2 _ 2 2 2
2yt 2y = 2g4 — Zage =

of radius [ > 0 embedded in R*¢ with the metric induced by ggza. The AdS radius [ is
related to the negative cosmological constant by the formula

d(d—1)

R STE

. (2.1)

Since 22 T 22 o = 12 on the hyperboloid, these last two variables can be written globally
in polar coordinates

(za+1, za42) = 1 - B,

where R > 1 and t € S'. This gives an embedding of AdS;,; into R™ x (0,00)g X S} as the
hyperboloid
2t 2h — PR = -2

Moreover, the map R? x S} — R? x (0,00) x S} given by

(21, R ,Zd,t) — (21, .. .,Zd,R, t), R?* = +1 (22)

is a diffeomorphism from RY x S} onto AdSgy:.

Universal cover

In view of its topology, there exist closed timelike curves on AdS,,;. For instance, parame-
terizing t € S! by t(a) = (cos a, sin a) yields the 27-periodic timelike curve

ars (0,...,0,t(a)) € R x S;.

From the perspective of evolution problems such as the wave equation, the existence of such
curves is problematic. This can be avoided by working with the universal cover CAdSy, 1,
obtained from AdS,,; by replacing ¢t € S' with ¢ € R. Since we will only consider CAdS, 1,
henceforth AdS,,; will be used to refer to this covering space, which has the topology R% xR,.

Global coordinates

Away from the origin, R\ 0 can be described by an additional set of polar coordinates

(z1,...,2q) = TW,
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where r € (0,00) and w € S¥71. If R is given by (2.2), then R? = (r/l)> + 1. The AdS;,
metric is given in (7,w,t) coordinates by

r2\ 7! r?
gads = — (1 + 1_2) dr® + (1 + 1_2) dt* — r*dw?.
These coordinates are typically referred to as global coordinates, although they have the
typical degeneration at » = 0. The Lorentzian nature of gaqs is evident in this coordinate
system.

Bordification

AdSg41 can be bordified by first identifying it with R? x R, via (2.2), and then radially
compactifying R? to a closed ball R by gluing a sphere S¢~! at radial infinity. The function

s:(zf—l—...—i-zg)l/z

is a boundary defining function for OR?, and inverse polar coordinates [0,1), x S®1 — R4
given by
(s,w) s 'w

gives a collar neighborhood of OR<. The resulting bordification AdS,; is diffeomorphic to
R4 x R;, and its boundary
Z =0AdSs1

is diffeomorphic to S*! x R;. In (s,w,t) coordinates, the metric can be rewritten in the
form )

9aas = 5 (—(s*+172)7"ds® + (s +17%) dt* — dw?) .
Observe that the conformal multiple gags = 5%gaqs extends smoothly from AdSg.; to
AdS,, ;1. Furthermore, the restriction of gaqs to the boundary is

1724t — dw?,

which is again of Lorentzian signature; consequently the boundary is said to be conformally
timelike.

Geodesic motion

AdSg,q has the property that certain null-geodesics reach Z in finite coordinate time as
measured by t. Using spherical coordinates (6, ...,04 2,¢) on S“!, we can restrict our
attention to the equatorial set 6; = ... = 0,5 = 7/2. Corresponding to the Killing fields
T = 0, and ® = 0, are the usual constants of motion along a null-geodesic ~:

r

2 .
B=g(r) = (147 )i L=gl@0) =%
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Combined with g(¥,4) = 0, this yields the equation

N2 2 r’ 2
(r)* = E* — 1+l_2 L

Since T is timelike and 4 null, we have £ > 0. If L = 0 and F > 0, there are radial
null-geodesics with r(A) = EX along an affine parameter A. Plugging this into the equation
for  gives

t = larctan(E\).

In particular ¢ approaches the finite value 7/2 as r — oo. This indicates that boundary con-
ditions must be specified along 7 in order to specify the evolution of, say, a wave propagating
in Ade+1.

Wave equation

The d’Alembert operator in global coordinates is given by

O = 7D, (r f(r)D,) — r A, — f(r) ' D,

gAdS
where f(r) = 1+ (r/1)? and A, is the nonpositive Laplacian on S~!. The Klein-Gordon
equation
Oy +m?*) ¢ =0

can formally be analyzed by separation of variables. Let

Bt rw) = e M@ 2y (1)L S (W),
where S, is a spherical harmonic on S¢~! with eigenvalue £(¢ + d — 2). Defining v, o by

v =m?+d*/4, o= (20+d—2)*/4,
the equation (O, +m?) ¢ = 0 is equivalent to (P — A?)u = 0, where

Py = (fDy)* + (0% = 1/4)r 2 f + (v* = 1/4) .

Now make the change of variables r = [ cot z, where z € (0,7/2). Then

2-1/4 v2-1/4
et VRNt

cos? z sin? z

P,=D?+

which is a Schrédinger operator with potential on the interval (0,7/2). Observe the sym-
metric form of P, at the endpoints z = 0, 7/2. Each of these endpoints is a regular singular
point for P, and the associated indicial roots are 1/2+v at z =0, and 1/2+ 0 at z = /2.
Elliptic theory for differential operators with this type of inverse-square singularity is studied
in Chapter 3.
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It should noted that the singularities at z = 0,7/2 have different interpretations. At
z = /2 (which corresponds to r = 0) the original metric is smooth. Since 7" is timelike, this
means that the conjugated operator

M (O, + m2) e,
viewed as a differential operator on {t = 0}, is elliptic. By elliptic regularity, the solution
v(r,w) = r@ D 2y(r) - S, (W)
to the equation (O, + m?) e*v = 0 must be smooth up to r = 0. This means that if
u(r) ~ c_arccot(r/1)"/*77 + ¢, arccot(r/1)"/**°,

then c_ = 0. Indeed the function r@=Y/2 arccot(r /1)1~ on R4\ 0 does not extend smoothly
to R? for any value of ¢ as above (with ¢ > 0). This can be seen by repeatedly applying the
Laplacian in polar coordinates.

On the other hand, there is no a priori reason to exclude the branch z near 7
(corresponding to z = 0). It turns out that for v > 1, requiring solutions to have finite
energy with respect to the geometric stress-energy tensor does indeed rule out this branch.
This is not the case if v € (0, 1), where it is possible to make sense of the energy for solutions
behaving as /27 — see Section 6.3. The dichotomy between v > 1 and v € (0, 1) will be
present throughout this thesis.

1/2—v

2.2 Stationary spacetimes and ADM formalism

Before defining asymptotically AdS spaces, we review some facts about stationary spacetimes
and their ADM decompositions. This will allows us to write down the spectral family for
the Klein—Gordon equation on an arbitrary stationary spacetime in a convenient form.

Foliations

Let (M, g) be a d 4+ 1 dimensional Lorentzian manifold with signature (+,—, ..., —). Later
we will consider manifolds with boundary, but for now it is safe to assume that OM = (.
Suppose that there exists complete Killing vector field T" along with a hypersurface X C M
such that

1. each integral curve of T" intersects X exactly once,
2. X is spacelike with respect to g.

For any X with these properties, M is smoothly foliated the spacelike hypersurfaces

X, =exp(tT)(X), 7€R,
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where exp(tT) : M — M is the flow of T. In particular, M is diffeomorphic to R; x X via
the map
(t,p) = exp(tT)p, (t,p) € R x X.

In this way the parameter ¢ € R along the flow is identified with a temporal function
t: M — R defined by

Here, temporal means that dt is everywhere timelike, which is clear since X; = {t =t} and
X, is. Since T is Killing, M is said to be a stationary spacetime. For the remainder of this
section we simply write ¢ = t.

ADM decomposition

Let N; denote the unit normal to X. Since dt is normal to X,
N, = Adt*, A=gl(dt,dt)"V?,

where A > 0 is called the lapse function. Although 7T is not necessarily normal to X, it is
transversal by definition — therefore there exists a vector field W tangent to X, called the
shift vector, such that

T=AN+W. (2.3)

This also shows that A = g(T, N;). Let h denote the (positive definite) metric induced on
X. Under our identification
TM = TR, & TX,

where TR, is spanned by T'. Then the metric g is determined by

g(T7 T) = _h(Wa W) + A2>

g(V,V) = =h(V,V)
for any V' € TX. Conversely, suppose we are given M diffeomorphic to R, x X for some
manifold X. Fix a function A > 0, along with a vector field W and Riemannian metric h on
X. Then the data (A, h, W), lifted to M, uniquely determine a stationary metric g on M
via the formulas (6.3).

If (z") are local coordinates on X, then (¢, %) provide local coordinates on M, and T' = 9.
In these coordinates,

g = A*dt* — h;j(da’ + W' dt)(da? + W/ dt), (2.5)

where lowercase Latin letters denote spatial indices on X. The dual metric is neatly expressed
in a coordinate free manner by

Gl AT -W)® (T — W) —h".
Furthermore, the determinant of g is related to that of h by the formula |det g| = A? - det h.
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d’Alembert operator

The d’Alembert operator can be written in the form
Dg:P0+P1'Dt+P2'D?
where Py is a differential operator of order 2 — k on X. In local (¢, z%) coordinates:

O, =—A2D? + A2 W'D;D; + A7 (det h) /2 D; (A7 (det h)> W' D)
+ A7 (det B)"V2(Dy(A7 N (det h) V2 (R — ATEPWIWI)) D).

Therefore

{pl = —iA (W + W*) — iAW (AT, (2.6)

PQ = _A_27
where W* is the formal adjoint of W with respect to the volume form induced by h on X.

Writing down a coordinate-free expression for P, is not as nice, but its coordinate expression
1S

Py = A7 (det h)"V2(Dy(A™ (det h)V2(RY — AT2W'W))D;).

We are also interested in the Klein-Gordon operator O, + m?.

Hyperbolicity
The spacelike nature of X implies strict hyperbolicity of [, with respect to the hypersurfaces
X; [60, Chapter 24]. Begin by letting

G, () =¢7'(¢0Q), CeTyM,

which is the principal symbol of —[J, as a second order operator on M. If ( € T*M \ 0 is
not collinear to dt, then the quadratic polynomial

T+ G(p, ¢+ Tdt)

has two real distinct roots as can be seen by writing ¢ as the sum of a vector in R - dt and
its g-orthocomplement; this is the definition of strict hyperbolicity. In particular, dG # 0 on
Y., where

S ={G=0}\0

is the lightcone or characteristic set. Thus X is a smooth, codimension one, conic submanifold
of T*M \ 0. Furthermore,
Sn{g (¢ dt) =0} =0

since dt is timelike and hence G is nonpositive on the latter hyperplane. This implies that
Y is a disjoint union ¥ = ¥, U X_ of the future and past directed lightcones

Y1 =Y N {Fg (¢, dt) > 0}.
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The apparently counterintuitive choice of sign is made for consistency purposes later on.
With the identification T*M = T*R; & T*X, where T*R; is spanned by dt, any covector
& € T*M can be written uniquely as

=&+ Tdl (2.7)
with £ € T*X and 7 € R. In coordinates,
G(p, &+ Tdt) = A7272 = 247 W'gr + (AT2W'WY — 1Y) 45,
where we write £ = &; da’.

Lemma 2.2.1. If T is timelike at p € M and (T,() = 0, then G(p,({) < 0 for each
CeT:M\O0.

Proof. The condition (T', () = 0 implies that ¢ € TyM \ 0 is orthogonal to a timelike vector,
hence G is negative definite on R - (. m

From a different perspective, the condition (7', () implies 7 = 0 in (2.7), hence G(p,() < 0
is equivalent to A72W ® W — h~! being negative definite when 7' is timelike. Next, we let
T assume complex values.

Lemma 2.2.2. IfIm7 # 0, then G(p,{ + 7dt) # 0 for each ¢ € T; M.

Proof. By homogeneity it suffices to assume 7 = i, in which case
G(p.C +idt) = G(p.¢) — Glp, dt) + 2ig™" (¢, dt)

If ImG(p,{+idt) =0, then ReG(p,( + idt) < 0 since dt is timelike. O

The stationary operator

Since [J, commutes with 7', we may define the stationary d’Alembertian ﬁg()\) as an operator
on Y by the formula R . .
O,(Nu=e*0, (e7™u), ueD(D)

depending on the parameter A € C. In terms of the representation (2.6), this amounts to
replacing D; with —\ € C, R
O,(A) = Py — AP, + \?P.

Properties of Elg()\), or more generally the stationary Klein—Gordon operator Iflg()\) +m?2,

occupy the central part of this thesis. In coordinates, the principal symbol of Iflg()\) in the
sense of standard microlocal analysis is

po(x,&) = (K7 — AZ2W'WY) &,
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where ¢ = & dz* € T*X. This corresponds to —G(z,£ +0-dt). In view of the Lemma 2.2.1,

p0($7 5) >0
for € € T¥ X \ 0 whenever T is timelike at z. In other words, py is elliptic in the region where
T is timelike. R
There is also the parameter-dependent principal symbol of O, () which takes into account
the behavior as |A| — oo (possibly in the complex plane). This is just the function

depending on \. According to Lemma 2.2.2, if Im A # 0, then G(z,£ — Adt) # 0.

2.3 Asymptotically anti-de Sitter spacetimes

In this section we define anti-de Sitter (aAdS) metrics. Then, a convenient expression for the
Klein—Gordon equation is given with respect to a certain product decomposition near the
conformal boundary. By means of a Fourier transform, the initial boundary value problem
for the Klein—-Gordon equation is reduced to the study of the boundary value problem for
a stationary partial differential equation depending polynomially on the spectral parameter.
The corresponding operator is a Bessel operator whose order v depends on the Klein—Gordon
parameter; the condition » > 0 translates into the well known Breitenlohner—Freedman
bound.

Asymptotically simple ends

If (M, g) is a smooth Lorentzian manifold, then a connected open subset U C M is said to
be an asymptotically simple end if there exists

1. a Lorentzian manifold (M,q) with boundary OM and an embedding M — M identi-
fying M with an open subset of M,

2. a connected boundary component Z C 0M consisting of limit points of U, such that
7 is timelike for g,

3. a boundary defining function p € C*(M) for T such that g = p?g in U.

Observe that the notion of an asymptotically simple end is independent of the choice of
boundary defining function. Indeed, if p is replaced by e*p for some w € C>°(M), it suffices
to replace (M,g) with (M, e*"g).

Lemma 2.3.1 ([38, Section 3.1]). Suppose that (M, g) solves the vacuum FEinstein equation
Ricy, + Ag = 0.

If M has an asymptotically simple end with conformal boundary I, then I is automatically
timelike.
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When M is not Einstein, the last condition 3 must be imposed. The restriction of g to
T7 is a Lorentzian metric on Z, and its conformal class is denoted by [g|7z]. This conformal
class is independent of the choice of boundary defining function, since replacing p by e“p
modifies the boundary metric only by a conformal factor e¥.

Asymptotically anti-de Sitter ends
Let (M, g) be a smooth Lorentzian manifold with an asymptotically simple end U C M. If

g " (dp,dp) = -1

on Z, then U is said to be an asymptotically anti-de Sitter (aAdS) end. The aAdS
property is independent of the choice of boundary defining function used to define g = p%g.

Stationary aAdS spacetimes

Next, we consider asymptotically simple spacetimes with a preferred foliation by spacelike
surfaces. Begin by assuming there exists a complete vector field 7 on M which is tangent to
OM and Killing on M with respect to g. Furthermore, suppose there exists a hypersurface
X C M such that

1. each integral curve of T intersects X exactly once,

2. X is spacelike with respect to g.

The spacelike nature of ¥ does not depend on the choice of boundary defining function, and
moreover

X=XNM

is spacelike with respect to g. Since Z is timelike, X necessarily intersects Z transversally;
therefore X is a manifold with boundary component 9X = X N Z; this is a slight abuse of
notation since X may have additional boundary components which do not intersect Z.

As in Section 2.2, we let X; = exp(t7)X, where

exp(tT): M — M

is the flow of 7. Then M is smoothly foliated by the spacelike surfaces ¥, and t defines a
temporal function such that T" = 0;.

It is always possible to choose a boundary defining function p such that Tp = 0. We say
that p is stationary. This can be done by choosing an arbitrary boundary defining function
p € C(M), restricting p to 2, and then extending the resulting function to M as a constant
along the integral curves of T. Observe that if p is stationary, then g = p?g is a stationary
metric in the sense that T is Killing for g. We also say that a tensor field on Z is stationary
if its Lie derivative with respect to T" vanishes; this is a well defined notion since T is tangent
to Z.
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Lemma 2.3.2. Let p be a boundary defining function for I, and set g = p*g. If v € [g|rz]
1s stationary, then there exists a unique stationary boundary defining function x such that

-7729|TI = 7-

Proof. By definition, there exists w € C*(M) such that vy = €** g|rz. Define x on M by

z(exp(tT)p) = (e”p)(p), pe€X.

Then z%g|1,+z = Yolox, and by stationarity this also holds on Z. O

Given a stationary representative 79 € [g|rz], let = be given by Lemma 2.3.2. For
notational convenience, let

(s, ) = exp(sV)(")
denote the flow of the gradient vector field

1
= * d
VT @) i ) B

This vector field commutes with 7" since both x and g are stationary. In particular, ¢(s,-)
commutes with exp(sT')().

Lemma 2.3.3. If 0X is compact, then there exists € > 0 and an open neighborhood C of T
i M such that _
¢:[0,e)s xZT —C

1s a diffeomorphism.

Proof. Since 0X is compact, there exists € > 0 and an open neighborhood
U~ (=94,0) x0X

of 0X in Z such that ¢ is a diffeomorphism from [0,¢), x U onto its range. This can be
extended to a diffcomorphism from [0,¢); x Z onto its range by commuting ¢ with the
t-translations p — exp(tT)p. ]

In particular, ¢ is a collar diffeomorphism compatible with = in the sense that x pulls
back to the coordinate function s € [0,¢). The pullback of g to [0,¢)s x Z by ¢ takes the
form 32
* —as® + Y
b9 ="

where 7 is a smooth symmetric (0,2)-tensor on [0,¢)s x Z such that v|7z = 7. By a slight
abuse of notation, we identify x = s and simply write

)
82

g = (—da® + ) /2>
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Unless (gradxz g IL‘) t =0, it is not true that ¢(9X) is contained in X. To avoid confusion,
we will use our original notation t for the function on M such that

(X)) =t

First we identify Z with 90X x R, corresponding to the foliation of Z by X, NZ for 7 € R.
Points of Z are pairs (y,7) € X xR. Observe that the parameter along the T" flow restricted
to Z is now denoted by 7 rather than ¢. By stationarity,

t(o(x,y,7)) = t(p(x,9,0)) + 7,

and of course also t(¢(0,y,7)) = 7. Therefore ¢~! maps each slice C N X, onto the graph

{(z,y,t = Ho(2,9,0))) = (x,y) € [0,) x 9X}

Therefore the map
(.I, y) = (b(‘T? y7t - t(¢($, Y, 0))
is a collar diffeomorphism [0,¢), x X — C N X, compatible with z.

Special boundary defining functions

In the next lemma, we find a canonical form for the metric near Z in terms of a special
boundary defining function.

Lemma 2.3.4. If 0X is compact and o € [g|rom] is stationary, then there exists a unique
stationary boundary defining function x such that

1. 2%glrz = 70,
2. (22g) " *(dz,dz) = —1 in a neighborhood of .

Proof. The proof of [46, Lemma 5.2] goes through essentially unchanged. Let p be any
stationary boundary defining function such that p?g|rr = 79. Write g = p%g, and look for

in the form
w

r =e"p.
Then the equation |dz[3,, = —1 is equivalent to
—1=1d(e"p)|2eug = g(dp,dp) +2p g~ (dw,dp) + p*g~" (dw, dw). (2.8)

Dividing this equation by p,

2(grad,; p)w + pg~ ! (dw, dw) = —p~ (1 + g~ (dp, dp)), (2.9)
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which is a first order Hamilton—Jacobi equation. If y? are local coordinates on 0X, then
(¢*) = (p,y™, 7) are local coordinates on C via the collar diffeomorphism induced by p. Then
(2.9) is of the form

F(dw, p,y) = 2§" 0w + pg" d;w d;w + f(p,y) =0

for some function f. The noncharacteristic condition is 9,,F (0o, s,y)|z # 0, where (o;) are
variables dual to (¢") (so og is dual to p). This follows since Vyp is transverse to Z:

g” = (gradg p) p # 0.

Therefore (2.9) can be solved uniquely with the initial condition w|z = 0 in a neighborhood
of Z diffeomorphic to [0,¢), X Z: by compactness, this can be done in a neighborhood of 90X,

and since the solution does not depend on ¢ is can be extended along the integral curves of
T.

]

If x satisfies the condition described in Lemma 2.3.4, then z is said to be a special
boundary defining function. The integral curves of grad,., x are geodesics near Z, so the
Gauss lemma implies that they are orthogonal to the hypersurfaces {x = constant}. If ¢ is
the induced collar diffeomorphism, then

B —dx? + y(z)
=

9" (9) (2.10)

on [0,¢), x Z. Here xz — () is a smooth family of stationary Lorentzian metrics on OM
such that v(0) = .

Almost even metrics

The metric g as in Lemma 2.3.4 is said to even modulo O(z?) (in the sense of Guillarmou
[48]) if there exists a two-tensor v; on dM such that

v(x) = v + 22y + O(2?).

As in [48, Proposition 2.1], this evenness property is instrinsic to the conformal class [g|rz]
in the sense that it does not depend on the particular representative 7o such that v(0) = 7.

The fundamental class of aAdS metrics which are even modulo O(z?) are the Einstein
aAdS metrics. This was studied in great detail by Fefferman-Graham [36]. We only mention
the following fact:

Lemma 2.3.5. Suppose that (M, g) solves the vacuum FEinstein equation
Ricy, + Ag = 0.

If M has an aAdS end with conformal boundary I, then g is even modulo O(z*) near I.
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See [2, Section 2] for more information about this. The Einstein condition also enforces
additional conditions on the expansion of y(s) which are not exploited here — in the asymp-
totically hyperbolic setting, see Mazzeo—Pacard [78, Section 2].

Finding the special boundary defining function for an arbitrary aAdS spacetime (and
therefore also verifying the evenness property) may take some work. The following criterion
is frequently easier to verify for aAdS spacetimes.

Lemma 2.3.6. Suppose that p is stationary, and let ¢ denote the diffeomorphism considered
in Lemma 2.5.5 associated with p. If p*g has an expansion

¢*(p*g) = —ds® + 70 + O(s7),
where o is a stationary Lorentzian metric on OM, then g is even modulo O(z?).

Proof. Let x denote the unique stationary boundary defining function associated to the
representative p?g. Write x = e¢¥p for some w. Then (2.8) implies that after dividing by p,

2apw = O<p)7
so J,w = 0 at the boundary. The result can then be deduced from an explicit computation

in local coordinates, see also Lemma 3.1.3. O

Klein—Gordon operator

Given a special boundary defining function, there are two natural sets of coordinates Z. The
first arises from the map

(z,y,7) = ¢(x,y,7).

These coordinates do not respect the foliation by surfaces of constant ¢ in the sense that
¢(X; N7Z) is not contained in X .. However, these coordinates do have the property that
dy, O, are orthogonal to d,. The second set of coordinates are (x,y,t) arising from

(xvy’t) = gb(m,y,t - t(gZS(I,y,O))),

where t is the ADM time coordinate. We may then view (x,y) as coordinates on X, (near
7). It is easiest to write down the d’Alembertian in the first set of coordinates. We have

Oy = 2°D2 +i(d — 1+ e(z)) 2Dy + 2°0. ),
where z +— e(z) is a smooth family of functions on Z satisfying
1. Te(z) =0,

2. e(z) = z%eg + O(x?) for some ey € C(I).
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Indeed, e(z) = —(1/2)x0, log(det v(z)), and det y(z) = det vo+ O(z?). By means of a direct
calculation,

g =@/ (O, + v* — d*/4) gld=/2 = g2 (Op2g + (V¥ = 1/4)277),
where now
2y = Di + Z':L‘_le(x)D$ + D.y(gg).

To write down the corresponding ADM expression for [y near Z, we temporarily write

t=2(z,y,7) =2, y=9y(z,y,7)=y, t=t(z,y,7)=1+to(x,y,0)).

In that case,
ot ot

0y = 0z + %at, 0y = 05+ 8_yat’ 0- = 0.
We clearly have d; = 0, on Z. Furthermore, by definition,
ot

5 = 0u((6(x,,0))) = (gradz, o)t (2.11)

The quantity (2.11) vanishes precisely when X meets Z orthogonally with respect to z2g
(which does not depend on the choice of boundary defining function). Dropping the tildes,
we subsequently can write

Oy2g = (Dy + (grad,, ) t- Dy)? + iz 'e(x) (D, + (grad,., z) t- Dy)
+Q0($,y,Dy)+Q1(x,y,Dy)Dt+Q2(x,y)Dt2 (212)

in the coordinates (z,y,t). If x = z is fixed, then Q) are invariantly defined differential
operators of order 2 — k on X; N {z = x0}; in fact,

QO('IU? Y, Dy) + Ql(l’Oa Y, Dy)Dt + QQ(I‘O? y>Dt2

is the ADM decomposition of [1,(,,) with respect to the foliation of {x = z¢} by the sub-
manifolds X; N {x = x¢}.
Next, we define the operator

P, =02, + (V¥ —1/4)272, (2.13)

which up to a conjugation is 72 times the Klein-Gordon operator O, + v* — d?/4. The
corresponding stationary operator is

P()\) = P, e (2.14)

acting on X. The next lemma gives the precise structure of P(\) as a Bessel operator,
studied in Chapter 3.
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Lemma 2.3.7. Let ® : [0,¢) x 0X — X, be given by
O(z,y) = ¢(z,y, —t(z,y,0)).
If X meets T orthogonally with respect to x2g, then
®*P(\) = D>+ (v* — 1/4)x™2 + B(z,y, Dy; \) D, + A(z,y, Dy; \),

where A € Diff*(0X), B € Diff'(0X) are parameter-dependent differential operators on 0X
depending smoothly on x € [0,¢), such that B(0,y, D,; \) = 0.

Proof. This follows from (2.12), noting that both z™'e(x) and (grad,, z) t vanish at Z. [

Formally disregarding the singular but “lower order” z~2 term, the principal symbol of [z,
at . =01s

52 +Q0(07y777)7 (215)
whereas its parameter-dependent principal symbol is
52+Q0(07?J777) - Ql(x7y7n))‘+Q2(an)>\2 (216)

Here we are letting £ denote the variable dual to x, and 7 those dual to y. By Lemma 2.2.1,
if T is timelike at boundary point p € 90X, then (2.15) is positive definite in (£, 7). Similarly,
since dt is timelike, by Lemma 2.2.2 we see that (2.16) does not vanish for Im A # 0.

2.4 Schwarzschild—AdS space

The simplest AdS black holes belong to the Schwarzschild-AdS family of solutions. These
are the unique static, spherically symmetric solutions to the vacuum Einstein equations with
negative cosmological constant and spherical horizon.

Remark 1. Unlike their nonnegative cosmological counterparts, there exist AdS black holes
with non-spherical horizon topologies, but these are not considered here.

The d + 1 dimensional Schwarzschild-AdS spacetime with curvature radius [ is
M =R, x (ry,00), x S&1
equipped with the metric
g=fr)dt* — f(r) tdr® —r*dw?, f(r) =r*/P+ 1 — pur*

where dw? is the round metric on S%~!. The parameter p > 0 appearing in the definition of
f(r) is related to the black hole mass by
(d—1)A44

mass = ———— [,

167
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where A4 is the volume of the unit (d — 1) sphere. As for AdS,;1, the radius is related to
the negative cosmological constant by (2.1). The radial coordinate r ranges over (r,,00),
where r, is the positive root of f. Observe that f is monotone increasing for » > 0, and
f — foo as r — oo and r — 0 respectively; therefore r, certainly exists and is unique. This
also means that the nondegeneracy assumption

f(ry) >0 (2.17)

is automatically satisfied. In more sophisticated language, this means that the surface gravity
of the Killing horizon H* = {r = r} is positive [98, Section 2]
Up to a constant multiple of the metric, we may assume that [ = 1. The scaling trans-
formation
l—kl, p—ku, r—kr, t—Fkt

induces the conformal change g — k?g. For the remainder of this section, we may therefore
assume that [ = 1 by setting k = (7.

Schwarzschild—AdS as an aAdS spacetime

Rewriting the metric in terms of s = r~! shows that s?¢g extends smoothly from M to
M =R, x [0,7;")s x ST,

where now s € C>(M) is a boundary defining function for Z = {s = 0}. The boundary
metric with respect to s is
s*gly = 172 dt* — dw?,

which is the same as for AdSz,;. It is also clear that s72¢g~!(ds,ds) — —1 as s — 0, so Z is
an aAdS boundary. In fact, using Lemma 2.3.3 it is easy to see that g is even modulo O(z?).

Extended spacetime

The metric coefficient of dr? blows up at H* = {r = r, }. This apparent singularity can be
removed by an appropriate change of variables. Define a new time coordinate

t*=t+7r(r),
where r* satisfies | |
or (r)=—+——, 1r° =0.
(1) " + 5.2 r*(00)

In the ingoing Eddington—Finkelstein coordinates (t*,r,w),

dr? — r2dw?.

24 r? 14 prd?
= dt*)? — ————dt*dr —
g f(T‘) ( ) Td_2(1 4 T2) r (1 + 7‘2)2
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This expression is clearly smooth, and in fact extends as a Lorentzian metric up tor =r, —4¢
for 6 > 0 sufficiently small. We denote this extended spacetime by

M(; = Rt* X (T+ — 5) X Sd_l

Let T' = Oy« (which equals d; on M), which is Killing for g. Clearly Mjs is foliated by the
slices of constant t*, and each of these surfaces is spacelike. To see this, we calculate the
inverse metric

_ 14+7r2+ ,urQ*d 2,ur2*d _ _
g = (1+72)2 (93*_1+r2‘ o0 = f(r)OF —r " ™.
In particular, we clearly have that
_ L+ 72+ pr?e
1 * *
dt*,dt*) = > 0.
g ( ) ) (1 +7”2)2

In order to apply general results from Section 2.3, in particular Lemma 2.3.7, we should also
check that {t* = 0} intersects Z orthogonally. With s = r~! a boundary defining function,
this follows from

g Hdt*,ds) = —s*g72(dt*, dr) = ps®T? /(1 + %),

which vanishes at s = 0.

2.5 Kerr—AdS spacetime

The Kerr—AdS metric is determined by three parameters (A, M,a), where A < 0 is the
negative cosmological constant, M > 0 is the black hole mass, and a € R is the angular
momentum per unit mass. Given parameters (A, M, a), let [* = 3/|A| and introduce the
quantities
2 2 r? a®
A, = (r +a)(1—|—l—2) —2Mr, Agzl—l—zcos 0;
2

a
92:7“2—1-&2(:0829; o= R

The following lemma concerns the location of roots of A,.

Lemma 2.5.1. Any real root of A, must be nonnegative, and there at most two real roots.
If a =0, then A, always has a unique positive root.

Proof. When a = 0 it is clear that A, has a unique positive root, and furthermore 0,A,(r) >
0 for r > 0.

On the other hand, if a # 0 then A,(0) > 0 and 0,A,(0) < 0. At the same time,
A,(r) = oo. Since 9?A, > 0, when a # 0 any real root of A, must be positive, and there
are at most two real roots. O
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We assume that A, has at least one real root, and we let r, denote the largest of these.
We also assume the nondegeneracy condition

Al(ry) > 0. (2.18)
The Kerr—AdS metric is given in Boyer—Lindquist coordinates by

dr?  do? Agsin?é

_ oo ar uvy Ayl v (2 2 2

g=—0 (AT—FAQ) 21— o)y (adt — (r* + a®) do)
Ar .2 2
—i—m(dt—asm 9d¢) .

In this expression (6, ¢) € (0,7) x (R/27Z) are spherical coordinates on S? while ¢t € R and

r € (ry,00). The dual metric g~ is given by
_ A A (1 — Oz)2 . 2
1_ T 52 0 52 2
g = - ?@ - ?89 = A, s (asin® 00, + 0,)
(1—a)? 2
+ W ((7’2 + a2)(9t + a8¢) .

As in the Schwarzschild-AdS case, we will henceforth assume that [ = 1 by rescaling (equiv-
alently, A = —3); the only difference is that we must also scale a — ka.

There are two apparent singularities: at the poles 8 € {0,7} where sin®f# = 0, and at
r = r, where 1/A, blows up. The former is an artifact of spherical coordinates. To see that
the metric is indeed smooth up to the poles, introduce Cartesian coordinates

xr1 =sinfcosp, w9 = sinfsin ¢.

Since sin? 6 d¢p = x1 dxy — x5 dz; and the latter is smooth up to z; = zo = 0, it suffices to
consider only angular terms where d¢ is not a multiple of sin?#. The only such term is
2 .2
0 Agsin“0 9\9 1.9
- (r" + do”.
Since r?+a? = > +a?sin® § and Ay = (1—a)+a?sin? f, this is further reduced to considering

o

A (d6* + sin® d¢?) ,

which is the metric on S? times a quantity smooth up to the poles, hence is smooth itself.

Extended spacetime

The singularity at the event horizon H* = {r = r, } can be remedied by a change of variables
similar to the Schwarzschild—AdS case. Set

" =t+ F(r); ¢ =¢+ Fy(r), (2.19)
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where F}, Fy are smooth functions on (7, 00) such that

l—«

A,

0B ) = 7+ )+ L), B = a

(2.20)

Here f, is an arbitrary smooth function, and Fj, Fj, are chosen to vanish at infinity. The
dual metric in (t*, 7,0, ¢*) coordinates reads

0% = = (0, + f100)? = Dg0F — 2(1 — @) (0r + f10) ((r* + a®)Op + a0y )
(1—a)

— m (CL SiIl2 6’3,5* —|— 3¢*)2 s (221)

which is smooth up to r =r,. Given § > 0 set
Xs=(ry —6,00) x §?, Ms = X;5 x Ry

If § > 0 is sufficiently small, then g admits an extension (as a metric) from Mg to Ms.
There are two Killing fields on M corresponding to stationarity and axisymmetry of
Kerr—AdS:
T=0=0x, ®=0y=0.

The extended region M, is smoothly foliated by the hypersurfaces {t* = 7} for 7 € R. We
can also identify {t* = 0} with X;, and then the foliation is obtained by translating X along
the integral curves of T'. With this identification, we need X to be spacelike; this condition
depends on the function f, used to extend the metric. One explicit choice with this property

1S 1
o —

The hypersurface H* is null since dr is null there. Furthermore, H™' is a Killing horizon
generated by the vector field

(2.22)

a
K=T+ %
r2 + a?

P,
as it is easy to check that K is null on H* as well. In particular there exists x € R such that
grad, g(K, K) = 2kK

on H'. Examining the 0, component of the above equation on the horizon gives the value

o — O A (ry)
20— a)(2 + ) (223)

which is strictly positive under our assumption (2.18) on 7.



CHAPTER 2. ASYMPTOTICALLY ANTI-DE SITTER SPACETIMES 26

Kerr—AdS as an asymptotically anti-de Sitter spacetime

To analyze the behavior of ¢ for large r, introduce a new radial coordinate s = r~! for large
values of r. In fact s is a well defined function on the entirety of M; since r, > 0. Let

Z={s=0}
denote the conformal boundary. Noting that
A=52+0(1), A =s5*+0(s7?),
it follows that s?g has a smooth extension to M; = M; UZ. Thus s’ may be written as
s?g = —ds® + v,

where 7 is a (0, 2)-tensor near the conformal boundary Z such that 7|z does not depend on
ds. In terms of (¢,s,6,¢) and s > 0 small,

2 .2
v = % — %dcﬁ + (1 —a*) 7 (dt — asin® qub)Q + O(s?),
where the O-term denotes a (0, 2)-tensor on M with O(s?) coefficients. Note that ds is
spacelike for s? glz and 7|7z is a Lorentzian metric on Z. The leading term in the expansion
of v is in fact a Lorentzian metric vy on Z; both T" and dt are timelike for . According
to Lemma 2.3.3, g is even modulo O(z%). We can also use (2.21) and (2.22) to see that Z
meets the surfaces of constant ¢* orthogonally, hence Lemma 2.3.7 is applicable.



27

Chapter 3

Elliptic boundary value problems for
Bessel operators

The study of linear fields on asymptotically anti-de Sitter (aAdS) spaces has stimulated new
interest in boundary value problems for a class of singular elliptic equations, wherein the
operator D? + (v? — 1/4)x72 acts on one of the variables [33, 54, 59, 57, 96, 100, 99]. To
formulate this class of operators more precisely, consider a product manifold [0,¢) x 90X,
where 0.X is compact. The model for what we call a Bessel operator has the form

P(z,y, D, Dy) = D2+ (v* — 1/4)x7> + A(z,y, D),

where (z,y) € (0,6) x 0X and A is a family of second order differential operators on 90X
depending smoothly on = € [0,¢). The parameter v is required to be real and strictly
positive. In the study of linear waves on aAdS spacetimes, v is related to the mass of a
scalar field — see Section 3.2 for more details. The condition ¥ > 0 corresponds to the
Breitenlohner—Freedman bound [13, 14].

Boundary data for this problem are formally defined by the following weighted restric-
tions:

v—1/2

yu=u=x ulox, Yiu= x1’2”8x(x”’1/2u)|ax.

Some care is needed to give precise meaning to these restrictions — see Section 3.3, along
with an earlier discussion in Warnick [100]. The boundary operators in this paper are of the
form T'= T ~_ + T*%v,, where T—, T" are differential operators on 90X of order at most
one and zero respectively. This paper is concerned with solvability of the boundary value
problem

{Pu:fonX (3.1)

Tu =g on 0X

when 0 < v < 1, and the simpler equation

Pu=fonX (3.2)
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when v > 1. No boundary conditions are imposed when v > 1, since in that case u must
satisfy a Dirichlet boundary condition. The difference between the cases 0 < v < 1 and
v > 1 is explained in more detail in the introduction to Section 3.4.

Ellipticity of the Bessel operator P is defined in Section 3.1. As in the study of smooth
boundary value problems, there is also a notion of ellipticity for (3.1), given by a natural
Lopatinskii condition on the pair (P,T"). This condition is introduced in Section 3.4. Elliptic
estimates are proved in Theorem 1 of Section 3.4. When the operators P, T" depend polyno-
mially on a spectral parameter A, there is a notion of parameter-ellipticity for both P and the
boundary value problem (3.1). Theorem 2 of Section 3.4 provides elliptic estimates in terms
of parameter-dependent norms, which are uniform as |A\| — oo in the cone of ellipticity.

For the global problem, consider a compact manifold X where [0,¢) x 0X is identified
with a collar neighborhood of 9.X. Suppose that the restriction of P to this collar is a Bessel
operator — see Section 3.1 for details. As in the case of smooth boundary value problems,
estimates for P near X may often be combined with estimates in the interior X to establish
the Fredholm property (including some cases where P fails to be everywhere elliptic on X).
In Section 3.5, a sufficient condition of this type is discussed. Furthermore, in the presence
of a spectral parameter A\, unique solvability is established for A in the cone of ellipticity
provided |\| is sufficiently large.

For stationary aAdS spacetimes with compact time slices and an everywhere timelike
Killing field, Section 3.6 describes a class of boundary conditions which yield a complete set
of normal modes associated to a discrete set of eigenvalues. Of particular interest are time-
periodic boundary conditions which depend on 0, (hence depend on the spectral parameter
after a Fourier transform). This is important for the study of modes with transparent or
dissipative boundary conditions, along with superradiance phenomena [3, 59, 103].

In Chapter 4, discreteness of quasinormal frequencies is also established for massive fields
on Kerr—AdS black holes with arbitrary rotation speed. These frequencies replace eigenvalues
in scattering problems [17, 26, 39, 61, 70, 99]. When 0 < v < 1, arbitrary boundary
conditions satisfying the Lopatinskii condition may be imposed on the field (although of
course one does not have any completeness statement).

Our approach is inspired by the texts of Roitberg [84] and Kozlov—-Mazya—Rossman [71].
This approach is particularly suited to the singular nature of Bessel operators, and allows
for the study of boundary value problems in low regularity spaces as needed in applications
to general relativity — see Section 3.5. All the methods are classical, using only homo-
geneity properties of differential operators. The key is exploiting the theory of “twisted”
derivatives as first emphasized in [100]. This is based on the classical observation that the
one-dimensional Bessel operator D? + (v? — 1/4)x~2 admits a factorization as the product
of a first order order operator and its adjoint; this first order operator is then treated as an
elementary derivative.

Using a variational approach, Holzegel [54], Warnick [100, 99], and Holzegel-Warnick [58]
derive some of the same (or similar) elliptic estimates. However, only the “classical” self-
adjoint boundary conditions are handled when 0 < v < 1; these are the Dirichlet (7" = ~_)
and Robin boundary conditions (T = v, + fv_ with real-valued ). The approach taken
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here accounts for a larger class of non-self-adjoint boundary conditions, which is optimal
among differential boundary conditions.

The results of this paper should also be compared to earlier works of Vasy [96], Holzegel
[54] on aAdS spaces, where a more restrictive measure is used to define the space of square
integrable functions. In those works, the square integrability condition is equivalent to
the generalized Dirichlet boundary condition. This limits the range of applications, since
different boundary conditions are employed throughout the physics literature on aAdS spaces
[3, 8, 13, 14, 25, 65, 105]

There is also a general microlocal approach to degenerate boundary value problems de-
veloped by Mazzeo—Melrose [80], Mazzeo [77], Mazzeo—Vertman [79], among many others.
The work of Vasy [96] on aAdS spaces makes use of this technology. In particular, the elliptic
theory in [79] could likely reproduce the results of this paper, and is also applicable to much
more general classes of elliptic operators. On the other hand, the approach developed here
is directly motivated by the physics literature. For instance, the Sobolev spaces used in this
paper were originally defined in [100] to give precise meaning to the energy renormalization
implicit in the work of Breitenlohner—Freedman [13]. There is also a simplicity advantage in
using physical space methods, rather than a more sophisticated microlocal approach.

Bessel operators of the precise kind studied here arise in numerous contexts outside of
general relativity with negative cosmological constant, both mathematical and physical. See
for instance the monograph of Kipriyanov [69] and the substantial literature surrounding
“generalized axially symmetric potentials” [34, 44, 62, 101, 106].

3.1 Preliminaries

Conventions for differential operators

If P is a smooth differential operator on a manifold Y, then in local coordinates,

P= > a(y)Dy. (3.3)

In that case the order of P is said to no greater than m. The smallest m for which there
exists a nonzero coefficient a,, |&| = m in some coordinate representation is the order of P,
written ord(P). If the order of P is no greater than m, the symbol o,,,(P) of P with respect
to m is the polynomial function on T*Y given in local coordinates by

on(P)(y,m) = > aaly)n®. (y,m) € TY.

|a)l=m

Thus if m is strictly larger than the order of P, then o,,(P) = 0. The space of differential
operators of order no greater than m is denoted Diff"(Y'). If P has order no greater than m
with m < 0, then P = 0; conversely if P = 0, then P can assigned any negative order. This
convention will be useful throughout Section 3.4.
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The class of parameter-dependent differential operators on a manifold Y is defined as
follows: P € Diff{§,(Y) if in local coordinates,

P(y,Dy; \) = Z aa7j(x)Ang.

j+lel<m

The parameter-dependent order ord(’\)(P) is defined by assigning to M/ the same weight as
a derivative of order j. Thus the parameter-dependent principal symbol of P is given by

oA = > aw (N, (g0, ) € TY x C.

jtlal=m

If Y =T" and s € R, the parameter-dependent Sobolev norms on Y are defined by

el e grny = D> (L4 A + Jal) [a(q) %,

qeEL™

where 4(q) are the Fourier coefficients of u. This definition can be extended to an arbitrary
compact manifold Y so that any parameter-dependent operator P € Diff?f\)(Y) is bounded
P:H*(Y)— H* ™ (Y) uniformly with respect to |A| in these norms.

Manifolds with boundary

Let X = XUOX denote an n-dimensional manifold with compact boundary 0X and interior
X. A boundary defining function for 0X is a function x € C*(X) satisfying

r710)=0X, x>0o0nX, dr|sx #0.

Given z, there exists an open subset W DO 90X, a number ¢ > 0, and a diffeomorphism
¢ : [0,e) x X — W such that x o ¢ agrees with the projection [0,¢) x dX. A collar
of this type is said to be compatible with z. A compatible collar can be constructed as
follows: choose a Riemannian metric ¢ on X and consider the unit normal vector field
N = grad, z/g~'(dz,dz). This is well defined on {0 < z < ¢} provided € > 0 is chosen
sufficiently small to ensure dx # 0. Then let

d(s,y) = exp(sN)(y)

where exp(sN) is the flow of N for s € [0,¢) and y € X. Unless otherwise specified, a
manifold with boundary X will always refer to X equipped with a distinguished boundary
defining function x and a choice of compatible collar diffeomorphism ¢.
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Bessel operators

Given v € R, formally define the differential operator d, by the formula
0, =0, +(v—1/2)27! = 2 2o, av 2,

Furthermore, let 0% = —a¥~1/20,2'/2>7% which is the formal adjoint of d, with respect to
Lebesgue measure on R, . Similarly, let D, = —i0, and D} = 10}. Note that

|D,|> == D:D, = D} + (v* — 1/4)x?
is the one-dimensional Bessel operator in Schrédinger form.

Definition 3.1.1. Let X denote a manifold with compact boundary. A differential operator
P € Diff>(X) is called a Bessel operator of order v > 0 if there exist

A = A(z,y,D,) € Diff*(0X), B = B(x,y,D,) € Diff'(9X),
depending smoothly on = € [0,¢), such that B(0,y, D,) =0 and
¢*P = |D,|* + B(z,y,D,)D, + A(z,y, D,) (3.4)
The set of such operators is denoted by Bess, (X).

Remark 2. The requirement that |D,|* appears with unit coefficient is not at all essential.
If the coefficient is a positive function smooth up to x = 0, then the quotient of P by this
coefficient is a Bessel operator as above, and this normalization does not affect any of the
arguments in Sections 3./, 3.5.

The class of Bessel operators depends strongly on the pair (z, ¢), where x is a boundary
defining function and ¢ is a collar diffeomorphism compatible with z in the sense of Section
3.1. To make this explicit, write Bess,(X;xz, ¢).

Lemma 3.1.2. Let x, p be two boundary defining functions with associated collar diffeomor-
phisms ¢g, ¢,. Given p € W, write

¢, ' (p) = (z(p), y(p)) € [0,¢) x OX.

Let ® = 971 06y, s0 that B(L,2) = (w0 6,)(1,2), (y 0 6,)(t, 2)) Jor each (1, 2) € [0,€) x DX.
If

0; (0 $,)(0,) =0, i(yo,)(0,:) =0 (3:5)
and P € Bess,(X;p,¢,), then there exists a positive function f € C°(W,NW,) such that
fP € Bess(X;z, ¢.).
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Proof. The condition (3.5) gives

(w0 dp)(t,2) =10i(z 0 6,)(0,2) + O(t)),  (yo )t 2) = (y° d)(0,2) + Ot).

The result can be established from the composition rule for derivatives in local coordinates.
O

Lemma 3.1.3. Suppose that x is a boundary defining function, and that ¢, is given by the
flow of grad, x /g~ (dx,dx) with respect to a fized metric g defined near 0X. Let p = e“x
and h = €*g, where w is smooth near 0X and d,w(0) = 0. If ¢, is given by the flow of
grad, p/h~(dp,dp), then ® := ¢, ' o ¢, satisfies (3.5).

Proof. First write
z(g,(t, 2)) = e’“’(‘z’f’(t’z))p(%(t, z)) = e~ w(@n(t2))g
which gives
0} (w0 ¢,)(t,2) = e @D (220, (w 0 @) + tDy(w © ¢,)* + 13} (w 0 B,)) (¢, 2).

This quantity vanishes at t = 0 provided d,(w o ¢,)(0,2) = 0, as assumed in the lemma.
Next, write

grad, p = xe" grad, w + " grad, v = e~ (z grad, w + grad, x).

When restricted to 0X we therefore have

—w gradh P w gradg x
SR P = ERST W(dp,dp) T g (de, da)

Thus 0,(y o ¢,)(0, z) is proportional to (grad, p),y for any z € 90X, since ¢,(0, z) = z € 0X.
Further, (grad,, p).y is proportional to (grad, x).y, which is proportional to 9(y o ¢.)(0, 2).
But (y o ¢.)(t,z) = z for all ¢, so the derivative of this constant function vanishes, finishing
the proof. n

In Lemma 3.1.3 the relation h = e*¢ can be replaced by h = eVg for any smooth v, but
in practice h will be related to g as stated.
A (smooth, positive) density © on X is said to be of product type near 90X if

¢*p = |dz| ® pox

for a fixed density pugx on 0X. It is of course always possible to choose a density of product
type near X. This is useful in light of the next lemma. If X is compact, then L?(X) may
be defined as the space of square integrable functions with respect to any smooth density u
on X, in particular one of product type near 0.X.
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Lemma 3.1.4. Suppose that p is of product type near 0X. If P € Bess,(X), then P* €
Bess, (X), where P* is the formal adjoint of P with respect to p.

Proof. The pullback of P* to (0,¢e) x 0X is given by
|D,|* + D:B* + A*,

where A*, B* are the formal adjoints of A, B with respect to usx-.
On the other hand, D}B* = B*D} + [D,, B*]. Furthermore, since B = xB; for a first
order operator By on 0X depending smoothly on x € [0,¢) x X, it follows that

B*D;, = xBiD; = Bi(zD, —i(1/2 —v)) = B*D, —i(1/2 — v)Bj,

which completes the proof since the multiple of B} as well as [D,, B*] may be absorbed into
A*. O

For the local theory, it is convenient to work on T% = R; x T""! where T ! =

(R/27Z)"~". The set of Bessel operators on T?} is defined with respect to the canonical
product decomposition on T7. Thus P € Bess, (T ) if

P(x,y,D,, Dy) = D, + > bs(w,y)D)D, + > aal(w,y)D;

I81<1 o <2

for bg € C*°(T7%) and a, € C*(T"). When working on T", the functions bg, a, are referred
to as the coefficients of P.
Fix a coordinate chart Y C 90X and a diffeomorphism 0 : Y — V', where V is an open
subset of T" 1. Setting
U=¢([0,¢) xY),

the map ¢ : U — [0,¢) X V given by ¢ = (1 x #) o ¢! defines a boundary coordinate chart
on X. Given P € Bess, (X), there clearly exists Py € Bess, (T’ ) such that

Pu = Py(uo)

for each u € C2°(U°). Furthermore, it is always possible to arrange it so that the coefficients
of Py (in the sense of the previous paragraph) are constant outside a compact subset of T’}

Ellipticity and the boundary symbol
Given P € Bess,(X) which near 0X has the form
P=|D,>+ BD, + A,
let Ao(y, D) = A(0,y, D,). Ellipticity of P at a point p € 0X is defined via the function

&+ o2(Ao) (p,m), (3.6)

which is a homogeneous polynomial of degree two in (¢§,7) € R x T70X.
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Definition 3.1.5. The Bessel operator P € Bess,(X) is said to be (properly) elliptic at
p € 0X if for each n € T;0X \ 0 the polynomial

&= &+ 0a(Ao)(p. 1) (3.7)

has no real roots.

Ellipticity at p € 0X is equivalent to the statement that the homogeneous polynomial
E2 + 09(A)(p, n) is elliptic in (&, 7). Thus, ellipticity implies the existence of nonreal roots
+£(p,n), where Im&(p, ) < 0 by convention.

For each (y,n) € T*0X\0, the symbol 02(Ap)(y, n) determines a family of one dimensional
Bessel operators given by

Py = IDu|* + 02(A0) (y, ). (3.8)

The operator ﬁ(y,n) is called the boundary symbol operator of P. Let M, (y,n) denote the
space of solutions to the equation

~

Pypu=10

which are bounded as z — co. Ellipticity at p € 0X implies that dim M (p,n) = 1 for each
n € Ty0X \0. Indeed, the space of solutions to P, ,yu = 0 is spanned by the modified Bessel
functions

{z'2K,(i€(p, n)x), =" /L, (i&(p, n)x) } .
Since Rei&(p,n) > 0, it follows that

22K (i&(p,m)x) = O (e779) o — oo,
while the second solution grows exponentially [82, Chapter 7.8]. Thus only the first solution

can possible lie in M (p, 7).

Parameter-dependent Bessel operators

Definition 3.1.6. Let X denote a compact manifold with boundary as in Section 3.1. A
differential operator P(\) € Diff?/\)(X) is called a parameter-dependent Bessel operator of
order v > 0 if there exist

AN = Az, 5, Dy A) € Dif2,)(9X),  B(A) = B(x,y, Dy; A) € Diffly (9X)
depending smoothly on x € [0,¢,), such that B(0,y, D,; \) =0 and
$-P(\) = |Duf? + Bz, g, Dy Dy + Alz,y, Dy A (3.9)
The set of such operators is denoted by BesstM(X).

Ellipticity with parameter is defined by replacing the standard principal symbol of A
with its parameter-dependent version. Begin by fixing an angular sector A C C.
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Definition 3.1.7. A parameter-dependent Bessel operator P()\) is said to be (properly)
parameter-elliptic with respect to A at p € 90X if for each (n,\) € T;0X x A\ 0, the
polynomial

£ & 4 03" (Ao) (p ;) (3.10)

has no real roots.

Similarly, for (y,n,A) € T*0X x A\ 0, define
Py = [Dy? + 08V (Ao) (y,m; V),

and then let M (y,n; A) denote the space of solutions to ﬁ(ym; »u = 0 which are bounded as
r — 00. As before, this space is one-dimensional.

3.2 Motivation: asymptotically anti-de Sitter
spacetimes

The main motivation for the introduction of Bessel operators is to study the stationary
Klein—Gordon equation on a stationary aAdS spacetime as in Section 2.3.

Lemma 3.2.1. Let (M,g) denote a stationary aAdS spacetime with conformal boundary
T. Suppose that x is a special boundary defining function for T, and that g is even modulo
O(z®). Define the rescaled and conjugated stationary Klein—Gordon operator P(\) on X
as in (2.14). If X intersects T orthogonally, Then P()\) is a parameter-dependent Bessel
operator on X of order v with respect to x.

Proof. This follows from Lemma 2.3.7: since 2 'e(z)D, and x~'e(x)D, differ by a smooth
multiplication operator, the difference can be absorbed into the terms not involving differ-
entiation in z. O

If T is timelike at Z, then according to the discussion following Lemma 2.3.7, the Bessel
operator P(\) is elliptic at 0.X. Furthermore, if dt is timelike, then P(\) is parameter-elliptic
with respect to any angular sector A C C disjoint from R\ 0.

3.3 Function spaces and mapping properties

The purpose of this section is to define Sobolev-type spaces H*® based on the elementary
derivatives 8, and |D,|?, both on T’} and on a manifold with boundary. Finally, it is shown
that Bessel operators act continuously between these spaces.

The exposition is closest to that of [100], where these “twisted” Sobolev spaces were
first introduced in the context of aAdS geometry. The relationship between H' and certain
weighted Sobolev spaces was exploited both in [100] and also in the closely related study of
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asymptotically hyperbolic spaces in [23]. Similar spaces are also defined in [66], and in [67,
108] as related to the Hankel transform.

Throughout this section the spaces L*(T"}) and L*(T"') are defined with respect to
ordinary Lebesgue measure, and H™(T"!) denotes the standard Sobolev space of order m
on T"~'. The notation H°(T%) := L*(T7) is also frequently used.

The weighted space H(T")
Given p € R, let
HY(T?) = {u€ 2'(T%) : 220°u € L*(T%) for |af < 1},

which is a Hilbert space under the norm

i
lalBpy ey = 3l 0ulZacrs,

o<1

Furthermore, let [ +(T") denote the closure of C2°(T7) in H,. These spaces are well studied,
see Lions [74], Grisvard [417] for example.

Lemma 3.3.1. The following hold for p € R.
1. If |u| < 1, then C=(T7) is dense in H(T%).
2. If |u| > 1, then H(T%) = HY(T?).
Proof. Proofs of these facts may be found in [47, 74]. O

Given a Hilbert space E, let H i (R, ; E) denote the Hilbert space of E-valued distributions
u € Z2'(Ry; F) such that

z2ue AR E), z°u e LR E),

equipped with obvious norm. The Sobolev embedding theorem in this setting, [47, Proposi-
tion 1.1'], says that H}(Ry; E) < C°(Ry; E) for < 1, thus the map u — u(0) is continuous
H\(Ry; E) — E . Since H(T?%) C H)\(Ry; L*(T")), it follows that any v € H,(T" ) admits
a trace

u > ulpor € LA(T™Y). (3.11)

Furthermore, the kernel of u +— |1 is H L(T%) — see [47, Proposition 1.2]. The next
lemma improves upon the regularity of this restriction.

Lemma 3.3.2. Suppose that ;n < 1. Then the restriction
w1, u € CF(TR)

extends uniquely to continuous map vy : H)(T') — HO=M2(T"1), and furthermore v admits
a continuous right inverse.
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Sketch of proof. By the Sobolev embedding, any ¢ € C®(R,) C H}L(RJF) admits an estimate
of the form

PO < C / 2 (|0 + []?) do.

R

Apply this inequality to the function ¢(sz), and then choose s (depending on ) satisfying

/x“\g0|2dx = sz/x“]¢/|2dx.
R R
This yields the estimate

(1—p)/2 (14p)/2
p(0)2 < 2C (/R x“|gp|2dx) (/R x“|g0’|2dx) | (3.12)
+ +

Now consider u € H,(T?) and let u(q) denote its Fourier coefficients, where ¢ € Z"~'.
It suffices to apply the inequality (3.12) to @(q), which lies in H)(R,) for each ¢ € Z"~'.

Multiplying (3.12) by (g)'* and summing over all g, it follows that
[yull ga-wre < Cllullmyr,)-

The unique continuation of ~ follows from the density of Cg°(T7%) in H)(T7%). That v admits
a right inverse is also straightforward, see Lemma 3.7.3 for a closely related result. O]

The trace u + ~yu defined in Lemma 3.3.2 agrees with the restriction given by (3.11)
since they both agree on the dense set C2°(T"% ).

1
The space H'(T")
Given v € R, define

HNT}) ={ue 2'(T}) : 3)05u € L*(T%) for j + |o| < 1},

where aga;u is taken in the sense of distributions on T. Then H'(T") is a Hilbert space
when equipped with the norm

||U||?Lzl(1r1): Z ||858§U||%2(T1)7

J+|al<1

The space Hi(T"}) is defined analogously by replacing 9, with its formal adjoint 8. Let
H'(T") denote the closure of C>°(T%) in H'(T?), and similarly for H}(T?%).

Lemma 3.3.3. If v # 0, then /Hl(Tf”r) = Hl(T:ﬁ) with an equivalence of norms.
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Proof. Let v € C2°(T?). Note that
0 < (O, Dty = |05t T2(pny + (¥ = 1/ )2 ull o),

so Hardy’s inequality in one dimension follows by plugging in ¥ = 0. From this and for any
v eR,
|18yullz2geny < 0ptullz2geny + v = 1/2| |z ul|2grny < CollOpu]| p2ery)

Conversely, If [v] > 1/2, then v* —1/4 > 0, so
||am’UJHL2(T§L) S ||81,u||L2(T£L).
If 0 < |v] < 1/2, then v? —1/4 < 0, so

(402 — 1)“@qu%2(']1*71 < (v® = 1/4) ||z | 2 ™)

This also gives 4v2(|0,u||72, 1y < 0, uHLg(Tn) In either case, adding the L?(T") norms of
dyu for |a| <1 shows that

Gy lullzrreryy < Nlullaarceyy < Collullm )

for a constant C), > 0 depending on v # 0. The result follows from the density of C°(T7)
in both spaces. O

The basic observation concerning H'(T") is that the map 2'(T"%) — 2'(T"}) given by
u — ¥~ Y2y restricts to an isometric isomorphism

HUTY}) — Hi o, (TY).

It follows from Lemma 3.3.1 that x'/27"C*°(T7%) is dense in H'(T") if 0 < v < 1, and

HY(T?) = HY(T7) if v > 1. Using Lemma 3.3.2, it is also possible to define weighted traces
of H'(T") functions, as will be explained in Section 3.3.

2
The space H*(T")
Given v > 0, define
H*(T7}) = {u € H'(T}) : dyu € HL(T%), and 9%u € H'(T7%) for o < 1}.

Then H?*(T"}) becomes a Hilbert space when equipped with the norm

ey = 19500l 3acrny + 3 105Ul e (3.13)

lo|<1

Although z/27¥(C2°(T") is dense in H*(T) when 0 < v < 1, this is not the case for H?(T7).
In fact, '/277C>(T%) is not contained in H2(T7) unless v = 1/2. An appropriate dense
space of smooth functions is defined in Section 3.3.
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Weighted traces

It follows from Lemma 3.3.2 that the weighted restriction

w2 2, w € V2O (TY)

extends uniquely to a continuous map y_ : Hl(T’}r) — H”(T™ '), and furthermore y_ admits
a continuous right inverse. This is true for all ¥ > 0. Similarly, there exists a weighted

restricted
T HATL) > B,

initially defined for u € z¥~1/2C® ('If_ﬁ) by v*u = 2"/ u|pm—1. However, note that v* is now
defined for v < 1 — indeed, H1(T") is isomorphic to Hy,_,(T"}), and the trace on Hy,_,(T")
is only defined for 2v—1 < 1. Since u € H*(T") implies d,u € Hi(T"}), there exists a second

trace
Yo HA(TY) » HZH(T)

given by the composition v, = v* o d,. The trace v, therefore only exists for 0 < v < 1,
while ~v_ is well defined for v > 0.

Definition 3.3.4. Given v > 0, let F, denote the following spaces of functions.

1. If0 <v <1, then F, consists of u € C(T") of the form
ul,y) = 21 ) + T, (1) (3.14)
for some uy € C=(T7%).
2. If v > 1, then F, = C(T7).

Note that F, is contained in E(TTD for each s = 0,1,2. If 0 < v < 1, then F, is not
typically contained in z'/27¥C>(T7%) (unless v = 1/2); on the other hand, traces of u € F,
are still easily computed from the definitions.

Lemma 3.3.5. Suppose that 0 < v < 1. If u € F, satisfies (3.14), then
T-u = U_(O, ')7 Y+U = 21/u+(0’ ) (315)

Proof. If u € F, satisfies (3.14), then 2~ ?u(z,y) = u_(2%,y) + 2*u, (22 y). Since this
function is continuous on R, with values in C*°(T"™1) it follows that y_u = u_(0,-), see
the remark after Lemma 3.3.2. A similar argument shows that v u = 2vu (0, -). O

Lemma 3.3.6. Suppose that v >0 and s =0,1,2. Then F, is dense in H*(T?).

Proof. A proof is provided in Appendix 3.7. O]
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Proposition 3.3.7. Suppose that 0 < v < 1. Then there exist unique continuous maps
Ve HS(T:L_) SN Hs—l:l:u(Tn—1>

such that if w € F, satisfies (3.14), then y_—u = u_(0,-) and yyu = 2vu,(0,-). Here vy_ is
defined for s = 1,2, while v, is only defined for s = 2.
Proof. Combining Lemma 3.3.6 with Lemma 3.3.5 shows that the map

u—u_(0,"), uedF,

admits a unique extension H*(T%) — HY(T"') for s = 1,2. The additional regularity
y-u € H'(T*1) for u € H*(T?) follows from the equality v:05u = 05y+u for u € F, and
each multiindex «. Similarly, the map

u— 2vuy (0,-), wéeF,

admits a unique extension H?(T7) — H'™¥(T"1).
O]

Remark 3. As noted above, y_ can be defined for all v > 0 (rather than just 0 < v < 1)
but this fact is only ever used in Lemma 5.7.5 of the Appendix.

Dual spaces
Throughout, H°(T%) = L*(T%) is identified with its own antidual H°(T" )" via the Riesz
representation. Given s = 1,2, let

H(TL) = (T

denote the corresponding antiduals. Since the inclusion ¢ : H¥(T%) < H°(T7) is dense,
HO(T™) is identified with a dense subspace of H~*(T") via the map ¢* : H°(T?) — H~*(T7%).
Thus if s > 0 and u,v € H*(T" ), then the image ¢*u in H5(T") acts on v via the H(T?)
pairing

cu(v) = (u, v)

Because H*(T7) is dense in H~*(T"), there is no ambiguity in using the notation
<f7 v)'ﬂ’ﬁ_ = f(’l)), f S His(Ti)v NS HS<T?}r)

in general.
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A Fourier characterization
Given s = 0,1,2, any u € H*(T% ) has well defined Fourier coefficients
a(q) = (27T)_("_1)/2/ e "W y)dy, qeZ'".
[—m, 7]

It is easily seen (q) € H*(R,) for each fixed ¢ € Z"1.

41

This may be extended uniquely by duality: given f € H™*(T7), let flq) € H*(R,)

denote the functional ) A
(f(q),v)m = (2m) =D (S, €Z<q’y>v>1r17
where v € H*(R,). Given 7 > 0 and u € F,, let

(Sru)(z,y) = u(rz,y)

(3.16)

(3.17)

denote the action of dilation in the normal variable. This clearly extends to a bounded
map S, : H*(T}) — H*(T7) for s = 0,1,2. Furthermore, S. may be extended uniquely to

H°(T7) by duality: given f € H (T ), define
_
<STf7 U)’]I‘i =T <f7 ST_1U>T’+1
for v e H*(T7).

Lemma 3.3.8. Given s = 0,41, +2,

2s—1 ~
||UH%{S(M): Z (@) HS(quU(CI)H%{S(Rg-

qun_ 1

for each u € F,.

Proof. When s > 0 this follows immediately from Parseval and Fubini’s theorems. When

s < 0, the proof is exactly the same as in [71, Lemma 2.3.1].

The space 7—75(’1[’1)
Ift = (t1,...,t), define

HYT™ ) = H H (T,

Keeping this notation in mind, let » = (1 — v, 1 + v) and then set

= (1),

]

(3.18)
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Following [71, 84], define the following spaces for 0 < v < 1. Given s = 0, +1, +2, let
H*(T7) denote the set of all

(u, ¢, d4) € H*(TYL) x H(T")
such that
1. o =~ wvand ¢y =y uif s =2,
2. ¢_ =~v_u and ¢, is arbitrary if s = 1,
3. ¢4 are arbitrary if s < 0.

A typical element of ﬁS(Ti) will be denoted (u, ¢), where ¢ = (¢_, ¢,). The norm of (u, @)
is given by

1(u, 9)]

If s = 2, then u + (u,~) provides an isomorphism

|ul ?Lrsfz(wrn—ly

2 ERTIT

Hotn) = [llgs ) + €]
HATL) — FA(TE).

On the other hand, if s < 1, then the two spaces H*(T"), He (T7) are fundamentally different.

Lemma 3.3.9. Suppose that 0 < v < 1. Then for each s = 0,+1,+2, the set
{(u,zu) cu € F,}
is dense in ﬁs(Tﬁ)

Proof. 1t suffices to prove this for s > 0, since ﬁO(TZ‘r) is dense in ﬁS(Ti) if s < 0. Assuming
that s > 0 and (u, ¢) € H*(T"), choose u, € F, such that u, — uin H*(T?}). If xy € C®(Ry)
satisfies ¥ = 1 near x = 0, define

Une = Up — (xl/z_y('ﬁun —¢-)+ <2V)_1$1/2+V('Y+Un - ¢+)) X(g_lx)-

Clearly w, . € F, and y1u, . = ¢1. Furthermore, since s > 0, it is particularly easy to check
that u, . — u, in H*(T7%) for n fixed and ¢ — 0. Thus it is possible find a sequence &, — 0
such that u,., =« in H*(T"}) as n — oo, and hence

(un,snvlun,en> — (u, 9)

in H*(T7). O
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Recall from Section 3.3 the dilation S, defined by (3.17). Note that

1/2—v

(v 0 Sou = 742w, (74 0 Sr)u = 742w

for each 7 > 0 and u € F,. It follows that S, may be extended uniquely to ﬁSk(Tﬁ) by
defining
Sr(u, ¢) = (Sru, 72 Vo, 76 ).

It follows from Lemma 3.3.8 and the usual Fourier characterization of H™(T"™!) that

1t Dy = D (@™ 151 (i), Sla))I3

qezZn—1

Ho(R4)

for each (u,¢) € 7:25(']1'1)

Parameter-dependent norms

When considering the action of parameter-dependent Bessel operators, one must consider
modified norms on the spaces defined so far. Given s = 0,1,2 and u € H*(T?), let

ey = D AP [l 3oy

Furthermore, if f € H™*(T7), let
I fle-e gy = sup{] (f, w)ps | 2 Mollescoyy = 1.

Recall the standard parameter-dependent norms [|v|lym n-1y on H™ (T”_l) as in Section 3.1.
Given (u, ¢) € 'HS(T”) set

I(tts G0y = Wil gy + NNy

These parameter-dependent norms have the property that there exists C' > 0 independent
of A such that

eallzesceny < CIA ™ Wullagscrnys 002t @) Mgzospny < CINT I, ) oo

for u € H*(T%) and (u, ¢) € 7—N£S(T7}r)7 respectively.
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Mapping properties

In this section, mapping properties of Bessel operators on T”} are examined. The analogue of
Green’s formulas is established, which allows the extension of P to spaces with low regularity.
Recall from Section 3.1 that P € Bess, (") means that

P =|D,|* + B(z,y,D,)D, + A(z,y, D,), (3.19)

where B € Diff' (T" 1), A € Diff*(T"!) depend smoothly on » € R, and B(0,y, D,) = 0.
Throughout this section, assume that the coefficients of A, B are constant outside a compact
subset of ']IT}r The boundedness of each term in P will be exmined individually.

Before proceeding, it is necessary to consider certain multipliers of H*(T" ) when s > 0.
The commutation relations

(00, 0] = 0o = [0}, ], [IDuI*, ] = =0z — 2(00¢p) s (3.20)
will be used throughout the following lemma.

Lemma 3.3.10. Suppose that ¢ € COO(T—E;) s bounded along with all of its derivatives, and
consider multiplication by ¢ as a continuous map 2'(T7}) — 2'(T7).

1. For s = 0,1, multiplication by ¢ restricts to a continuous map
HA(T) — H(TY).

2. If Opp|rn-1 = 0, then multiplication by ¢ restricts to a continuous map
HA(T?) — HA(TY).

In either of these two cases,

lpullaeryy < llllcomllullas + Csllullze—1cn), (3.21)

where Cs > 0 depends on the first s deriwvatives of p, and Cy = 0.

Proof. The continuity statement is obvious for s = 0. For s = 1 it follows from the first
commutator formula (3.20). When s = 2, the additional condition 0,¢|r.-1 = 0 is needed to
ensure that

u > (Op)0ru

is bounded H'(T%) — H°(T%): the vanishing of 9,¢ implies (9,¢)9; = (9,¢)d, modulo
multiplication by a smooth function, which acts continuously by the first part. The estimate
(3.21) follows as well from (3.20). O
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Remark 4. Lemma 3.5.10 result may also be extended to ﬁs(Tﬁ) by defining
o(u, @) = (pu, plr19),

and using that standard Sobolev spaces on T" 1 are closed under multiplication by smooth
functions.

Remark 5. The hypotheses of Lemma 3.5.10 can not be improved when s = 2. In other
words H*(T't) is not closed under multiplication by arbitrary C*(TL) functions. On the
other hand, if ¢ € C*(TL) is constant in a neighborhood of T" !, then H*(T"}) is closed

under multiplication by ¢ for each s = 0,1, 2.
Now consider the term |D, |, which is clearly bounded
|D,|? : HA(T7) — HO(T?).

The distinction between 0 < ¥ < 1 and v > 1 plays an important role when extending this
action. Suppose that 0 < v < 1, and let J denote the usual symplectic matrix,

()
Then the following formulae are valid for each u,v € F,:
{|D,[*u, ’U>Tn = (u, |D,,|21)> " + (yu, ‘]Zv>11‘n—1’ (3.22)
{|D,[*u, U>Tn = (D,u Dl,v>Tn (YU, Y=V) pr (3.23)
Since F, is dense, (3.22) is valid for v € H*(T"), and (3.23) is valid for v € H'(T?).

Lemma 3.3.11. Let 0 <v <1 and s =0,1,2. Then there exists C' > 0 such that
11D, [*ul

ws—2(rny < C|(u, yu)|

Ho (T
for each u € F,.

Proof. For s = 2 this follows since the norms [|u[32(p) and ||(u, yu) Hﬁz(Ti) are equivalent for
each u € F,. The case s = 1 follows from (3.23), and the case s = 0 follows from (3.22). O

As a consequence of Lemma 3.3.11, the map (u,yu) + |D,[*u, u € F, admits a unique
extension as a bounded operator

D, s HO(TY) = Ho (T

for s = 0,1,2 and 0 < v < 1. The situation is simpler when v > 1, since in that case
F, = C(T%) is dense in H*(T7%). The analogues of (3.22), (3.23) are given by

{|D,|*u, 1)> = (u, |Dl,]2v>Tn , (3.24)
{|D,|*u, U>Tn = (D,u, D U>Ti, (3.25)

valid for each u,v € F,. The analogue of Lemma 3.3.11 is the following.
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Lemma 3.3.12. Let v > 1 and s = 0,1,2. Then there exists C' > 0 such that

11Dy [*u|

we-2(r) < Cllullas(rm)

for each u € F,.

From Lemma 3.3.12; it follows that the map u — |D,|[*u,u € F, admits a unique
continuous extension as a bounded operator |D,|* : H*(T%) — H*~*(T%) for s = 0,1,2 and
v>1.

Next consider a typical term in BD,. Such a term may be written as b(x, y)Dg D,,, where

bexC™® (T_ﬁ) is constant for x large and |5| < 1. The following result holds for all v > 0,
since there are no boundary terms when integrating by parts.

Lemma 3.3.13. Suppose that b € xC>=(T7%) is constant for x large and |8] < 1. Then
bDYD, : H*(T7%) — H 1A= (Tn)

1 bounded for each s = 0,1,2. Furthermore, there exists ¢ > 0 depending on s, 3 and C > 0
depending on b, s, 3,r such that

16D Dy, ul

HeBI=1(T7) < CTHbHCI(ﬁ)HW He(Ty) T CH“HHS*(M)' (3.26)

for each u € H*(T?}) such that suppu C {0 <z < r}.

Proof. The boundedness result is clear for s = 2. For s = 0,1, it follows from the same
considerations as in Lemma 3.1.4: define B = bD5 , and note that B = Byx = xB; where B
is smooth up to x = 0. Thus

BD, = DB +i(1 —2v)By + B, D]
So for each u,v € F,,
(BDyu, V)1 = (Dyu, B*v) = (u, B*D,v —i(1 — 2v)Bjv + B, DI]*”U>Ti :

The first equality implies boundedness for s = 1, while the second implies boundedness for
s =2.

Similarly, (3.26) clearly holds for s = 2. To prove the other cases, begin by writing
b = xby, where b; is smooth up to x = 0. Also define ¢ = [Df,b], and ¢ = zqq, so the
functions ¢, ¢; are smooth up to x = 0 (and vanish if |5| = 0).

(1) If s =1, then for u,v € F,,

(bDJD,u, V) = (bDuu, D§v>Ti = (u, D, qv —i(1 = 20) ), -

Thus
[bDYul

ps-1oi-1(rny < [[0Dyullgocrn) + Cllullaocn),
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whence the result follows.
(2) Similarly for s = 0, if u,v € F,, then

(bDJD,u, V) = (b, D;ng@m — (u, D} qv + Dy, b]*D5v>M :
To handle the first term write
(bu, D;DIv) = (byu, D} Div) = (bu, (D, — i(1 — 2v)) D5v)

which gives exactly
| {bu, DZD5U>M | < lbullo ) vlla2s01rny,

as desired. Now consider the second term, which in absolute value is bounded by
| (u, D} qv +§D5”>M | < llull3-1¢rm) <||D;§U||H1(M) + ||§D50||H1(T1)) -

The second term in parentheses on the right hand side is bounded by a constant times
[0]l31+181(pn ) according to Lemma 3.3.10. For the first term on the right hand side, the only

part of the 7' (T" ) norm which can’t be handled as above is the summand || D, D} g v|| 2(rs)-
For this,
D, D} xqi = D, (xD, —i(2 — 2v)) @i = z|D,|*q7 — i(3 — 2v) D, q1.

Using (3.20),
oD@ = 2@ Dy * = 22(0: 70)0, — (07 @) — (1 = 20)0:(a@),
which is bounded H?*(T"}) — H°(T"}). This shows that
1D} ol rny < C”UHHHWI(’H‘i)a

which completes the proof.

[]

Remark 6. Lemma 5.5.13 implies that bDJ D, is also bounded ﬁS(Ti) — HEL(Tn)
since the projection 7-[S(T7}r) — H*(T"}) onto the first factor is continuous.

Finally, a typical term in the operator A can be written as a(x,y)D;, where |a] <2 and
a € C*°(T7%) is constant outside a compact subset of T7.

Lemma 3.3.14. Suppose that a € C*(T7) is constant for x large.
1. Ifs=0,1 and |a| <2, then aDy : H*(T%}) — He~1el(T™ ) s bounded.

2. If s=10,1,2 and 0 < |a| < 2, then aD : H*(T') — H*1*I(T7) is bounded
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Furthermore, suppose that a(0,p) = 0 for p € T" 1. Then there exists ¢ > 0 depending on
s,a and C' > 0 depending on a, s, o, r such that in each of the above cases,

Hsfl(’]ri). (3.27)

for each u € H*(T?) such that suppu C {(z,y) € T% : |z + |y — p| < r}.

oD ull-toizny < erllallon e ullsrsy + Cllu

Proof. (1) First suppose that s = 0,1. The boundedness result is clear if s = 1 and |a| <1
or s =0 and |a| = 0. Otherwise, suppose that s = 1 and |a| = 2. Write aDyy =", DJA,
for smooth tangential operators A, (y, D,) of order at most one. Then for each u,v € F,
and || =1,

(DA, 0) g | = | {Ayt, Do)y | < Cllullars ol oy
On the other hand, suppose that s = 0. Then
| <aDZ‘u,v>Ti | =|{u, D;av%ri | < C’HUHHO(M)||v||H\a|(M)

for 1 <|o| <2.

(2) The only case not handled above is s = 2, in which case it follows from Lemma 3.3.10
that aDg is bounded H?(T7) — H*~1*|(T7) provided |a] # 0.

(3) This follows from the same arguments as in (1) and (2).

]

To summarize the above discussion, write A =3_,  _, ao Dy (non uniquely) in the form

Y
A= DyA,
o<1

for some A, € Diff'(T"') which depends smoothly on = € R,. Recall that P* is also
a Bessel operator, according Lemma 3.1.4. If 0 < v < 1, then there are the two Green’s
formulas

(Pu,v)n = (u, P*v)1e + (yu, Jyv)pm-1, (3.28)
(Pu,v)pn = <Dyu,D,,v>Ti + (D,u, B*U>Ti + Z (Aau, D§U>Ti + (V4U, Y-V, (3.29)

la|<1
valid for each u,v € F,.
Lemma 3.3.15. Let 0 < v < 1 and s = 0,1,2. Then there exists C > 0 depending on s

such that
| Pul

ne-2ry) < COll(w, 70)lggs(m)

for each w € F,. Thus the map (u,yu) — Pu,u € F, admits a unique extension as a

bounded operator B
P H(T) — H7(Th)
fors=0,1,2 and 0 < v < 1. When s =0, 1, this extension is determined by (3.28), (3.29).
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Proof. This is a direct consequence of Lemmas 3.3.11, 3.3.13, 3.3.14. O
The situation is simpler when v > 1: the analogues of (3.28), (3.29) are given by

(Pu,v)rn = (u, P*v)Tn (3.30)

(Pu,v)n = (Dyu, Dﬂ))M +(D,, B*U>M + |¥1 (Aau, D5U>T1 g (3.31)

valid for each u,v € F,. As before, (3.30) is in fact valid for v € H?*(T"), while (3.31) is
valid for v € H*(T?).

Lemma 3.3.16. Let v > 1 and s = 0,1,2. Then there exists C' > 0 such that
| Pul[3s-2(rn) < Cllul

3 (T™).-
for each uw € F,. the map u — Pu, u € F, admits a umq;e extension as a bounded operator
P HY(TY) — H*(TY)
fors=0,1,2 and v > 1. When s = 0,1 this extension is determined by (3.30), (3.31). The

action of P on H*(T%) is simply the restriction of P : 2'(T7%) — 2'(T7}) to H*(T7).
Proof. This is a direct consequence of Lemmas 3.3.12, 3.3.14, 3.3.13. O]

Suppose that 0 < v < 1. If s = 0,1, then an element f € H*"%(T%) is not uniquely
determined by a distribution in 2'(T7.). On the other hand, f may certainly be restricted

to a functional on ?—D[S(T:i), which is determined uniquely by a distribution since C2°(T7)
is dense in this space by definition. Given s = 0,1,2 and u € H*(T?}), f € H**(T%), the
equation Pu = f can be interpreted in this weak sense, namely

<u7 P*U>X - <f7 v)X
for all v € C*(T7) C ﬁQ’s(Tﬁ). For s = 2 this is just the statement that Pu = f in
distributions. Furthermore, if (u, ¢) € H*(T}) and P(u, ¢) = f, then Pu = f weakly.

Now suppose that P € Bess&k)('ll‘i) is a parameter-dependent Bessel operator. Recalling
the definition of the parameter-dependent norms as in Section 3.3, it is straightforward to
show that the following hold.

1. f0<v<1ands=0,1,2, then there exists C' > 0 such that
IP(N)(u, @) llag=—2(rny < CI (u, @) ”lﬁs(’]l"i)
for each (u, ¢) € ﬁs(Ti)
2. f v >1and s =0,1,2, then there exists C' > 0 such that

PN ullags—2(rny < Cllullags(rn)
for each u € H*(T7).

There are also straightforward extensions of Lemmas 3.3.11, 3.3.12, 3.3.13, 3.3.14 for parameter-
dependent norms.
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Function spaces on a manifold

Consider a compact manifold with boundary X, equipped with a distinguished boundary
defining function = and collar diffeomorphism ¢ as in Section 3.1.

Definition 3.3.17. Given v > 0, let F,(X) denote the following spaces of functions.
1. If 0 < v <1, then F,(X) consists of u € C*(X) such that
(wo d)(z,y) = &> u_(a® y) + ' * " uy (2, y) (3.32)
for some ux € C*([0,+/¢) x 0X).
2. Ifv > 1, then F, = C°(X).
Fix a finite open cover X = J, U; by coordinate charts (U;, ), such that either
UnoX =0, v :U; —¢(U;) CT",
or if U; NOX # () then
Ui=¢([0.6) xYi), = (1x8)og™

for a coordinate chart (Y;,6;) on 0X. This of course implies that 0X = |, Y;, where the
union is taken over all i such that U; N 9X # (). Now take a partition of unity of the form

with the additional property that if U; N 9X # (), then y; has the form

Xi = (af;) o ¢!,

for functions o € C°([0,¢)), fi € C.(Y;), where a = 1 near x = 0. Note that if u € F,(X)
then y;u may be identified with an element of F, via the coordinate map ;. Keeping this
in mind, define

lullizes ) = Nl Oxiw) © 457
for s =0,+1,£2 and u € F,(X).

He(TT)>

Definition 3.3.18. Given s =0,+1, +2, let

3—[5()() = Z HUH?,HS(X)'

[l

Then define
H*(X) = closure of F,(X) in the H*(X) norm.
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To prove that H*(X) is independent of the choice of covering U; and partition of unity
Xi, the following two results are needed

Lemma 3.3.19. Let Y,Y" be open subsets of "', and suppose that ® Y — Y' is a
diffeomorphism between them. Suppose that K C Ry XY is compact. Then for each s =
0,1, 42 there exists C' > 0 such that

C |

) < JJuo (1 x @)

wsrn) < Clul

Ho(T?)
for each v € F,, with suppu C K’ := (1 x ®)(K),

Proof. For s = 0,1, 2 this follows immediately from the change of variables formula in the
tangential direction. The cases s = —1,—2 follow by duality: choose a € C*(R,) and
g€ CP(Y') such that x := af =1 on K’. Then for each v € F,,

ooy | Xy |
[vll2-s(rny Ixvllag-s ()
where ||xv]|7-s( S(T7) < Culvlla-s( 5(T)- Thus
fulbeen) < C70 sup | () |

||w||7.ﬁs(qri):1
where the supremum is taken over all w € F, such that suppw C K’. Then
<u>w>Ti = <u °© (1 X (I)>7w1>’]l‘1 )

where wy(z,y) = J(y)(wo (1 x ®))(z,y) and J is the Jacobian determinant of 1 x ®. Since
J depends only on vy,

[wills=scrm) < Collwllg=s(Tn),
which shows that [[u|3sm) < Clluo (1 x @)
now applied with ® replaced by ®~! to conclude the reverse inequality. O

s (17 for some €' > 0. The same argument is

Remark 7. More generally, the space H*(T7) are invariant under diffeomorphisms ® sat-
1sfying the conditions in Lemma 5.1.2

Before stating the next result, recall that for M a (non-compact) manifold without bound-
ary, the standard Sobolev spaces HP (M), H:, . (M) are defined as follows: Fix a locally

comp

finite open cover M = |J; X; by coordinate charts (X;,¢;) where ¢; : X; — R", and a
subordinate partition of unity > X; = 1 where x; € C‘X’( ;). Then HE (M) is defined

comp

as all compactly supported dlstnbumons u € E&'(M) such that the norm

el ary —ZII xju) o V5l

e (3.33)
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2(M) then consist of distributions v € D'(M) such that
xu € Heyo (M) for each x € C°(M). Let Hy (M) denote the space of all u € HZ,, (M)
whose supports are contained in a fixed closed set K C M. If M is compact, then Hj (M)
is complete under the norm 3.33. Furthermore, these spaces do not depend on any of the

choices used to define them.

is finite. The local spaces H?

Lemma 3.3.20. Let K be a compact subset of T'y. Then for each s = 0, £1, %2 there exists
C > 0 such that

C™Hlull sy < lluf
for each u € CZ(T?) such that suppu C K.

wern) < Cllulasern)

Proof. This is again straightforward for s = 0, 1,2, while the cases s = —1, —2 follow by
duality. O]

The combination of Lemmas 3.3.19, 3.3.20 show that the spaces H*(X) do not depend
on any of the choices used to define them.

Lemma 3.3.21. Fiz a density on X of product type near 0X. Let (-, -} x denotes the inner
product on L*(X; ). For each s = 0,41, 42

| {u,v) x | < Cllullgsx)l|vlla-s ),

where u,v € F,. Furthermore, (-,-)y extends to a nondegenerate pairing H*(X)xH*(X) —
C.

Proof. This can be reduced to the case on T, via the coordinate charts (U;, ;) and partition
of unity y; used to define H*(X) (it is here that choosing a quadratic partition of unity is
particularly convenient) O

Thus H~°(X) is naturally identified with the antidual of #*(X) via the inner product
induced by p on H°(X). When 0 < v < 1, it is also possible to show that the maps

ur—u_(0,), u2vuy(0,-)
for u € F,(X) satistying (3.32) admit continuous extensions 7 such that
Y HI(X) — H'(0X).

It is understood that v_ exists for s = 1,2, while 7, exists for s = 2. The spaces ﬁS(X ) are
then defined exactly as in Section 3.3.

Lemma 3.3.22. Let P € Bess,(X). Then the following hold.
1. If0<v <1ands=0,1,2, then there exists C' > 0 such that
| Pul

Ho-2(x) S O||(U71U)| Hs (X))

for each u € F,(X).
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2. If v >1 and s =0,1,2, then there exists C > 0 such that

[Pl

H5=2(X) S C||U| He(X)-

for each u € F,(X).

As in Section 3.3, it follows that (u,yu) — Pu admits a unique extension to H*(X) for
0 <v <1, and u +— Pu has a unique continuous extension to H*(X) for v > 1.

The traces 74+ can be formulated in terms of the boundary defining function x. This
is clear for v_, which is just the restriction of #*~'/?u to the boundary. Treating 0, as
a coordinate vector field near X, then 7, is the restriction of 2'=2"0,(z~'/2u) to the
boundary.

Lemma 3.3.23. Suppose that © and p are boundary defining functions satisfying the condi-
tions in Lemma 5.1.5. Then the traces v+ defined with respect to x agree with those defined
with respect to p.

Proof. This can be checked in local coordinates using Lemmas 3.1.2, 3.1.3. However, note
that the spaces F,(X) defined with respect to x and p do not agree. ]

The parameter-dependent norms on H?*(X) are defined by replacing || - |

Il - |||Hs(m) in Definition 3.3.18, and similarly for ﬁS(X). Then P is uniformly bounded in A
with respect to these norms.

The following compactness result is established in Section 3.8. A different proof can be
found in [58, Section 6]. It is used in Section 3.5 to prove the Fredholm property for certain
boundary value problems.

Lemma 3.3.24. [58, Section 6] Let v > 0 and pu be a density of product type near 0X.
1. The inclusion H'(X) < H°(X) is compact.

2. The injection H°(X) — H™Y(X) induced by the L*(X; i) inner product is compact.

3. If0 < v < 1, then H'(X) — ﬁO(T’i) and the injection HO(X) < HY(X) induced by
the L*(X; p) and L*(0X; pox) inner products are compact.

Proof. (1) For a proof, see the Lemma 3.8.2. The other cases (2), (3) follow by duality. O

Finally, it is important to consider the action of standard pseudodifferential operators
whose Schwartz kernels are compactly supported in X x X. If @ € U™(X) is compactly
supported, then there exists a compact subset K C X such that supp Qu C K for each
u e C®(X).
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Lemma 3.3.25. Suppose that Q € W*(X) is compactly supported. Then there exists a
compact subset K C X such that for each s = 0,+1,£2, the map

u— Qu, ué€F,
extends uniquely to a bounded map

0 H(X) = H3(X) if0<v<1,
| HH(X) = HA(X)  ifv > 1.

Proof. 1t suffices to prove this in local coordinates, where the result follows from Lemma
3.3.20. B

Remark 8. [t is also necessary to consider the class of (compactly supported) parameter-
dependent pseudodifferential operators, denoted here by V™M (X) — see [87, Chapter I1.9]
for this class of operators, or [111, Chapter 4], [27, Chapter 7] for an equivalent semiclassical
description. In that case, if Q € V>N (X)), then the boundedness result of Lemma 3.3.25
holds uniformly for the appropriate parameter-dependent norms.

Graph norms

Throughout this section, assume that 0 < v < 1. Following [84, Chapter 6.1], an alternative
characterization of the spaces H*(X) is given. Given s = 0, 1,2 and a Bessel operator P,
define the norm

lwllas, ) = lullzsx) + [ Pullae—2x)

for u € F,(X).
Lemma 3.3.26. Give s =0,1,2 there exists C > 0 such that

CHul

for each u € F,(X).

Proof. The first inequality above holds according to Lemma 3.3.15. For the converse, first
recall that the trace map v : H*(X) — H*%(0X) has a continuous right inverse K, which
furthermore maps C®(9X) x C=(0X) — F,(X) — see Lemma 3.7.3. Fix u € F,(X) and
define the linear form ¢ on C*°(0X) x C*(0X) by

g@) = <Pu’U>X - <u7 P*U>X>

where v € F,(X) is any element satisfying yv = 1. The form ¢ is well defined, since by
Green’s formula it is independent of the choice of v; in particular, it is possible to take
v = K(v). Here the duality is induced by a fixed density of product type near 0.X. Then

w1 (O IK(@) 72 (x) < Collu]

[£()] < Cu(([ Pul

wo-20x) + |l (O 19 |22 0) -
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By Hahn-Banach and the Riesz theorem, there exists a unique ¢ € H* *™(9X) such that
for each u,v € F,(X),

(Pu,v)y — (u, P*v) = <Q,IU>SX, 9]

The constant Cy in the latter inequality is independent of u € F,(X). On the other hand,
Green’s formula implies that £(¢) = — <J1u,g>aX for all 9, so in particular ¢ = —Jyu.
Since

Hs—2+1(9X) S CQHU“’H;(X)

lvulle—rox) = @l s—2ruox),

it follows that ||(u,1u)||ﬁs(X) < Collull s, (x)- H

Let H3%(X) denote the closure of F,(X) in the norm || - ||l (x). Since (u, yu), u € F,(X)
is dense in H*(X), it follows from Lemma 3.3.26 that H3(X) is naturally isomorphic to

H*(X) via the closure of the map u + (u,yu). Moreover, any element of H%(X) can be
identified with a unique pair (u, f), where u € H*(X), f € H*?(X), and Pu = f in the
weak sense (described at the end of Section 3.3).

3.4 Elliptic boundary value problems

This section concerns boundary value problems for Bessel operators on a compact manifold
with boundary X as in Section 3.1. When 0 < v < 1, these are of them form

Pu=f onX
Tu=g¢g on0X.
Here P € Bess,(X) is Bessel operator which is elliptic in the sense of Section 3.1 on 0X,
and
T = T+’Y+ + T_’}/_

for some differential operators TF on the boundary, to be specified in the next section. The
boundary operator T' is only relevant when 0 < v < 1. When v > 1, one considers the
simpler equation

Pu= f on X.

To highlight the difference between the cases 0 < ¥ < 1 and v > 1, fix p € X and
consider the model equation on R, determined by the boundary symbol operator,

Popnu=T. (3.34)

referring to Section 3.1 for notation. Suppose that P is elliptic at p € dX. Any two solutions
to the equation (3.34) differ by an element of the kernel of P (v 1f u € ker P (pn) Satisfies
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u € L*((1,00)), then necessarily u € M (p,n). On the other hand, if v is not an integer,
then
7l ,(s)—1,(s)

2 sin(vm)

K,(s) = , (3.35)
where I, is the modified Bessel function of the first kind [82, Chapter 7.8] (if v is an integer,
equality holds in the sense of limits). In particular, if 0 < v < 1, then Iy,(s) = O(s*).
Consequently ker ﬁ(M) N L*(Ry) = M, (p,n), and hence ﬁ(p,n) cannot be an isomorphism
between any L? based spaces: in general, (3.34) must be augmented by boundary conditions
so that the L? kernel is trivial. Of course, all of these observations are classical when v = %
(boundary value problems in the smooth setting).

This is in contrast to the situation when v > 1. In that case, \/zK,(i{(p,n)z) is not
square integrable near the origin, and so the L? kernel of ﬁ(m) is always trivial. Hence
specifying f on the right hand side of (3.34) (in an appropriate function space) will uniquely
determine a solution u. Thus in the case v > 1, it is not necessary to impose any boundary
conditions apart from the square integrability requirement.

In the self-adjoint setting, the heuristic above is the limit point/limit circle criterion of
Weyl on self-adjoint extensions of symmetric ordinary differential operators with regular
singular points — see [109] for an exhaustive modern treatment, and [5, 65] for discussions
in the context of AdS cosmology.

Boundary conditions
This section is only relevant in the case 0 < v < 1. Choose differential operators
T- € Diff'(0X), T € Diff’(9X),
noting that 7', is just multiplication by a smooth function on 0X. Then set
T=T v +T"y,.

A natural question is how to define the “leading order” term in 7. Suppose that p €
{1-v,2—v,14+v} and

ord(T7)—v<pu—1, od(TH)+v<p—1. (3.36)

Then T is said to have v-order less than or equal to p, written as ord, (7") < u. Note that if
ord, (T) < p, then B : H*(X) — H?*7#(9X) is continuous.
Suppose that u € {1 —v,2 —v,1 + v} and ord,(T) < p. Define the family of operators

A~

T(yyﬁ) = OTM—H-V] (T_)/Y— + O-(,u—l—l/] (T+)/7+7

indexed by (y,n) € T*0X. Thus each (y,n) € T*0X gives rise to a one-dimensional boundary
operator Tiy .
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The boundary value problem

Although boundary value problems of the form (3.4) are ultimately of interest, for duality
purposes it is convenient to consider a more general type of problem. Fix J € N, and choose

o ype{l—v,2—v,1+v}forke{l, ... ,J+1},
e numbers 7; € R for j € {1,...J}, not necessarily integers.

Let T = (Ty,...,Ty41)" denote a (J + 1) x 1 matrix of boundary operators, such that
ord,(Ty) < pg. Furthermore, for each k € {1,...,J 4+ 1} and j € {1,...,J}, suppose
Cy.,; € Diff*(0X) is a differential operator on X such that

ord(Cy ;) < 7 + k-

Let C denote the (J + 1) x J matrix with entries Cj ;. Given these prerequisites, consider
the modified boundary value problem

Pu = X
u=f on (3.37)
Tu+Cu=g ondX,
where u = (uy,...uy), g = (g1,.-.,9s+1) are collections of functions on 0X. In order to

associate an operator to this problem, note that T'u may be written in the form
Tu = Gyu,

where G is the (J + 1) x 2 matrix

T

G = : :

Tro Tin

Throughout, it is always understood that G is associated with 7" in this way. Finally, set
= (1, pyr1) and 7 = (7q,...,7s). Then let & denote the map

P(u, p,u) = (P(u, ¢), Gp + Cu).
This is also written as & = {P,T,C'}.
Lemma 3.4.1. The map & = {P,T,C?} is bounded
P H(X) x H(OX) — H2(X) x HH(9X)
for each s =0,1,2.

Proof. The mapping properties follows from the results of Section 3.3. O
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The adjoint boundary value problem

Fix a density p which is of product type near 9X. Let P* denote the formal L?(X; i) adjoint
of P; then P* is also a Bessel operator in light of Lemma 3.1.4. Let C*, G* denote the formal
L*(0X; nox) adjoints of € G. Define the problem

Pv=f on X,
Jyw+G'v=g ondX, (3.38)
C*v=nh on 0X,

where v = (v1,...,v541), (9, ) = (91,92, M1, ... hy) are functions on 9X.
Although Green’s formula (3.28) was previously only established for the formal adjoint

n

of a Bessel operator on T7, it is clear that (3.28) also holds here when the appropriate p
and pgx inner products are substituted on X and 0.X:

(Pu,v) y + (Tu+ Cu, 0) pxy501 = (u, P*v) x + <1u, G*v + sz>( + (u, C*0) (o -

9X)?

In light of this, the problem (3.38) is said to be the formal adjoint of (3.37). Also notice
that (3.38) has the same form as (3.37). The corresponding operator is denoted by Z7*.

The Lopatinskii condition

The standard Lopatinskii condition for smooth elliptic boundary value problems (see [75,
84]) has a natural generalization to the situation here. Begin by choosing ¢;; € Z (not
necessarily nonnegative) such that

ord(Cr ;) < ek < 75 + pur,

and then define the matrix C/J\(ym with entries

(Coumii = e, (Crj) (Y, ).

Thus (y,n) — 6(y,n) is a function on T*9X with values in matrices over C. Furthermore,
define Gy, by the equality
Glymru = Tiypu.

Remark 9. The matrix 6(%77) depends strongly on the choice of ¢y j, and is not necessarily
obtained by calculating the principal symbol of Cy ; entry-wise with respect to the order of
Ckj. The numbers cy ; in general will depend on the choice of 7;, i as well. Similarly, CA}’(ym
1s in general different from the principal symbol of G calculated entry-wise with respect to
the order of each entry.
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Definition 3.4.2. Suppose P is elliptic on 0X. The boundary operators (T,C') are said to
satisfy the Lopatinskii condition with respect to P if for each fived p € OM andn € T;0X\0,
the only element (u,u) € M (p,n) x C’ satisfying

Tipmu+ Cppu=0

is the trivial solution (u,u) = 0. The boundary value problem (3.37), or equivalently the
operator & = {P,T,C}, is said to be elliptic on 0X if P is elliptic on 0X in the sense of
Definition 5.1.5 and (T, C) satisfy the Lopatinskii condition on 0X with respect to P.

As in Section 3.1, the one-dimensional space M (y, ) is spanned by the function

217" (1 — v) sin(7v)
T

(i€(y,m)"Vr K, (i€(y, n)x). (3.39)

The argument is chosen so that all of the quantities are positive when £ lies on the negative
imaginary axis. This choice of normalization for u is motivated by the following:

u(y,m;x) =

Lemma 3.4.3. Let 0 <v < 1. Then

- (u(y,m) =1, v (uly,n) = —21/?51 —v) <z’§(yﬂ7)) ‘

Proof. This follows from the asymptotic behavior

60 (o (5) e (5))

as v — 0. []

Example. It is clear from Lemma 3.4.3 that the Dirichlet condition 7' = v_ and Neumann
condition T = v, satisfy the Lopatinskii condition with respect to any elliptic Bessel opera-
tor. The same is therefore true for the Robin condition T = v, +T~~_, where T~ € C*(0X).

Example. Consider a boundary condition 7" = v, + T~ 7_, where 7'~ is a nonzero vector
field on 0X.

1. If 1/2 < v < 1, then ﬁy,n) = 7, for arbitrary T~. Thus T satisfies the Lopatinskii
conditions with respect to any elliptic Bessel operator.

2. If v = 1/2, then T is a classical oblique boundary condition. The Lopatinskii condition
is satisfied if T~ is a real vector field for example, but can otherwise fail.

3. If 0 < v < 1/2, then
Tty = oo(T7)(y, )7~

Since 01 (T )(y,n) is linear in 7, it must have a nontrivial zero at each y € 90X provided
the dimension of the underlying manifold X is at least four (or three if 7'~ is real). In
that case the Lopatinskii condition necessarily fails at every point on the boundary.
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Example. Consider the operator A, = |D,|*4 D;+ D3 acting on (0, 1) x T?, where (y, 2) are
standard coordinates on T? = (R/27Z)?. Clearly A, is an elliptic Bessel operator. Consider

the boundary value problem
Auu = f7
Tou=yg, Tyu=0,

where Thu = u|,—1, and Ty = (9, — 0,)y—. This is not a Fredholm problem, since there is an
infinite dimensional kernel: for each n > 0, consider the function

K, (n)
K ,,(—n)

Un(z,y, 2) = <\/EKV(nx) - \/EKV(—na:)) e+,

The family of u, is linearly independent and each u,, solves the boundary value problem. If
0 < v <1/2, then Tj = v4 + Tp is a compact perturbation of the original problem; thus the
problem with T} replacing Tj is not Fredholm either. If 1/2 < v < 1 then the problem with
T} satisfies the Lopatinskii condition, so is indeed Fredholm.

Before proceeding with the next lemma, suppose that P € Bess,(X) and p is a density
of product type near 0.X. If P is elliptic at p € 90X, then so is P*, since the function (3.7)
is simply replaced by its complex conjugate.

Lemma 3.4.4. Suppose that &2 = {P, T, C'} is elliptic. If i is a density of product type near
0X and &P7* is the corresponding adjoint boundary value problem, then &2* is also elliptic.

Proof. Since ellipticity only depends on various “principal symbols”, it is easy to see that

P*(ym) = Py

where the latter adjoint is calculated with respect to the standard L?*(R,) inner product.
Similarly . R . R
Ty =Ty Cwm = Clym
where the latter adjoints are taken in the sense of matrices over C.

Suppressing the dependence on (y,7n), Green’s formula (3.28) implies that

<ﬁu,v>R+ + <fu + @g,@cm = (u,Pv)x + {(yu, G'v + Jy)e: + (u, 6*@@1.

The goal is to prove that if the right hand side vanishes, then (v,v) = 0. The proof relies on
Lemma 3.4.7 below (whose proof is of course independent of the present lemma). As in the
proof of Lemma 3.4.7, the Lopatinskii condition implies that

(u,u) = Tu+ Cu

is an isomorphism between the spaces M, x C’ — C’/*1. So choose (u,u) € M, x C’ such
that

A~

Tu—i-ag:y.
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Since Au = 0, it follows from Green’s formula that v = 0. On the other hand, from Lemma
3.4.7 it is always possible to solve the inhomogeneous equation

Eu:v,
fu—l—ég:O,

whence Green’s formula implies that v = 0 as well. O

The Dirichlet Laplacian

The results of this section are applied in one dimension to Section 3.4, and in higher dimen-
sions to Appendix 3.7.5. Define the Bessel operator A, € Bess, (T ) by

AI/ - ’Dy’2 + ATnfl,

1 . . . _ . .
where Apn1 = > 77 Dzi is the positive Laplacian on T"~!. Consider the continuous, non-
negative Hermitian form

n—1
l(u,v) = (Dyu, D,v)rn + (Dyiu, Dyiu>T1 (3.40)

i=1

on Hl(']I"}r) Associated to this form is the unbounded self-adjoint operator L on L*(T")
with domain

D(L)={ue Hl(T’}r) : v £(u,v) is continuous on L*(T%)}.
Standard manipulations show that
D(L) = HY(T?) N {u € L*(T?) : Au e L*¥(T")}, (3.41)

and Lu = A,u in the sense of distributions for each u € D(L). The domain D(L) is equipped
with the graph norm.

Remark 10. In one dimension it is obvious tht D(L) = H2(Ry) N H(RL), with an equiv-
alence of norms via the open mapping theorem. This is also true in higher dimensions, but
1s not immediate from the definition

The next lemma follows from the Lax—Milgram theorem.
Lemma 3.4.5. Let v > 0. For each a € C\ (—00,0] the inverse (L +a)™" exists, and maps

HY(T") — HY(T?),

SR {L?(’M) ~ D(L).
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Proof. Since a ¢ (—00,0] the form ¢,(u,v) = l(u,v) + a <“7U>T1 is coercive on 7-011(']1‘31),

s0 £4(u,v) defines an inner product on H! equivalent to the usual one. The Lax—Milgram
theorem guarantees that for each f € H'(T) there exists a unique u € H'(T") such that
lo(u,v) = (f,v), and the mapping u — f is continuous 7-2%']1‘:{)’ — 'Hl(Tﬁ)

Furthermore, the unbounded operator associated to ¢, is clearly L + a (acting in the
distributional sense) so L + a : D(L) — L*(T") is bijective. Since this map is continuous
when D(L) is equipped with the graph norm, it is an isomorphism by the open mapping
theorem. O

Elliptic Bessel operators on R,

In this section, fix an operator P on R, of the form
P=|D,*+a, acC. (3.42)

Thus & — £? + a has no real roots precisely when a ¢ (—o0,0]. In that case, P is said to be
reqular. This is distinguished from ellipticity of P since the principal symbol of multiplication
by a as a second order operator is zero (in other words, the boundary symbol operator is
|D,|? and not |D,|? + a). Furthermore, if 0 < v < 1, fix boundary conditions (7, C). Thus
T is just a column vector of J boundary operators T}, = T, ,;tvi with T,;t € C,and C is a
(J + 1) x J matrix with C-valued entries.

Regularity of the operator & = {P,T,C} is defined as just the Lopatinskii condition:
let M denote the space of bounded solutions to the equation Pu = 0. Then & is regular
if the only element (u,u) € M, x C7 satisfying Tu + Cu = 0 is the trivial solution.

Proposition 3.4.6. Suppose that P given by (3.42) is regular, and that &2 = {P,T,C'} is
reqular if 0 < v < 1.

1. If 0 < v <1, then & is an isomorphism
Ho(Ry) x C7 — H2(Ry) x C'7

for each s = 0,1,2. The operator norm of P~ depends continuously on a and the
coefficients of G and C

2. If v > 1, then P is an isomorphism
H(Ry) = HTH(Ry)
for each s = 0,1,2. The operator norm of P~ depends continuously on a.

The proof of this proposition is split up across several Lemmas.

Lemma 3.4.7. Proposition 5./.6 holds when 0 < v <1 and s = 2.
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Proof. Since H2(R,) is isomorphic to H2(R,) via the map v — (v,7v), it is sufficient to
prove the lemma with #2(R.) replacing #2(R,). By the regularity condition, P is injective.
Indeed any solution in H?(R,) to the equation Pu = 0 must lie in M, , and the Lopatinskii

condition implies that such a solution is unique. It remains to show surjectivity.
Fix (f,9) € H°(R,) x C/*L. From Lemma 3.4.5, it follows that that the equation

Pu=f

has a solution u; € H2(R,) NHY(R,). It then suffices to let (us, u) € M, x C7 solve

PUQ = O,
Tus 4+ Cu=g—Tuy,
This is possible since
(u,u) = Tu+ Cu

as a map between the finite dimensional vector spaces M, x C7 — C’/*! is injective, hence
an isomorphism. Setting u = u; + uy shows that & (u,u) = (f, g). It is also easy to see that
the operator norm of & depends continuously on a and the coefficients of G and C', which
implies the same for the operator norm of 22! via the resolvent identity. O

Lemma 3.4.8. Proposition 5.4.6 holds when 0 < v <1 and s = 0.

Proof. Since the formal adjoint operator &7* is also regular according to Lemma 3.4.4, the
map

H2(R,) x C* — HOR,) x C* x C’

given by
(v,2) = (P, Jyv + G*v, C*v)

is an isomorphism according to Lemma 3.4.7. But in that case, a direct calculation shows
that &2* agrees with the Hilbert space adjoint &2’ of

P HOAR,) x C7 — H2(R,) x CH.
Since &2 is an isomorphism, &2 is an isomorphism on the stated spaces as well. O

To prove Proposition 3.4.6 for s = 1, the following regularity result is needed.

Lemma 3.4.9. Let 0 < v < 1. Suppose that (u,¢) € HO(R,) satisfies P(u, ) € H™'(R,).
Then (u, ¢) € HL(R,).

Proof. Let f € H'(R.) denote the restriction of the functional P(u, ) to H'(R,). This
implies that f = Pu in the sense of distributions. By Lemma 3.4.5, there exists a unique
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u e 7—011(R+) such that Pu = f in the distributional sense. Thus in sense of distributions on
R-Fa
P(u—1a) = 0.

Since u and @ are square integrable, it follows that u — u € M. Thus it is certainly true
that
u=(u—a)+aeH (R,).

It remains remains to prove that ¢_ = y_u. A priori (u,¢) € HO(R,), so for each v €
H2<R+>a
(fiv)r, = (u, Pro)r, — ¢1(7-v) + ¢—(74v).

Using that u € H'(R,), this may be rewritten as
<f7 U>R+ - <Duu> DVU>R+ B a<u7 U>R+ + ¢+(7¥U) = (¢7 - 77u>7+v

for each v € H*(R,). But the left hand side extends to a continuous functional on H!(R,),
which is not true of the right hand side unless ¢_ = v_u, thus completing the proof. O

Lemma 3.4.10. Proposition 5.4.6 holds when 0 <v <1 and s = 1.

Proof. The regularity result of Lemma 3.4.9 combined with Lemma 3.4.8 shows that &
defines a continuous bijection, hence an isomorphism

H'(R,) x C7 — H N (R,) x C/H
as stated. O
Lemma 3.4.11. Proposition 3./.6 holds when v > 1.

Proof. If v > 1, then H*(R,) = H*(R,) for s > 0. Thus it suffices to apply Lemma 3.4.5
directly when s = 1,2. The case s = 0 is handled by duality, similar to 3.4.8. O

Proof of Proposition 3./.6. The combination of Lemmas 3.4.7, 3.4.10, 3.4.8, 3.4.11 estab-
lishes Proposition 3.4.6 O

Elliptic Bessel operators on T’} with constant coefficients

Throughout this section, P denotes a constant coefficient Bessel operator on T7,
P(D,,D,) =|D,|>+ A(D,) (3.43)

If 0 < v < 1, then P is also augmented by boundary conditions (7',C) with constant
coefficients: thus each boundary operator is of the form T}(D) = T; (D, )7<, and each entry
of C(D,) has constant coefficients.

The principal part of P is the operator

Po(DwDy) - |D,,|2 +AO(Dy)v
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where A°(D,) is the standard principal part of A. The principal parts of (T'(D,),C(D,))
are defined to be the unique boundary operators (1°(D,), C°(D,)) satistying

() =T, C°(@n) =C,

for each n € R""!. Finally, define #°(D,, D,) = {P°(D,, D,),T°(D,),C°(D,)}. Ellipticity
of either P or & depends only on these principal parts.

Lemma 3.4.12. Assume that P and &7 are elliptic. Furthermore, assume that the one
dimensional operators P(D,,q) (if v >1) and P(D,,q) (if 0 < v < 1) are reqular for each
qezrt.

1. If 0 <v <1, then
P HA(TY) x H*PE(T 1) — HO(TY) x HP 4T )
s an isomorphism.

2. If v > 1, then
P HA(T) — HO(T?)

s an isomorphism.
Proof. (1) Let 0 < v < 1. By ellipticity,
2°(Dy, (q) " q) : H(Ry) x €7 —» C*

is an isomorphism for each ¢ € Z"~!, according to Proposition 3.4.6. Since (q}f1 g ranges
over a compact subset of R"~!, the operator norm of £°(D,), <q)_1 q)~! is bounded uniformly
with respect to ¢ € Z"1\ 0. On the other hand, the homogeneity of P° implies

r=2S_,P°(D,,D,)S, = P°(D,, 7 'D,), 7 “7/?T°(D,)S, =T°(r7'D,).

Using 7 = (g), this implies that the operator norm corresponding to the problem

(@) 72 Siy1 P(Dy, ) St = ¢,
(@) TP T(g)S v+ XL (g) T Crylgu = ¥

tends to that of 22°(D,, (q)"" D,) as |q| — co. Thus the former problem is invertible for
q € Z" ! with operator norm uniformly bounded in ¢. Apply this invertibility result to the
functions

~ T14+1/2 ~ T7+1/2 ~
v=Sy-rig), v= (@), ... (@) i)
This implies that
||S<q>-1a(9)||§{2(1r1) + (@) ()12

<C <<Q>_4 15,5y~ P(Dy, )i(@) > + (@)~ | T (q)au(q) + Ck,j(q)ﬁ(CJ)HéJH) . (3.44)



CHAPTER 3. ELLIPTIC BOUNDARY VALUE PROBLEMS FOR BESSEL
OPERATORS 66

From (3.44) it follows that 2 is injective. Now multiply this equation by (¢)**~' = (¢)* and
sum over ¢ € Z"~'. Then Lemma 3.3.8 shows that the Fourier series for (u,u) converges in
H*(T7) x H*Z(T"'). Combined with the fact that Z(D,,, q) is invertible for each ¢ € Z"*,
this shows that & is surjective.

(2) The proof when v > 1 follows as above, disregarding the boundary operators. O

Corollary 3.4.13. Assume that P and & are elliptic. Furthermore, assume that the one
dimensional operators P(D,,q) (if v > 1) and Z(D,,q) (if 0 < v < 1) are regular for each
qeznt.

1. If 0 <v <1, then
P H(T) x HY7(T") — H (T x 1T )
is an isomorphism for s = 0,1, 2.

2. If v > 1, then
P HY(TY) — H(TY)

s an tsomorphism for s = 0,1, 2.

Proof. (1) It remains to handle the cases s = 0,1. First consider s = 0. As in the proof of
Lemma 3.4.8, the formal adjoint

P HA(TY) x HAT™ 1) — HO(T?) x HE (T 1) x H5(T")
agrees with the adjoint of
P HO(T?) x HE(T™ 1) — HA(T) x H&(T ).

Now &7* satisfies the same hypotheses as & in regards to the application of Lemma 3.4.12,
50 is an isomorphism. This implies that &2’ is an isomorphism, hence so is &2 on the stated
spaces.

The case s = 1 follows from (3.44) combined with Lemma 3.4.10: indeed, multiplying
the analogue of (3.44) by (¢)*~' = (g) and using the invertibility result from Lemma 3.4.10
shows that & is surjective on ﬁl(Tfﬁ) X HWZ(T?) (as well as injective by the s = 0 case).

(2) As usual, when v > 1 the proof follows by dropping the boundary terms. O

Remark 11. If P(D,, D,) is elliptic, then P°(D,, Dy+%) satisfies the hypotheses of Lemma
3.4.12. Similarly, if 0 < v <1 and P(D,, D,) is elliptic, then P°(D,,, D, + 3) also satisfies
the hypotheses of Lemma 5.4.12.



CHAPTER 3. ELLIPTIC BOUNDARY VALUE PROBLEMS FOR BESSEL
OPERATORS 67

Elliptic Bessel operators on T’ with variable coefficients

In this section, let P be a Bessel operator on T} of the form
P(x,y,D,,D,) = |D,|* + B(z,y, D,)D, + A(x,y, D,),

where the coefficients of A, B are constant outside a compact subset of T%. If 0 < v < 1, then
P is also augmented by boundary conditions (7'(y, D,), C(y, D,)). Introduce the notation

PO(D,,D,) = P°(0,0,D,,D, + 1),
TO(D,) =T°(0,Dy +3), C(Dy) =C°(0,Dy +3).
According to Lemma 3.4.12, if P and £ are elliptic, then P (if v > 1) and 2@ (if

0 < v < 1) are isomorphisms on the appropriate spaces.
Given p > 0, define the Fourier multiplier K, = 1j4>,(Dy). This operator acts both on

Sobolev spaces H™(T" 1), as well as on H*(T") (or H*(T"})) via the results of Section 3.3.
If m > m' then clearly
||Kp¢| H™ (Tn—1) < <P>m_m ”ﬁbHHm(T"*l) (3-45)

for ¢ € H™(T"'). Similarly,

1l

werny < ()7 [l

Ha(T) < ()1 | Do

Hs+\a\('ﬂ‘1) (3.46)

for u € H*(T% ), provided s + |a| < 2. A similar statement holds for (u, ¢) € ﬁS(Ti)

Lemma 3.4.14. Assume that P and &2 are elliptic. Then there exists 6 > 0 such that the
following hold.

1. Let0 <v <1ands=0,1,2. Suppose that (u,p,u) € 7:25('11"1) X H*TT(T"1) satisfies

suppu C {(z,y) € TL : x| + |y < e},
supp¢ C {y € T ' |yl <6}, suppuC {ye T :|yl <d}.

Then

H(u,gﬁ, u) Hs (T ) x Hs+z(Tn=1) < C(H@(U@,HH

+ [[(u, ¢, w)]

Hs=2(T7 ) x H* ™ (Tn—1)

ﬁs—l(X)xHS*Hl(']l‘"—l))? (3.47)

where C > 0 does not depend on (u,gﬁ, w). In addition, if s = 0,1 and
:@(U,?, Q) S HS_I(T[‘:L_) < HS_E—H(Tn_l),

then (u, ¢,u) € ﬁ”l(TZ‘r) X HsTTH(T?).
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2. Letv>1 and s =0,1,2. Suppose that u € H*(T") satisfies
suppu C {(z,y) € T% : |z| + |y| < 6}

Then
[wllazrny < C(|| Pul

ws—2(rn) + [[ullas-1(rn)),

where C' > 0 does not depend on u. In addition, if s = 0,1 and Pu € Hsfl(']l‘ﬁ), then
u e HTH(TY).

Proof. (1) For concreteness, assume that s = 1 and 2 (u, ¢, u) € H°(T}) x H*#(T* ). If
(f,9) = P(u, ¢,u), consider the identity

PO, ¢, u) + (2 = PO)(K,(u,9). Kpu)
=(f,9) = (2 = 2)((1 = K,)(u,0), (1 = K,)u). (3.48)

Noting that the term (P — P®)(u, ¢) depends only on u (and not on ¢), it follows from
Lemmas 3.3.13, 3.3.14 and (3.46) that

1(P — POYKyullyoerny < Crdl|ullazieny + Coll Kpullagam)
< (G164 Co (o) (s D)l 227

for positive constants Cy, Cy. By standard interpolation inequalities on H™(T"1),

(T = TO)K || < Cs|0]|mr2-virn—1y + Cal Kl 1w (on1)
< (C36 + Cu{p) )05 (u, &)l 22

For this, one should consider the cases 0 < v < 1/2, v = 1/2, and 1/2 < v < 1 separately,
but they all yield the same type of the estimate. Similarly,

1(C — OO Kyl sy < (Co8 + Cr () ™)l

Hs+z(Tn—l).
These inequalities imply that the operator norm of
(u,ﬂ_ba@) = (P — '@(0)>(KpuaKp@)

can be made arbitrarily small by choosing § > 0 small and p > 0 large. Since 20 g
invertible with domain H*(T7%) x H*'Z(T"!), it follows that the operator on the left hand
side of (3.48) is invertible for § small and p large.

On the other hand, the map

(u, ¢, u) = (2 = PO)(1 = K,)(u,0), (1~ K,)u)
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is bounded ﬁl(T’}r) x H7FE(T" 1) — HO(T7%) x H*7#(T""'). In particular, (u,¢,u) €
H2(T?) x H>7T") and the estimate (3.47) holds. Of course this also implies that (3.47)
holds for arbitrary (u,¢,u) € H2(T?) x H2*7(T" ) as well. The exact same argument
establishes the regularity result for s = 0, as well (3.47) for s =0, 1.

(2) As usual, the case v > 1 can be handled by a simpler argument not involving the

boundary operators.
m

Lemma 3.4.14 can be semi-globalized via a partition of unity argument.

Corollary 3.4.15. Assume that P and &2 are elliptic at 0X. There exists § > 0 such that
if o, x € C([0,9)) satisfy ¢ = 1 near x = 0 and x = 1 near supp ¢, then the following hold.

1. Let 0 <v <1 and s=0,1,2. Then
lo(u, ¢, M)Hﬁs(m)xmﬂ(w—l) < ClleZ(u, ¢, H)Hw—Q(M)xHS—ﬁ(Tn—l)
+ Ix(u, ¢, u)]
for each (u, ¢, u) € ﬁs(Ti) X HSTZ(T™Y). In addition, if s = 0,1 and
0P (u,6,u) € HTNTY) x M (T,

ﬁs_l(Tﬁ)XHS*1+I(T”—1))7 (349)

then o(u, ¢,u) € 7-[S+1(T’}r) x HstTH(Tnh),

2. Letv>1and s=0,1,2. Then
ns(ry) < C([lePul

[pul ws-2(rn) + [[xullrs-10mm)), (3.50)
for each w € H*(T"). In addition, if s = 0,1 and pPu € H¥*1(T7}), then pu €
HH(T™).

Sketch of proof for 0 < v < 1. By compactness of T"~! it is possible to choose ¢ and a finite
cover T"' = J, U; such that Lemma 3.4.14 is valid for (u, ¢, u) supported in [0,8) x U;.
Fix a partition of unity ; subordinate to U;, and choose 7; supported in U; that 7; = 1 on
supp f;. For ¢, x as in the statement of the corollary,

le(u, ¢, u)]

ﬁS(Ti)XHS‘Fl(T”*l) S C1||9032(u,?, Q>| 'HS(Ti)XHsiﬁ(Tnil)

+ 212 Bighix(w, ¢, |

He (T ) x B 2T

+ Csllp(u, ¢, u)l

’Hsfl(’]ri)XHs—l-Q—I(’]I‘nfl).
Writing ¢;5;, the commutator [ 2, §;p] is given by

It is then straightforward to check that this operator has the requisite mapping properties.
The regularity statement is established in the same way. O]
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Remark 12. As usual, the norms of the lower order terms on the right hand sides of (3.53),
(3.54) can be taken in less reqular Sobolev spaces by iterating Corollary 3.4.15. Similarly,
the reqularity result can also be iterated.

Elliptic Bessel operators on a compact manifold with boundary

The main theorem in this section establishes elliptic estimates and elliptic regularity for
elliptic Bessel operators on a compact manifold with boundary X.

Theorem 1. Let X be a compact manifold with boundary as in Section 3.1. Assume that
P € Bess, (X) is elliptic at 0X in the sense of Section 3.1. If 0 < v < 1, then assume P is
augmented by boundary conditions (T, C) such that & = {P,T,C} is elliptic at 0X. There
exists 0 < 0 < € such that if p,x € C°({0 <z < 0}) satisfy ¢ = 1 near X and x = 1 near
supp ¢, then the following hold.

1. Let 0<v <1ands=0,1,2. Then
lo(u, ¢, u)]

Hs (X)x HST7(8X) < C(HQOQ(%??H” H5—2(X)x H* E(8X)
+ ”X(u7?7 g>||ﬁ371(X)><H‘9_1+1(8X)>’ (351)

for each (u,¢,u) € ﬁS(X) X HYL(0X). In addition, if s = 0,1 and
0P (u,p,u) € HH(X) x HTEH(9X),
then ¢(u, ¢,u) € HH(X) x HTH(9X).

2. Letv>1and s=0,1,2. Then

lpullzex) < CllePul He=1(X) ) (3.52)
for eachu € H*(X). In addition, if s = 0,1 and pPu € H*(X), then pu € H*T(X).

ws—2(x) + ||xul

Proof. The global problem may be reduced to a local problem on T? via coordinate charts
and a partition of unity. Indeed, cover the collar neighborhood W by finitely many coordinate
charts (U;, ;) of the form

Ui=9(0,6) xY;), = (1x6)o¢™ ",

where (Y}, 0;) is a coordinate chart on 0X. Choose a partition of unity ; subordinate to Y;
and a function o € (0 < = < ¢) such that & = 1 near {0 < x < 6}. Then set x; = af;
and apply the results of Corollary 3.4.15 to each element

(i) o 7L, (Big) 0 071, (Biw) 0 0;1) € H(T™) x H*FT(T" L),

Again there will be various commutator terms which give only lower order contributions, as
in Corollary 3.4.15. O]
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As in the remark following Corollary 3.4.15, the error terms in Theorem 1 can taken in
weaker Sobolev spaces by iteration.
Recall the definition of H3%(X) in Section 3.3. Theorem 1 can be used to show that

H3,(X) (or equivalently H*(X)) may be identified with the space of all pairs (u, f) € H*(X)x
H*72(X) such that Pu = f in the weak sense, see also [84, Chapter 6.1].

Lemma 3.4.16. Let 0 < v < 1, and suppose that P is elliptic at 0X. Then for s =0,1,2,
H(X) = {(u, f) € H¥(X) x H**(X) : Pu= f weakly},
where the space on the right hand side is equipped with the H5(X) norm.

Proof. As in the remark following Lemma 3.3.26, H%(X) is contained in the space on the
right hand side. For the converse, suppose that u € H*(X) and f = Pu € H*?(X) weakly.
Similar to the proof of Lemma 3.3.26, consider the functional

() = (u, Po)y — (fv)y . ¥ € CF(0X) x C=(0X)

where v is any member of F,(X) such that yv = 1. Since Pu = f weakly, ¢ is well defined
(namely it does not depend on the choice of v). In particular, one may take v = K(1), where
K is a bounded right inverse mapping C*°(0X) x C*(0X) — F,(X). Thus

() < Chllulls, 00 (1K) l32-2x) + 18]l 2-2-2(0x)) < Collul
By Hahn-Banach and the Riesz theorem, there exists a unique ¢ € H*7#(9.X) such that

<ua P*U>X - <f7U>X - <J?’ IU>8X'

for each v € F,(X). Consider the pair (u, ¢); a priori this is an element of H°(X). On the
other hand, for each v € F,(X),

<P(u,£§),v>x = (u, P*v)  + <?, le>8X
= <f> U>X )
so P(u,¢) = f. Since f € H*7*(X) and ¢_ € H*'™(9X), Theorem 1 implies that (u,1)) €

H?#(X) since the the boundary value problem {P,v_} is elliptic at 9X. According to Lemma
3.3.26, this means that the pair (u, f) can be identified with an element of H$(X). O

Suppose that P is elliptic at X and let s = 0,1. If u € H*(X) and Pu € H°(X) in
distributions, then there is a canonical f € H*%(X) such that Pu = f weakly, namely
the element Pu € HO(X) — H*2(X) itself. According to Lemma 3.4.16, to this choice
of f there is a uniquely associated ¢ € H* %(0X) such that P(u,¢) = Pu and the norm
[[(w; @)l 75 () 1s equivalent to [|ullas(x) + [[Pull32-+(x). Adding ||PU,_||'HO()Q to both of these
norms shows that the spaces

{ue M (X): PuecH(X)} and {(u,¢) € H*(X) : P(u,) € H°(X)}

3 () || 252 (o)

coincide, with an equivalence between the natural graph norms. This will be exploited in
Section 3.5.



CHAPTER 3. ELLIPTIC BOUNDARY VALUE PROBLEMS FOR BESSEL
OPERATORS 72

Parameter-elliptic boundary value problems

This section concerns elliptic estimates for parameter-dependent Bessel operators. The ex-
position is deliberately brief, since most of the definitions and facts in this section are
straightforward adaptations from the non-parameter-dependent setting. In particular the
main theorem of this section, Theorem 2, is stated without proof. The interested reader
is referred to [84, Chap. 9] for an indication of how the proofs should be modified in the
parameter-dependent setting.

Fix a compact manifold with boundary X with the usual data of a boundary defining
function and collar diffeomorphism. Let P(\) € Bess{V(X) be a parameter-dependent Bessel
operator; if 0 < v < 1, then P()) is augmented by boundary conditions as in Section 3.4.
The boundary conditions themselves may depend on the spectral parameter A, namely one

considers (T'(\), C' (X)) where
Te(N) =T*(M\)ve, T-(X) € Diff},(0X), T*(\) € Diff°(9X).

and Cy; € Diff(, (0X). It is necessary to formulate a parameter-dependent Lopatinskii
condition for (T'(\),C()\)). Suppose that g € {1 — 1,2 — v,1 + v} and ordV(T'(\)) < p.
Here the order of T" with respect to v is defined in the parameter-dependent sense, namely
factors of A\ are given the same weight as a derivative tangent to 0.X. Define the family of
operators

~ \ B
Tiya) = Ofueren (T~ 1=+ 00y (TH )
indexed by (y,n,A) € T*0X x C. Thus each (y,n,A) € T*0X x C gives rise to a one-

dimensional boundary operator T\(W,; )
Next, choose ¢ ; € Z such that

ord™(Cr; (V) < ey < 75+ ks

and then define the matrix 6(%,7) with entries

(Clymn)rs = U(g:,)j (Chi (M) (y,m3 A).
Again the order of Cj j()) is taken in the parameter-dependent sense.

Definition 3.4.17. Suppose that P(\) is parameter-elliptic on 0X with respect to an angular
sector A. The boundary operators (T'(X),C(N)) are said to satisfy the parameter-dependent
Lopatinskii condition with respect to P and A if for each p € 0X and (n,A) € T;0X x A\ 0,
the only element (u,u) € M (p,n,\) x C’ satisfying

Tipmru+ Cparyu =0

is the trivial solution (u,u) = 0. The operator (X)) = {P(\),T(\),C(\)}, is said to
be parameter elliptic if P(\) is parameter-elliptic and (T'(\), C'(X\)) satisfy the parameter-
dependent Lopatinskii condition on 0X with respect to P(\) and A.
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Example. If P()) is parameter-elliptic in an angular sector A and 7' is a A-independent
boundary condition satisfying the Lopatinskii condition, then { P()\), T} is parameter-elliptic
with respect to A.

Example. If 1/2 < v < 1, then any boundary condition of the form 7" = v, + T~ (\)y_,
where T~ (\) € Diff%/\) (0X), satisfies the parameter-dependent Lopatinskii condition with
respect to any angular sector.

In the notation of Theorem 1, the main theorem of this section is the following. As
remarked in the introduction to this section, it is provided without proof.

Theorem 2. Let X be a compact manifold with boundary as in Section 3.1. Assume that
P(\) € BesstV(X) is parameter-elliptic at X with respect to an angular sector A in the
sense of Section 5.1. If 0 < v < 1, then assume P()\) is augmented by parameter-dependent
boundary conditions (T'(X), C(X)) such that (X)) = {P(\),T(\),C(\)} is elliptic with re-
spect to A. There exists 0 < 0 < & such that if ¢, x € C°({0 < z < §}) satisfy ¢ = 1 near
0X and x =1 near supp p, then the following hold.

1. Let 0 <v <1 and s=0,1,2. Then

”lgp(u’?’QNH’;‘QS(X)XHS‘*‘E(@X) < O("l(p@(/\)(u,?, Q)l”q.ts—Q(X)XHs—ﬁ(aX)
+ "lX(uyéa Q) ”l’):zS*l(X)XHS*lWLI(aX))) (353)

for each (u,¢,u) € Ho(X) x H(OX) and A € A
2. Letv>1and s=0,1,2. Then

llpullzgs xy < CMleP (AN ullzs-2x) + Mxullns-1(x)), (3.54)
for each v € H*(X) and X € A.

Conormal regularity

So far only regularity at the H? level has been discussed. Higher order regularity is defined
in terms of a scale of conormal Sobolev spaces relative to H*. Let X be a compact manifold
with boundary with a fixed boundary defining function x and collar neighborhood W. Then
let Xeven denote the manifold X equipped with a new smooth structure: on the collar
W ~[0,¢), x X, functions are smooth if in the normal direction they depend on 22 (rather
than just x).

Define the Lie algebra Vb(yeven) of smooth vector fields on Xve, which are tangent to
0X. In local coordinates z, 1, ..., yn_1 on the collar, elements of Vy(Xeven) are C®(X even)
linear combinations of 0, and 0,,.

Lemma 3.4.18. If P € Bess,(X) and V € Vy(Xeven) satisfies Ve = x + O(z?), then
[P, V] € Bess, (X).
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Proof. The hypothesis implies that in local coordinates,
V(z,y) = a(2?,y)z0; + V' (2%, y),,
where a(0,y) = 1. Note that
10,1, 20.] = =2|0,*, [y, 20:] = —0,.
Also from (3.20), if @ € C*°(Xeyen), then
[10,?,a] = axd, + a

for a,a € C°(Xeven), as well as [20,,a] € C®(Xeyen). The result follows immediately from
these observations. O

Given k € N and s = 0, 1, 2, the space H**(X) is defined as
HHFX) ={u e H(X): Vi---Viu € HY(X) for any Vi,..., Vi € Vy(Xeven)}-

Fixing a finite generating set # for Vy(Xeven), this space can be given the topology of a
Hilbert space by inductively defining the norms

isvk(x) = Z [Vl

Vey

[[ul 3{57'@*1()()-

A different choice of generating set yields an equivalent norm. Note that over any compact
K C X, there is an equivalence between functions in H**(X) and H*™*(X) which are
supported on K. In addition, all of the density results which hold for #*(X) also hold for
HIF(X).

Remark 13. If s =0,1, then in fact
HHMX) ={u e H (X): Vi---Viu € H(X) for any Vi, ..., Vi € Vy(X)}.
Thus only H**(X) necessitates the introduction of a new smooth structure on X.
Lemma 3.4.19. Let P € Bess,(X) and k € N.
1. If v >0, then P : H**(X) — HO*(X) is bounded.

2. If 0 <v <1 andT is a boundary operator such that ord,(T) < u, then T : H**(X) —
H¥271(0X) is bounded.

Proof. (1) Any V' € Vy(Xeven) can be written as V = aVj, where a € C®(Xoyen) and
Viz = x + O(23). The result can now be deduced from Lemma 3.4.18.

(2) Given a vector field Z on 90X, there exists V € V(X even) such that V]sx = Z. Then
Z(y+u) = v+ (Vu) for each u € H?*(X); this is certainly true on F,(X) and extends by
density. O]
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Fix a generating set ¥ = {Vy, Vi, ..., Vy} for Vy(Wewen) as follows: set Vy = xd,, and
then choose a collection of vector fields Vi, ..., Vy on 0X which span T0X. Then Vj, ..., Vy
may be considered as vector fields on [0,¢), x X, hence on W. Note that the flow of Vj is
given by exp(hVy)(x,y) = (e"x,y), where (x,y) € [0,€), x 0X. Given V € ¥, let

ou = (uoexp(hV) —u)/h

denote the associated difference quotient.

Suppose that v € H**(X) is supported in {0 < z < §}, where 0 < § < &. Observe
that there exists hy > 0 depending on ¢ such that g"l/ou is well defined for 0 < hg < h; the
difference quotients corresponding to Vi,...,Vy are defined for all h. The first step is to
calculate the commutator of P with of; ; this is illustrated for [|D,|?, of; ]. First note that

[0, oY Ju = h7! (" = 1)(0u) o exp(hV)).
A short calculation gives
1D, %, 0%, Ju=h~(1 = e")(| D, [u) o exp(hVp),
which shows that

DI, ¥y Jullwonx) < Cllullaesx)

for 0 < hg < h, where C' > 0 does not depend on u or h. Continuing this calculation shows
that [|[P, of Jullyorx) < Cllullne2r(x) for any V€ ¥ As for the boundary operators, one
has

_ 6(1/2+V)8

v_(uoexp(hVp)) =v-u, ~y4(uoexp(hlp)) T+ s

so - 0 ol =0 and v o o, = (e(/*™)¢ — 1)y, u. Similarly,
[T, Q}Q]UHHH%N(M) < Ollullgzrx)
forv=1,..., N, uniformly in h.

Theorem 3. Let X be a compact manifold with boundary as in Section 3.1. Assume that
P € Bess, (X) is elliptic at X in the sense of Section 3.1. If 0 < v < 1, then assume P is
augmented by a boundary condition T such that &2 = {P, T} is elliptic at 0X. There ezists
0 < § < e such that if ,x € C*({0 < z < 0}) satisfy ¢ = 1 near 0X and x = 1 near
supp ¢, then the following hold.

1. Let 0 < v < 1. If xyu € H3(X) and xPu € H (X)), Tu € H*?>7#(0X) for some
k €N, then pu € H**(X). Furthermore,

H@UHHM(X) <C (HX«@UHHM(X)xHH%u(aX) + HXUHHO(X)) )

where C' > 0 does not depend on u.
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2. Let v > 1. If xu € H*(X) and xPu € H"*(X) for some k € N, then pu € H**(X).
Furthermore,

loullgerxy < C ([xPullporx + IIxullaec)
where C' > 0 does not depend on wu.

Proof. The proof is by induction; the case k = 0 is Theorem 1. Suppose that the result
holds for k£ € N; combined with the calculations preceeding the theorem, this gives that
ohpou € H**(X),V € ¥ is well defined and uniformly bounded for h sufficiently small.
Standard functional analysis (extracting a weakly convergent subsequence, etc.) proves that
Viu € H**(X) for every V € ¥, with a corresponding estimate. This allows one to conclude
the result for k& + 1. O

Asymptotic expansions

Using Mellin transform techniques, it is straightforward to give asymptotic expansions for
solutions of certain Bessel equations. This section is a special case of far more general
expansions; see [77, Section 7] for example. The approach taken here is essentially the same
as [97, Lemma 4.13]. The space C*°(X) refers to smooth functions on X which vanish to
infinite order at 0.X.

Lemma 3.4.20 ([97, Lemma 4.13]). Suppose that P € Bess,(X) for v > 0, and g+ €
C>(0X). Then there exist v+ such that P(x'/**Vv, + 2127y ) € C®(X) and vi|ox = g+
with the following properties.

1. If2v ¢ {3,5,7,...}, then ve € C®(X). In addition v+ — g+ € 2C™(X).
2. If 2v € {3,5,7,...}, then vy € C=(X) and
v_ € C®(X) + 2% (log x)C*(X),
where a; € C*(0X).
Suppose that P € Bess,(X) is elliptic at .X. Write P in the form
P=|D—E

near 0X, where E € Difg (X) and Diff}*(X) are the operators of order at most m generated
by vector fields in V,(X). If 0 < v < 1, then also fix a boundary condition 7" such that
{P, T} is elliptic at 0X. The equation Pu = f can be expressed as

2% D, |*u = 2*(Bu + f) (3.55)
Formally, the Mellin transform of the left hand side of (3.55) is

(s+1/2—=v)(s+1/2+v)Mu(s,-), seC.
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Now suppose that u € H(X) and f € C*°(X). Also suppose that Tu € C*°(0X) when
0 < v < 1. If u is supported sufficiently close to 90X, then u € H**¥(X) by Theorem 3
for any k € Z. In that case, the left hand side of (3.55) is square integrable with respect
to the measure d(Ims) along the line {Res = 1/2}. Furthermore, since u € H>*(X) C
HO*(X) and E € Diff{(X), the right hand side of (3.55) is an element of 22H°(X). Define
HS’OO(X) = mkz(ﬂ'[s’k(X).

Proposition 3.4.21. Suppose that P and {P, T} are elliptic at 0X. If u € H°(X) and
Pue C®(X), Tue C®0X),
then the following hold.

1. Let 0 < v < 1. Then there exist uy € C*°(X) such that

1/2+4v 1/2—v

U= Uy + 2 U_.

In addition ux — g+ € 22C=(X), where g_ = y_u and 2vg, = Y, u.

2. Letv>1. If2v ¢ {3,5,7,...}, then there exists ux € C*(X) such that

1/24v 1/2—v

U= Uy + U_,

where u_ € z*C>®(X) for some k € N satisfying k > v — 1. If 2v € {3,5,7,...}, then
the same statement holds but with u_ € z*C>(X) + 2* (log z)C>=(X).

Proof. For a more details, again see [97, Lemma 4.13]. By cutting off u (which does not
affect the condition Pu € C*°(X)), it may be assumed that u is supported near 0.X, hence
a function on (0,¢) x 0X. Let

hy = Eu+ f € H°((0,e) x 9X).
Write ,(s) = (s+1/2+v)(s+ 1/2 — v) and then take the Mellin transform to yield
Mu(s,-) = 1,(s) " Mh(s+2,").

First suppose that 2v is not an integer, so the roots of [,(s) are simple. Since Mh(s + 2,-)
is holomorphic for Res > 1/2, this provides a meromorphic extension of Mu(s,-) from
{Res > 1/2} to {Res > —3/2} with simple poles at the roots of [, (s) in the strip {—3/2 <
Res < 1/2}. Since u € H**>°(X) the residues are smooth functions on 9X.

Now take the inverse Mellin transform by deforming the contour to any line {Res =
—3/2 + e}. Note that Mu(s,-) has two poles in {—3/2 < Res < 1/2} if 0 < v < 1, and no
poles in this region if v > 1. In the former case,

1/24v 1/2—v

u=2x g+ +x g— +uq
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for g. € C*(0X) and uy € 2*H"*(X)NH>>(X), while in the latter case u € z*H*>(X)N
H?°(X). In the first case, choose v+ as in Lemma 3.4.20, where v+ = g+ + 22C°°(X). Thus

u— a2y, — 2Py € 2HOO(X) NHEZ(X)

and P(u — 2'/*tv, — 2Y/?>"y_) € C=(X). Applying the same argument gives the next
terms in the expansion, which come from the poles at s = —5/2 4+ v. This may be continued
indefinitely, but note that after this second step there may appear powers of the form z"+1/2+
(for 7 > 2) rather than just % *1/2* (unless additional evenness assumptions are made on
E). A similar argument applies in the second case, where Mu(s, -) is first continued further
to left until an indicial root is crossed. When 2v is an integer, one picks up a logarithmic
factor when taking the inverse Mellin transform, corresponding to a pole of multiplicity
two. [

3.5 The Fredholm alternative and unique solvability

Global assumptions

Let X denote a compact manifold with boundary as in Section 3.1. Consider a pseudodif-
ferential operator P € U?(X) of the form P = P, + P, where

P, € Bess,(X), P, € W*(X) is compactly supported.

Assume that P; is elliptic at X in the sense of Section 3.1. Furthermore, if 0 < v < 1, fix
a scalar boundary condition 7" with ord, (7") < p; this is just for simplicity, whereas matrix
boundary conditions arise in the adjoint problem. Assume that & = {P, T} is elliptic at
0X as well. Since P, has a compactly supported Schwartz kernel, this is just a statement
about the operator {P;,T'}.

Without any assumptions on the behavior of P away from 0.X, there is no reason to expect
that P or & are Fredholm. This section outlines some additional global assumptions which
guarantee a Fredholm problem. The simplest of these assumptions is that P is everywhere
elliptic (in the standard sense) on X, but in view of applications to general relativity, this is
overly restrictive. Indeed, operators which arise in the study of quasinormal modes on black
holes spacetimes have the property that their ellipticity degenerates at the event horizon.
Moreover, rotating Kerr—AdS black holes contain an ergoregion, so that the corresponding
operator is not everywhere elliptic even in the black hole exterior.

The global assumptions on P presented next are motivated by recent work of Vasy [95],
which applies to the setting of rotating black holes. More generally, these assumptions are
typical for situations where coercive estimates are proved via propagation results.

Given v > 0, define the space

 J{ue HYX): Pue HY(X), Tu e H*"(0X)} if0<v<l,
| {ue HY(X) : Pue HOX)} ifv>1
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where Pu is taken as a distribution on X. That Twu is well defined follows from Lemma
3.4.16. Equip Y with the norm

lully = {||U||H1(X) + [[Pullgoxy + Tl r2-n0x) ?f 0<v<l
[ullze ) + [ Pullseox) if v >1.
According to the discussion following Lemma 3.4.16, the space ) is equivalent to
{(u,9) € H'(X) : P(u,¢) € HO(X) x H*"(0X)} (3.56)

for 0 < v < 1 when the latter space is equipped with the norm || (u, ¢) H@(X)—i—H P(u, )||no(x)x 521 (0X)-
Lemma 3.5.1. The space Y has the following properties.

1. Y is complete.

2. F,(X) is dense in Y

3. If0<v <1, then Z:Y — H(X) x H*"(0X) is bounded.

4. Ifv>1, then P:Y — H(X) is bounded.

5. If ( € C°(X) and K = supp(, then for each m < 1 the map Y — HR(X) given by

u +— Cu is compact.

Proof. (1) For 0 < v < 1, use the alternative description (3.56) of ): suppose that (u,, ¢,) €
YV is a Cauchy sequence. This implies that there exists

(u,0) € H'(X), (w,w) € H'(X)x H**(9X)
such that
(tny b)) = (u,0) in HY(X),  P(t,un) — (w,w) in HO(X) x H7H(DX).

Certainly (un, ¢n) — (u, @) in H!(X), and then by continuity P(Uup, dn) — P(u,¢) in
HY(X) x H'"#(0X). This implies that &(u, ¢) = (w,w) since the natural map

HO(X) x H*M0X) — H X)) x H(0X),

is injective. Thus ) is complete. A simpler proof works when v > 1.

(2) Again assume that 0 < v < 1. Fix a cutoff x such that y = 1 in a neighborhood of
O0X. If y is supported sufficiently close to X, then yu € H?(X) by Theorem 1. Thus there
is certainly a sequence u,, € F,(X) such that u, — yu in H'(X) and Pu,, — Pxu in H°(X),
along with Tu,, — Tu. If ¢ =1 near 90X and x = 1 near supp ¢, then also pu,, — ¢u and
@Pu,, — @pPu. This also implies that P(¢u,) — P(pu) since

[P, ¢lu, — [P plu = [P, ¢lu
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in H°(X) by continuity. On the other hand, the same reasoning above combined with the
mollification argument in [95, Section 2.6] shows the existence of a sequence v, € C(X)
such that (1 — ¢)v, — (1 — ¢)u in HY(X) and P((1 — p)v,) = P((1 — ¢)u) in HO(X). Tt
then suffices to take the sequence gu, + (1 — ¢)v, € F,(X) which converges to u in ).

(3) The boundedness of u — Pu as a map Y — H°(X) holds by construction of ). As
in the previous part, yu € H*(X) so T : Y — H?* #(0X) is also bounded. This establishes
the boundedness of & = {P,T'}.

(4) See (3) above.

(5) The map u — Cu is bounded H'(X) — H}(X), which embeds compactly in HZ(X).

[

Typically, one constructs a partition of unity of the form

N
l=¢+) Ai+R,

i=1

where A; € ¥0(X), R € U=>°(X) are compactly supported pseudodifferential operators, and
¢ € C>(X) satisfies ¢ = 1 near X. Under various hypotheses on P (now considered as an
element of ¥?(X)), it is often the case that there exists compactly supported B;, X; € ¥0(X)
such that

||A1U||H1(X) < O”BZPU”HO(X) + ”Xiu||H7”(X)a m <1 (357)

for each u € C*°(X). Since the operators B;, X; and R are compactly supported, it is
possible to combine (3.57) with the results of Theorem 1 to conclude the following type of a
priori estimate: if 0 < v < 1, then

lullx) < C (1 Pullmo x)smz-nx) + ullmo ) + lIxullam ) (APO)
for each u € F,(X), while if v > 1 then
lullaox) < C ([[Pullwoxy + Nllmo ) + Ixullamx)) (AP1)
for each u € F,(X). Since F,(X) is dense in Y, the estimate (AP0) implies
lully < C (| 2ullnox)xz-n(x) + llullao ) + lIxullmx))

for each u € Y, and similarly for (AP1). It is standard that (AP0), (AP1) imply & : Y —
HO(X) x H*#(0X) and P : Y — H°(X) have finite dimensional kernels provided m < 1 —
see Lemma 3.5.4.

Suppose that 0 < v < 1. In order to prove that &2 has finite dimensional cokernel, it
is necessary to introduce spaces associated with the formal adjoint &7* and Hilbert space
adjoint &’. Fix a density 1 on X of product type near 9X. A priori, 2* is bounded

HO(X) x HF2(0X) — H2(X) x HZ2(9X).
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Recall that if (f,g) = 2*(v, ¥, v), then

(u, f)x + <w,g>8x = (Pu,v)y + {w — yu, J%>ax + (Gw,v)yx , (3.58)
where the dualities on X and 0X are induced by p and pgx. Now define the space
X = {(v,9,v) € H'(X) x H2(0X) : 2*(v,9,v) € H™(X) x H*H(dX)}.
The corresponding space for v > 1 is defined to be
Z={ueH"(X): PucH X))

The spaces X and Z have properties similar to those in Lemma 3.5.1. In particular, the set
of all (v,vyv,v) such that v € F,(X) and v € C*(0X) is dense in X. Similarly, F,(X) is
dense in Z for v > 1.

The analogue of (AP0), (AP1) is formulated next for the adjoint problems. First suppose
that 0 < v < 1. The a priori estimate is

(v, 70, V) ([0 (x)x a2 (0x) < CIP* (v, 0) l=1(x) x -1 0)
+ 10, V)l 5-1 () a3 (0x) T+ XVl (X)) (AP0¥)

for each (v,v) € F,(X) x C*(0X). By density this implies the same estimate for (v,v,v) €
X. When v > 1 the estimate is

[ollox) < CUP 100 + [0l + [xvllam ) (AP1%)
for each v € F,(X). For (AP0*), (AP1¥) to be useful, one should require m < 0.

Remark 14. As with the direct problem, it is frequently possible to combine the local es-

timates of Theorem 1 with interior estimates via a pseudodifferential partition of unity to
show that the adjoint estimates (AP0*), (AP1*) hold.

When 0 < v < 1, the formally adjoint operator &?* should be compared with the Hilbert
space adjoint B
P HY (X) x H2(0X) — HA(X),
defined by
((u,0), Z'(v,0)) = (Pu,v) x + (T, 0) 5 .

Recall that the inclusion of H2(X) < H(X) is dense. Consequently H'(X)' may be iden-
tified with a dense subspace of H?(X)’, where this identification is induced by the g—inner
product. In order to describe H'(X)’, note that that there is an isomorphism

®:HYX) = H'(X) x HY(0X)
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given by ®(u,$) = (u,¢4); the inverse of ® is ®~'(u,d4) = (u,y-u,¢4). Thus for each
o € HY(X)' there exist unique f € H1(X), g+ € H(0X) such that

a(u,gﬁ) = (f,u)x + {9+, ¢+>ax-

Furthermore, note that if g- € H7(0X), then the functional given by u — (g_,v-u)yy is
an element of H'(X)'. Thus it may be represented in the form u — (f_, u) for a unique
f- € H7Y(X). The next lemma summarizes this discussion.

Lemma 3.5.2. Fach a € H'(X)' admits a representation
a(u,¢) = (fiu)x + (9, ¢,y (3.59)
where f € H'(X) and g € H*1(0X). Furthermore, lall g1 xy s equivalent to the norm
inf )|l ) + gl o)
where the infimum is taken over all f, g such that (3.59) holds.
Now define Z = {(v,v) € HY(X) x H*2(8X) : 2'(v,v) € H(X)'}.
Lemma 3.5.3. Suppose that (AP0*) holds. Then
10, llogryemox) < O 2 (0.0) s
+ (v, )l o xe-sox) + IxvllEm ) (APO)
for each (v,v) € Z.
Proof. Since 2'(v,v) € H'(XY, there exists f € H1(X) and g € H*"'(0X) such that the
action of 2'(v,v) on (u, ¢) € H'(X) is given by
(0, 8) = (fru)x + (9,0), - (3.60)

Now let ¢ = JG*v — Jg, so that Jy + G*v = g. Furthermore, note that ¢ € H7#(9X), so
(v,9) may be considered as an element of HO(X). Referring back to (3.58), it follows that
P*(u,v,v) = (f,g). This shows that (u,1),v) € X, 50

| (v, )|l x)yxmr—20x) < C(|flle-1x) + |9l e—10x)
+ 1(v, 0) |31 (x) -3 0x) + || XV 7 (X))
by (AP0*). In the last line, this used the fact that
[l -1-v0x) < CUllwlle-s + lgllae-1ox))-

It now suffices to take the infimum over all f, g satisfying (3.60), and then appeal to Lemma
3.5.2. O
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The Fredholm property

In this section, the Fredholm property is established whenever (AP0), (AP1), (AP1), (AP1%)
hold. A complete proof is given for the more complicated case 0 < v < 1.

Lemma 3.5.4. Let 0 <v < 1.

1. If (APO) holds with m < 1, then the operator
P .Y = HU(X) x HH0X)
has a finite dimensional kernel.
2. If (APO*) holds with m < 0, then the operator
P HY (X)) x H2(0X) — H2(X) x HY*(0X)
has a finite dimensional kernel

Proof. (1) This is immediate from the compactness of the inclusion Y < H°(X) and the
multiplication operator x : J — HZ:,,  (X), combined with (APO0).

(2) Clearly the kernel of &7’ restricted to H°(X) x H*2(0X) is equal to the kernel of
P vestricted to Z. The result follows from the same type of compactness considerations as
in (1), using (AP0"). O
In light of Lemma 3.5.4, let K denote the finite dimensional kernel of | 5.

Lemma 3.5.5. Let 0 < v < 1, and assume that (AP0’) holds. Suppose that

(h, k) € H'(X) x H* *(0X)
lies in the annihilator of K via the duality between HO(X) x H2(0X) and HO(X) x
H?>""(0X). Then there exists (u,¢) € H'(X) such that P (u,$) = (h, k).

Proof. This fact is more or less standard, but a complete proof is included for the readers

convenience.
(1) Fix a (closed) subspace V of H°(X) x H*~2(0X) which is complementary to the
finite-dimensional space K C Z. Then there exists C’ > 0 such that

10, V) l0 ) xme-20x) < C' 12" (0,0) g xy (3.61)

for each (v,v) € V' N Z. 1f this were not true, there would exist a sequence (Un, ) €V N Z
such that
H(Unvv_n)HHO(X)XH#—2(8X) =1, ngl(vmv_n)uﬁl(x)' — 0.
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By weak compactness of the H°(X) x H# ?(0X)-unit ball, it may be assumed that (v, v,,)
is weakly convergent. Since V' is closed, it follows that (v,,v,) — (v,v) weakly for some
(v,v) € V. Thus

P (Un, Un) = P'(v,0)

weakly in #2(X). This means 2'(v,v) = 0 since P'(Up,v,) — 0 (in norm) in H*(X)".
Thus (v,v) € V N K, which implies (v,v) = 0, since V' complements the kernel.

Now by compactness there exists a subsequence (v,,,vy;), such that yv,; is convergent
in H o (X) and (vy,, vn,) is convergent in 7' (X) x H*=3(8X). Then (AP(0’) implies that
(Vn;, Un;) is Cauchy, hence convergent in H°(X) x H*2(9X). This limit must be (v,v),
but that contradicts (v,v) = 0 since (v,,v,) has unit norm in H(X) x H*~2(8X). This
completes the proof of 3.61. B

(2) Now suppose that (h, k) € H°(X) x H*#(0X) is in the annihilator of K. Define the
antilinear functional ¢ on the range of &”'| 5 by the formula

P'(v,0) = (h,v)x + (k,v)ax,

where (v,v) € Z. This is well defined, since if P (v,v) =0 and (v,v) € Z, then (v,v) € K,
hence the right hand side vanishes.
For each (v,v) € VN Z, one has by (3.61)

(h,v)x + (k,v)ax < C ([(h, E)llox)xm-n(0x)) <H‘@*(U’9)Hﬁl()€)’) '

Since this is invariant under adding elements of K, it is in fact true for (v,v) € Z. Thus ¢ is
bounded on the range of &' 5.

Now extend ¢ to an antilinear functional on 7—~[1(X ) by the Hahn—Banach theorem. Then
there exists a unique (u, @) € H!(X) such that £(a) = a(u, ¢), and furthermore

E(@l(v,y)) = <h7U>X + <E7Q>8X

whenever (v,v) € Z. N

The claim is that &(u,$) = (h,k). To see this, approximate (u,¢) in H'(X) by a
sequence (U, ¢,) € HA(X). Certainly P(un, ¢n) — P(u,¢) in HH(X) x HH(9X).
Furthermore, the pairing between (u,, ¢,) and &'(v,v) is given by

(Pun,v)yx + (Ttn, v) 5 -

for each (v,v) € HY(X)x H*~1(0X). Thus for (v,v) € F, x C®°(0X) C HY(X) x H*1(8X),
this converges to (Pu,v)y + (Tu,v),y. But on the other hand it converges to (h,v)y +

(k,v) 5y since F,(X)x C*(0X) C Z as well. Thus & (u, ¢) = (h, k), since F,(X) x C*(9X)
is dense in H'(X) x H*1(0X) . O
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be elliptic at 0X. If0 < v <1, then let T
(T) < p, such that & = {P, T} is elliptic

Theorem 4. Let v > 0 and P as in Section 5.

5
denote a scalar boundary operator satisfying ord,
at 0X.

1. Suppose that 0 < v < 1. If & satisfies (APO) with m < 1 and (AP0*) with m < 0,
then
P .Y = HU(X) x HH0X)

is Fredholm.
2. Suppose that v > 1. If P satisfies (AP1) with m <1 and (AP1*) with m < 0, then

P:Y— H(X)
1s Fredholm.

Proof. (1) Lemma 3.5.4 shows the kernel is finite dimensional. On the other hand, Lemma
3.5.5 shows that the equation Z(u, ¢) = (h, k) has a solution (u, ¢) € H*(X) for (h,k) in a
space of finite codimension in H%(X) x H>#(X); clearly this (u, ¢) can be identified with a
unique element of ), namely wu. B

(2) When v > 1, there is a natural analogue of Lemma 3.5.5. Since the arguments are

simpler when there is no boundary operator, the proofs are omitted. O

Unique solvability

In this section, again let X denote a compact manifold with boundary as in Section 3.1.
This time, consider a pseudodifferential operator P(\) € WM (X) of the form P()\) =
Pi(\) + Py()N), where

Pi(\) € BessV(X), Py(\) € UM (X) is compactly supported (uniformly on \).

Assume that P;(\) is parameter-elliptic at 0.X with respect to an angular sector A in the sense
of Section 3.1. If 0 < v < 1, fix a scalar boundary condition T'(\) with ord\M(T(\)) < 4,
and assume that Z(\) = {P(A\),T()\)} is parameter-elliptic at 0X with respect to A. It is
also assumed that the ‘principal parts’ of P()\),7T'(A) do not depend on A, so the spaces )
are independent of .

The parameter-dependent versions of (AP0), (AP1), (AP0*), (AP1*) are obtained by
replacing the norms |[|-|| with their uniform counterparts || ||, and insisting that the estimates
hold for all A € A.

Theorem 5. Let v > 0 and P(\), Z(\),A be as above. Suppose that the parameter-
dependent versions of (AP0), (AP1), (AP0*), (AP1*) hold.
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1. Let 0 < v < 1. There exists R > 0 such that
PN Y — HU(X) x HH(IX)
is an isomorphism for A € A satisfying |\ > R.

2. Letv > 1. Then there exists R > 0 such that
P\ : Y — HUX)
is an isomorphism for A € A satisfying |\ > R.

Proof. The parameter-dependent versions of (AP0), (AP0*) show that &(\) and Z(\)
respectively are injective on the appropriate spaces (for A € A with || sufficiently large).
This implies that &?(\) is an isomorphism for |A| sufficiently large. Similar remarks hold for
P when v > 1. ]

3.6 Completeness of generalized eigenfunctions

In this section, sufficient conditions are given which guarantee an elliptic parameter-dependent
Bessel operator has a complete set of generalized eigenvectors. Completeness of eigenvectors
for non-self adjoint boundary value problems has a long history, going back to classic works
of Keldysh [68], Browder [15], Schechter [86], Agmon [1], among many others. The results
of this section apply to large classes Bessel operator pencils with a spectral parameter in the
boundary condition, and two-fold completeness is established (which is stronger than just
completeness).

One application of this section is to describe a class of boundary conditions for which
linearized scalar perturbations of global anti-de Sitter space have complete sets of normal
modes. Recent numerical and perturbative studies have hinted at a relationship between the
linear spectra of such perturbations and possible nonlinear instability mechanisms [7, 9, 11,
10, 16, 24, 26]. These normal modes have been studied by separation of variable techniques,
but there has not appeared a general criterion guaranteeing completeness of normal modes
(nor even the discreteness of normal frquencies) for general, possibly time-periodic, boundary
conditions. The results of this section also apply to more general stationary aAdS spacetimes
with compact time slices, where 0, is Killing but the spacetime is not necessarily static.

Two-fold completeness

The main reference for this section is [76, Chapter 1I] Let X be a manifold with boundary,
and let P(\) € BesstV(X) be a parameter-dependent Bessel operator such that P()) is
parameter-elliptic at X in the sense of Section 3.1, and P(\) is parameter-elliptic on X in
the usual sense. If 0 < v < 1, let T'(\) be a scalar parameter-dependent boundary operator
such that Z(\) = {P(\),T'(\)} is parameter-elliptic at 0.X.
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Parameter-ellipticity of P(\) implies a decomposition
P(A\) = Py + AP, + \*Py,

where Py € C=(X) does not vanish. Dividing by Py, it may be assumed that P()) is of the
form P(\) = P, + AP, + A%, The boundary operator T'()\) is written as T'(\) = Ty + ATp.

If 0 < v < 1, a complex number \; € C is said to be an eigenvalue of Z2(\) if there exists
ug € H*(X) such Z(\g)up = 0. Corresponding to an eigenvalue )\, a sequence (ug, - . . , u)
with ug # 0 is said to be a chain of generalized eigenvectors if

1 1
P()\o)up + ﬂa)\P()\o)up_l + Ea,\P()\g)up_Q = 0,

1
T(/\(])Up + ET(/\())Up_l =0

for p=0,...,k. Thus (uo,...,u) is a chain of generalized eigenvectors with eigenvalue \g
if and only if the function
E gk
A
u(t) = ' ki
=0

solves the (time-dependent) equation Z2(0;)u(t) = 0. Such a solution u(t) is called elemen-
tary. To each elementary solution is associated the Cauchy data (u(0),d;u(0)). The set of
generalized eigenvectors (for all possible eigenvalues) is said to be two-fold complete in a
Hilbert space H continuously embedded in H°(X) x H°(X) if the span of all Cauchy data
(u(0), du(0)) corresponding to elementary solutions (for all eigenvalues) is dense in H. The
same definition holds if v > 1, this time replacing Z(\) with P()).

A general criterion concerning two-fold completeness is given by [107, Theorem 3.4]; that
theorem is a refinement of the standard reference [29, Corollary XI1.9.31].

Proposition 3.6.1. Let P(\),T(\) be defined as above. Fix rays I'y,..., Ty through the
origin of the complex plane such the angle between any two adjacent rays is less than or
equal to w/n, where dim X = n.

1. Let 0 < v < 1. If P2(N) is elliptic with respect to I'y,... Ty, then the eigenvalues of
P(N) are discrete and the set of generalized eigenvectors is two-fold complete in the
space {(v1,v9) € H*(X) x HY(X) : Tovy + Thvy = 0}.

2. Let v > 1. If P()) is elliptic with respect to 'y, ..., [, then the eigenvalues of P(\)
are discrete and the set of generalized eigenvectors is two-fold complete in the space

H2(X) x H'(X).

Proof. (1) To apply [107, Theorem 3.4], it must be verified that the singular values of the
embeddings J;, : H¥(X) — HF1(X) satisfy s;(J;) < Cj~Y/" for k = 1,2, and that the space
{(vy,v9) € HA(X) x HY(X) : Tyvg + Tivy = 0} is dense in H1(X) x H(X).
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The claim about the singular values follows from Lemma 3.8.4. To verify the density
claim, first fix a sequence A, € C such that |\,| tends to infinity along one of the rays of
ellipticity, say T'y. Given (uj,uz) € HY(X) x H(X), take a sequence (v, vy) € H*(X) x
H'(X) such that (vf,v%) — (u1,ug) in HY(X) x H°(X) as n — oco. According to Theorem
5, the operator

PN\) 7 HUX) x HH(X) — HA(X)
exists for n sufficiently large, where p = ord™ (T'(\)). Note that Tovl + Tyo? € H>#(9X).
Let
wi = P(N\) 10, =Tovy — Ty},

so wy lies in H?(X), and set wy = Aw?. Then
(0} +wi vy +wh) € {(vy,v2) € H*(X) x H'(X) : Tyvg + Tyvy = 0}
Furthermore, according to Theorems 2, 5 the solution wf satisfies

APy

1 (x) < C||Tovy + Tt || v ax)

for s = 0, 1. The right hand side is uniformly bounded in H>7*(X) as n — oo, so (w}, wy) —
0in H'(X) x H(X). This shows that (v} +w}, vl +w) — (uy, uz), establishing the density.

(2) For v > 1 the singular value estimates remain the same, and the density result is
trivial. [l

3.7 Density

The proof of Lemma 3.3.6 is broken up into several stages. Recall in this section that v, are
defined as in the beginning of Section 3.3 without any mention of the space F,.

Lemma 3.7.1. Let v > 0.

1. Ifu e HY(T?) and y—u =0, then for a.e. y € T* 1,
u(z,y) = x1/2”/ =29, u(t, y) dt.
0

2. Suppose in addition that 0 < v < 1. Ifu € HQ(Ti), and yu = 0, then for a.e.
yeT

T t
u(z,y) = z'*" / ¢t / sY2r R0, u(s, y) ds di.
0 0

Proof. These two facts follow from the Sobolev embedding for weighted spaces, as in Section
3.3. In the first case, for a.e. y € T*~! the function z — 2V~ Y2z, y) is absolutely continuous
on Ry, and y_u = 0 implies that 2*~'/?u(z,y) — 0 as x — 0 for a.e. y € T* . The the
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result follows from the fundamental theorem of calculus. A similar argument applies in the
second case, in which the functions z +— 2¥~Y2u(x,y), z — 2'/27V0,u(x,y) are absolutely

continuous on R for a.e. y € T* !, and vanish at z = 0.
O

Lemma 3.7.2. Let 0 <v < 1. Then ’Hl(T?r) = kervy_, and 7—[2(']1‘1) = ker .

Proof. The first equality comes from [47, Proposition 1.2]. It remains to show the second
equality. )

(1) First show that if u € H*(T?%) and yu = 0, then u € H*(T"}). Begin by assuming
that v has compact support in TT}F; this is possible, since if Y € C°(R, ) satisfies y = 1 near
z = 0, then it is easy to see that u is approximated in H?(T") by the functions x(z/n)u as

n — oo.

Next, fix x € C°(R,) satisfying (i) 0 < x <1, (ii) x(z) =0for 0 <z < 1, (iii) x(z) =1
for x > 2 . Then let x,(x) = x(nz) and consider the sequence w, = x,u. Then u, has
compact support in T, which implies that u, € H?*(T7%) since the H*(T%) and H?*(T?)
norms are comparable on compact subsets of T7. But the compact support also implies

that u, € H2(T") by the well known characterization of H2(T7). This implies u, can be
approximated by compactly supported functions in the H?(T") norm, all of whose supports
are contained in a fixed compact subset of T”,. Again by the comparability of norms, this
implies u,, € 7-[2(’11‘1)

It now suffices to prove that u, — w in H?(T"), since HQ(T:‘L) is closed. This is deduced
from Lemma 3.7.1, imitating the proof of [35, Chapter 5.5, Theorem 2] for instance.

(2) The inclusion 7—[2('1[‘@ C ker v is clear, since v = 0 for each u € C°(T7 ), and hence

7 = 0 for each u € 2 (T7) by density and continuity. O

Lemma 3.7.3. There exists a map
K:C®(T" 1) x C(T" ) = F,
such that v o L =1 on C=(T"*" ') x C>*(T"" ') and K extends by continuity
K:H72(T" ) — HY(TY)
for each s = 0,x1,£2. In particular, if s =2 then K is a right inverse for v
Proof. Let ¢ € C°(R,) be such that ¢ = 1 near z = 0, and set
v (@) = 2P p(), vele) = (20) B p(a?),

so vy € F,. Given (f_, fy) € C®(T" 1) x C®°(T" 1), define us(z,y) by its Fourier coeffi-
cients, R
e (w,q) = (@) ful@)v=((g) @).
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Then uy € F, and v+ (u_ +uy) = f1 in the sense of Lemma 3.3.5. Appealing to Section 3.3
shows that the map defined by

K(f= f+) =u- +us

extends by continuity to a map K : H*7%(T"") — H*(T7). If s = 2, then ~ is bounded on
H?(T7), and 7 o K is the identity on H* %(T"') by Lemma 3.3.5 and continuity. O

Lemma 3.7.4. Suppose that 0 < v < 1. Then F, is dense in H*(T") for each s = 0,1,2.

Proof. This is clear when s = 0. The proof is given here in the case s = 2; the case s =1 is
simpler, and can be handled similarly. Suppose that v € H*(T"), and let @ = K(yu). Then

Y(u—1u)=0,s0u—1u€ 7—[2(']1‘”) by Lemma 3.7.2. It follows that there exists a sequence
u; € C(T7) such that u; — u — @ in H*(T7).

On the other hand, approximate yu by a sequence v; € C*°(T"*~') x C*(T""), and hence
iy = Ku; satisfy @; € F, and @; — u in H*(T?}). Therefore, u; + @; € F, and u; + ; — u,
which shows that F, is dense in H**(T™). O

Lemma 3.7.5. Suppose that v > 1. Then C*(T?%) is dense in H*(T7) for each s =0,1,2.

Proof. This result clearly holds for s = 0, and by the results of Section 3.3, it also holds
for s = 1. For s = 2, Lemma 3.4.5 implies that A, + 1 is an isomorphism from D(L) onto
L*(T"). The first step is write down an explicit formula for the inverse (A, + 1)~! acting
on L*(T7%). Introduce the Zemanian space Z,(Ry) [108, Chapter 5] by

Z,(R)) = {v(@) = 220, (17) : v, (x) € S(R)},

where S(R) is the space of Schwartz functions on R. Note that Z,(R.) is contained in
H*(R,) for each s =0,1,2. Given v € Z,(R,), define the Hankel transform

() (€) = / (€2)' /2, (€x)o(x)da.

Referring to [108, Chapter 5], it is well known that (i) ., is an automorphism of Z,(R,),
(ii) 222 = I, (iii) J#, is isometric with respect to the L*(R,) norm.
If f=v®w where v € Z,(R;) and w € C®°(T"!), then

f = (2m)- 002 Z/ ) (e) 127, (€x) (Hw) (€)i(q) de,

and

ey = 0m) 00 32 [ ) @pio)de

qun 1
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Given f = v ® w as above, let

w=(2m) 02 3" / (L4 g + €)1 09 (¢2) V21, (€2) () (€)io(q) dE. (3.62)

qunfl

Then u has an expansion
u(w,y) = " uy (2%, y), (3.63)

where uy (z,y) € S(RxT" ') is rapidly decaying in the z variable — this can be shown by the
same method as [108]. Denote this space by Z,(T" ), which is contained in H*(T% ) NHS(T").
Note that there is a continuous inclusion

HA(T) N Hy(TL) < D(L).

Since (A, + 1)u = f, it follows that u is the unique solution in D(L) to the equation
(A, + 1)u = f. Furthermore,

lullzzern) < C| fllz2am),

where C' > 0 does not depend on v or f. Lemma 3.4.5 and the open mapping theorem imply
that D(L) = H*(T"%) ﬂ’lj[l(Tﬁ) with an equivalence of norms; since functions v ® w as above
are dense in L*(T"), the space Z,(T7%) is dense in H*(T%) N ’Hl("]I"}r) Finally, if v > 1 then
HA(T7) = H*(T%) N Hl(T’}r) by the density result for s = 1.

Given v € Z,(T7 ), there exists a sequence v, € C(T%) such that v, — u weakly in
H?(T7). To see this, fix x € C>°(Ry) satisfying (1) 0 < x <1, (ii) x(z) =0 for 0 <z <1,
(ili) x(z) =1 for > 2, and then let yx,(z) = x(nz). The claim is that y,u — u weakly in
H?(T") after passing to a subsequence if necessary. Take for example

D (xn() = Dul@,y) = (xa(@) — 1| D, [*u(=)
+ 2 (@) ((1/2 + )2~ 2wy (2%, y) + 20°7 7 0pu (a2, )
+n° X (@)ulz, y).
The first term tends to zero in L*(T") norm. The L?(T") norm squared of the third term is
bounded by a constant times

2/n 2/n
n4/ / $1+2V|U+($2,y)|2 dr dy S OTL4/ x1+2u — O(’I’L2V_2).
=1 J1/n 1/n

So n?x1(z)u(x,y) is bounded in L*(T%) for v > 1 (and converges to zero if v > 1). The

second term is similarly bounded in L*(T%). It is also clear the second and third terms
converge to zero in Z'(R, ). Extracting a weakly convergent subsequence, this implies that
|D,|2(xn — 1)u(z,y) tends to zero weakly along a subsequence. Repeating this argument for
the other terms whose L*(T") norms define the #*(T”) norm (as in (3.13)), it follows that
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Xnt — u weakly in H*(T"). Furthermore, by truncating y,u at successively larger values of
x > 0, one may find a sequence of C2°(T") functions v, such that v, — u weakly in H?*(T").
Now suppose that u € 7—[2('11'7;) satisfies

(u, U>H2(T1) =0

for all v € C2°(T%). Choose a sequence u,, € Z,(T") such that u,, — w in H*(T"). But if
Um,n 15 an associated sequence of C2°(T7 ) functions converging weakly to u,, (as constructed
above), then

(u, Um>’H2(’H‘1) - nh—glo <U, Um,n)*;.p(rﬂ-i) =0.

Passing to the limit m — oo gives u = 0, so C2°(T7 ) is dense.

3.8 Compactness and embeddings of Schatten class

Let T} = T~ x (0,1). The spaces He(T), HS(TQL) are defined as before. The goal of this
section is to study Schatten class properties of the embeddings of these spaces into LQ(TQ)
for s = 1,2. First, compactness properties are examined — this is done differently in [58,
Section 6], but the approach taken here immediately yields the Schatten property.

The first observation is that the embedding Hl(']I‘g) — L*(T}) is compact for v > 0,
since 7—[1(']1‘?) = ! (T%) according to Lemma 3.3.3. To prove compactness of the embedding
H'(T}) < L*(T}) requires slightly more work.

Recall the following facts: first,

VIK,(z) ~ (1/2)' e, Val,(z) ~ (1/2m)" %",

valid for real © — oo. Furthermore,

L2\ 1y
VaK,(z)] < C (1 +a:1/2) A,

for all z > 0. Combined with the equation satisfied by /2K, (x), this gives

/0 \VEK, ()2 dz < 72, /0 (1DW2V/EE, (r2)) 2 dz < C'7 (3.64)

for 7 > 0. Combining (3.64) with Lemma 3.4.3, an integration by parts shows that

/0 N OEE, () e < C. (3.65)
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By Laplace’s method, integrals of \/xI,(7x) may be evaluated as well. In particular,

1 1 1 1
/ Wl (tz)]? de ~ —7 %™, / |(0,vxL,(12))|? do ~ —e*, (3.66)
0 47 0 47
1
1
/ \(|D, |z, (12))|* dz ~ 4—7262T. (3.67)
0 7r

as 7 — 00. The following construction of a Poisson operator is a refinement of Lemma 3.7.3.

Lemma 3.8.1. Let 0 < v < 1. There exists a map Ko : C=*(T""') — F,(T}) such that
(-0 K)o =¢, (Kod)(1,) =0, (A, +1)Kop =0
for each ¢ € C(T" ). The map Ky extends by continuity
Ko : H (T 1) — H°(T)

for each s = 0,+1,+2. Similarly, for each v > 0 there exists a map Ky : C®(T" 1) —
Fo(Ty) such that

(1-0K1)o =0, (Kig)(1,") = ¢, (A, +1)K19 =0,
and Ky extends by continuity
K1 H7VA(T ) — HA(TR)
for s =0,+1, +2.

Proof. Only K; is constructed in detail; the construction of Ky is simpler. For each ¢ € Z"1,
consider the function

o (10N VEE(@) DL(0) — VEL((0) D)K. ((0))
vna) = >(2> L) - K((a) |

Note that v(q) € F,(T}) by asymptotics of Bessel functions. Furthermore,

(IDuf* + (@)*)v(z,9) = 0,

and v(1,q) = 0,7_v(q) = 1. Given f € C®(T"1), let

A~

u(z,q) = f(q)v(z, q).

According to (3.64), (3.65), (3.66), (3.67), the map sending f to the function u with Fourier
coefficients (g) is bounded H*~'*¥(T" 1) — H*(T%) for s = 0, +1, +2. O
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Recall that Hl(Tg) is a Hilbert space, equipped with the scalar product

n—1

Suppose that 0 < v < 1. Lemma 3.8.1 implies that (Koo +IC1¢1,U>H1(T?) = 0 for all
b0, $1 € C®(T"") and v € C(T}). By continuity this holds true for ¢ € H”(T"™'), ¢, €
HY2(T" 1) and v € Hl(Tg) Consider the orthogonal decomposition

H(T}) = HN(T) @ X,

where X’ is the orthogonal complement of HI(TQ’) in H'(T}). Let 7, denote the restriction
to {z = 1}. Lemma 3.8.1 shows that the map

Iu— (y_u,yu)

is an isomorphism from X onto HY(T" ') x HY?(T""!). The inverse of I' is given by
Ko+ K1 : (¢o, 1) = Kodo + K161

A similar discussion applies if v > 1. In that case, v, : X — H'?(T"') is an isomor-
phism, with inverse X;.

Lemma 3.8.2. If v > 0, then the embeddings
H(Ty) — HY(Ty), H'(T}) — L*(T})
are compact.

Proof. (1) First suppose that 0 < v < 1. Write the orthogonal decomposition Hl(Tg) =
7—011(’1[‘3) @ X. The inclusion of X into L*(T}) can be factored as

X 5 HY (T Y x HYA(T"Y) e HOY9(T0) x BTty 208 p2(Te), (3.68)

noting that Ko + Ky : H=1(T"1) x HV/2(T"') — L*(T}) is an extension by continuity
of the same map acting H”(T""') x H'Y/2(T"~') — X. This is compact since the inclusion
of HY(T" ') x HY?(T" ') into H—'*¥(T"') x H~Y2(T"!) is compact.
The space H*(T}) may be identified with a closed subspace H of H'(T})" " x HL(T})
via the mapping
u— (u,0pu, ..., 0, u,od,u).

*) Y Yn—1

With this in mind, the embedding H*(T}) < H'(T}) is identified with the embedding
H(TP)"™ x HL(TY) — L*(T})"2, (3.69)

restricted to H. But the inclusion H.(T}) < L?*(T}) is compact by the first part as well
(since 0 < 1 — v < 1), so (3.69) is compact.
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(2) Now suppose that v > 1. The same argument as in the first part shows that #* (T}) —
L?(T}) is compact. Next, by the same reductions as above, it suffices to consider the inclusion

H>(Ty) N Hl(']l‘g‘) — Hl(Tﬁl) As in Section 3.4, let L denote the self-adjoint operator with
distributional action A, and form domain 7—[1(’]1“?) Now the embedding of D((L + 1)¥/2) =
HL(T™1) into L?(T}) is compact, hence so is each embedding D((L + 1)) < D((L +1)")
for N > n. But as in Lemma 3.7.5, the domain D(L) = D(L + 1) (with the graph norm) is
equivalent to H*(T}) N H'(T}) (with its usual norm). O

Let L denote the self-adjoint operator with distributional action given by A, and form
domain HI(TQ) (see Section 3.4). Lemma 3.8.2 and Lax-Milgram guarantee that this opera-
tor has discrete spectrum. The eigenvalues and eigenvectors are well known. The eigenvalues
are |q|* +j2,, + 1, where ¢ € Z""! and j,,,, is the n’th positive root of the Bessel function J,,.
The corresponding eigenfunction is

VT, (Gynz) @ Y
The zeros j,, satisfy the asymptotic formula
Jon = (n + %V — }1) T+ O0n™)

as n — oo. The eigenvalues of the compact operator (L + 1)7/2 are therefore (1 + |q|*> +
jin)’l/z, and if they are listed in descending order Ay > ... > X; > ... > 0 (with multiplicity)
then

A < o,

for some C' > 0.

Lemma 3.8.3. If v > 0, then the singular values of the embedding
Ji: MU (TY) — LA(T}),  Jo: H*(TY) — H'(T})

satisfy s;(J;) < Cj= /™.

Proof. (1) First suppose that 0 < v < 1. Let II denote the orthogonal projection onto
HY(TY), so Ji = LI+ Ji(1 —1I). Since H'(T}) is the form domain of L, the operator

(L 41)~"/? is an isomorphism acting L*(T}) — "Hl(Tg) Write
JIT = Jy (L +1)"Y2(L 4+ 1)V

The composition .Ji(L +1)~1/2 is self-adjoint and positive definite on L*(T}), so its singular
values are the \; which satisy A\; < C'j=Y/". Furthermore, (L + 1)Y/21I is bounded ?—[1(’]1‘?) —
L?(T}), so the inequality s;(AB) < s;(A)||B|| shows that s;(J,1T) < Cj~'/". On the other
hand, the term Jy(1 — II) factors through the map in (3.68). It is well known that the
inclusion

Hu(Tn—l) % HI/Q(Tn—I) N Hu—l(Tn—l) % H—I/Z(Tn—l)
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has singular values bounded by Cj~Y®=Y_ The inequality s;y; 1(A+ B) < s;(A) + 5;(B)
applied to the sum J; = JII 4 J;(1 — II) shows that s;(.J;) < Cj=/". The same method of
proof applies when v > 1

(2) Now consider J;. In the case 0 < v < 1, the space #*(T}) is identified with the closed
subspace H C H'(T})"! x H1(T}) as in the proof of Lemma 3.8.2. Since the singular values
of the embedding #'(Ty)™™ x HL(Ty) — L*(T})"*? are bounded by Cjj~/", the same is
true of the embedding #*(T}) — H'(T}). For v > 1 it would also suffice to bound the
singular values of J; : H*(T}) N 7-[1(']1‘?) — ’Hl(']Tg) But J, = J4(L +1)"2(L + 1)'/?, and
the singular values of J5(L + 1)~/2 are again the \; < Cj~/". O

Lemma 3.8.3 easily extends to the case of a compact manifold with boundary.

Lemma 3.8.4. Let X be a compact manifold with boundary. If v > 0, then the embeddings
JHY(X) = HUX), o HAX) = HYX)

are compact, and the singular values of J; satisfy s;(J;) < Cj=m,
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Chapter 4

A global definition of quasinormal
modes

4.1 Introduction

Let M, denote the exterior of a Kerr—AdS spacetime with metric g, determined by parame-
ters (A, a, M). It is convenient to use units in which |A| = 3. After modifying the time slicing
(originally defined via Boyer-Lindquist coordinates), there always exists an extension of g
across the event horizon to a larger spacetime Mg, such that the time slice X5 = {t* = 0}
is spacelike. For more on this, refer back to the discussion in Section 2.5.

The stationary Klein—Gordon operator P()) is defined on X by replacing 7" with a
spectral parameter —i\ € C in the operator ¢*(0, + v* — 9/4).

Remark 15. [t is convenient to multiply the Klein—Gordon equation by a positive prefactor
~ 1%, as we can then prove estimates for P()\) acting between L* based spaces with the
same r-weight. We already did this in Chapter 3 (in particular, see 3.2.1), but the ultimate
motivation comes from when we study P(\) via energy estimates in Section 6.5. The choice

0* ~ r? simplies many formulae.

The effective mass is required to satisfy the Breintenlohner—Freedman bound v > 0. This
restriction has a variety of consequences for the study of massive waves on asymptotically
AdS spaces; here, the bound must be satisfied in order to apply the results of Chapter 3 on
certain singular elliptic boundary value problems.

The purpose of this chapter is to prove that P(\)~™! (augmented by boundary conditions
when 0 < v < 1) forms a meromorphic family of operators on appropriate function spaces.
Recall from Section 2.5 that the surface gravity of the Killing horizon H* = {r = r, } is
given by

_ A (ry)
S 2(1—a)(r2 +a?)’

and that we require x > 0. The first result, valid for v > 1, is the following.
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Theorem 6. If v > 1 and k € N, then
P()\) : &% = HOF(X5)

is Fredholm for X\ in the half-plane {Im A > —x(1/2 + k)}. Furthermore, given any angular
sector A C C in the upper half-plane, there exists R > 0 such that P(\) is invertible for
A€ A and |\ > R.

In this theorem, H¥*(X;) and X* C H1*¥(X;) are certain Hilbert spaces. This is a slight
abuse of notation if compared to Chapter 3, since we slightly redefine H**(Xs) to account
for the different normalization of P()\) (we did not conjugate by r~') — see Section 4.2 for
the definitions. Also observe that X has a non-compact end at r = r, — 4.

By analytic Fredholm theory, the family A ~ P(\)~! is meromorphic. QNFs in the
half-plane {Im X\ > —x(1/2 + k)} are defined as poles of P(\)~! : HO*(X) — X*. The
poles are discrete and the corresponding residues are finite rank operators. Furthermore,
any element v in the kernel of P()\) : X¥ — H%*(X) is smooth up to the artificial boundary
H = {r =r, — 0} provided the threshhold condition Im A > —x(1/2 + k) is satisfied, and u
has a conormal asymptotic expansion at ¥ = X;NZ.

The analogous statement when 0 < v < 1 is more involved since boundary conditions (in
the sense Chapter 3) must be imposed at the conformal boundary Y to obtain a Fredholm
problem. Fix a weighted trace T'(A) whose ‘principal part’ is independent of A\ and let

o= (3)

The operator () is required to satisfy the parameter-dependent Lopatinskii condition (in
the sense of Section 3.4) with respect to an angular sector A C C in the upper half-plane.

Theorem 7. If 0 <v < 1,k € N, and p is the order of T'(\) with respect to v, then
PO {ue X T(0)u € H+2 1Y)} — HOF(X) x HF271(Y)

is Fredholm for X in the half-plane {Im A > —k(1/2 4 k)}. Furthermore, there exists R > 0
such that () is invertible for X € A and |\| > R.

QNFs in the half-plane {Im A > —x(1/2+k)} are again defined as poles of the meromor-
phic family A — Z2(\)~!. The observations following Theorem 6 are also applicable.

A natural question is to what extent QNFs depend on how the original metric is extended
across the event horizon. The following answer was suggested to the author by Peter Hintz;
unlike the other results in this chapter, it strongly uses axisymmetry of the exact Kerr—AdS
metric. Given m € Z, let

D, ={ueD :(Dy—m)u=0}.
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The axisymmetry of g implies that D], (X) is invariant under P(X) for each \. When 0 <
v < 1, the trace T'(\) is said to be axisymmetric if T(A)Dyu = DyT(N)u for each A, which
implies the mapping property

T\ : X*nD (X)) — H* ' Y)nD, (V).
Let Py(\) denote the restriction of P(\) to Xo.

Theorem 8. Let v > 0 and suppose that T(\) is axisymmetric. If v > 1, then A\g € C is a
QNF if and only if there exists m € Z and a nonzero function

u € OOO(X()) N HO(X0> N D:n(XO)a

smooth up to r = ry, such that Py(Ao)u = 0. The same is true for 0 < v < 1 under the
additional condition T'(Ag)u = 0.

Of course it is possible that a different method of proof could establish Theorem 8 without
making use of any additional symmetries.

Relation to previous works

The mathematical study of QNMs for AdS black holes began slightly later than their nonneg-
ative cosmological constant counterparts. QNMs of Schwarzschild black holes were rigorously
studied by Bachelot [4] and Bachelot—Motet-Bachelot [6]. Meromorphy of the scattering re-
solvent for Schwarzschild—de Sitter black holes was established by S& Barreto—Zworski [85],
who also described the lattice structure of QNFs. Expansions of scattered waves in terms of
QNMs was established for Schwarzschild-de Sitter space by Bony—Héfner [12]. Later, Dy-
atlov constructed a meromorphic continuation of the scattering resolvent for Kerr—de Sitter
metrics and analysed the distribution of QNFs [31, 30].

All of the aforementioned works used delicate separation of variables techniques to study
QNMs, hence are not stable under perturbations. In a landmark paper [95], Vasy proved
meromorphy of a family of operators whose poles define QNFs of Kerr—de Sitter metrics.
This method depends only on certain microlocal properties of the geodesic flow, which
are stable under perturbations. Additionally, resolvent estimates, expansions in terms of
QNMs, and wavefront set properties of the resolvent were also established (not to men-
tion other applications, for instance to asymptotically hyperbolic spaces). For non-rotating
Schwarzschild-AdS black holes, QNMs were treated mathematically by the author in [42]
using the Regge-Wheeler formalism [43] (separation of variables). The Regge—Wheeler equa-
tions at a fixed angular momentum ¢ in the nonrotating case fit into the framework of
classical one-dimensional scattering theory. Using a “black-box” approach, it was shown
that the scattering resolvent exists and its restriction to a fixed space of spherical harmonics
forms a meromorphic family of operators [42, Section 4]. Therefore discreteness of QNFs
for ¢ fixed is solved by identifying them as poles of this resolvent. Furthermore, there exist
sequences of QNF's converging exponentially to the real axis, with a precise description of
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their real parts. In [42], only Dirichlet boundary conditions were considered at the conformal
boundary.

For general black hole backgrounds with asymptotically AdS ends, a global definition
and discreteness of QNFs was first studied by Warnick [99]. There, QNF's are defined as
eigenvalues of an infinitesimal generator whose associated semigroup solves a mixed initial
boundary value problem for the linear wave equation. When applied to the special class of
Kerr—AdS metrics, there are two main results:

1. QNFs at a fired axial mode m are discrete. This holds for all rotation speeds satisfying
the regularity condition |a| < 1. More generally, it holds for a more general class of
“locally stationary” asymptotically AdS black holes, once the notion of a Fourier mode
is appropriately generalized — these spacetimes have some additional symmetries.

2. The set of all QNF's is discrete provided the rotation speed satisfies the Hawking—Reall
bound |a| < min{1,7%}. These Kerr—AdS metrics admit a globally causal Killing field;
this remarkable property is not shared by either the Kerr or Kerr-de Sitter family of
metrics as soon as a # 0.

Furthermore, self-adjoint boundary conditions of Dirichlet or Robin type may be imposed
at the conformal boundary. As mentioned above, this paper generalizes [99] in two ways:
the QNF spectrum is shown to be discrete for rotation speeds satisfying |a| < 1, and when
0 < v < 1 this discreteness holds for a broader class of boundary conditions than considered
in [99].

4.2 Kerr—AdS spacetime

Recall the definition of the Kerr—AdS definition from Section 2.5. We work in units where
A = —3, so the metric is uniquely determined by a rotation speed |a| < 1 and mass M > 0.
As usual, we make the non-degeneracy assumption x > 0 for the surface gravity, which is
equivalent to Al (r;) > 0.

By choosing an appropriate function f, in (2.20), we consider the extended space M
foliated by spacelike surfaces of constant ¢*. Each of these surfaces is diffeomorphic to

X5 = (ry —6,00) x S2.

Furthermore, we assume that each surface meets the conformal boundary Z orthogonally.

The manifold with boundary

It is natural to view X as the interior of a compact manifold with two boundary components.
Let

X; = X;UY UH,
where H = {r = r, —§} and Y = {s = 0}, recalling that s = r~! is a boundary defining
function for Z. The crucial observation is that dr is timelike in the region {r, —§ <r <r,}.
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Klein—Gordon equation

The main object of study is the Klein—Gordon equation
(Og+v*—9/4) ¢ = 0 on Ms. (4.1)
Consider the Fourier transformed operator
P()) = ™ (0, + v2 — 9/4)e" M.

on X;. Up to a positive bounded multiple and a conjugation by a non-vanishing weight, this
operator is the same as (2.14). If dS; is the volume density induced on X by the metric,
then we define the density

p=0A-dS, A=gl(dt,dtr)'
If we define £?(X;) with respect to p, then the formal adjoint of P(\) satisfies
P(\)* = P(\).

This follows from the relationship det g = A% det h, where h is the induced metric on Xj,
and the self-adjointness of [, with respect to the volume density on Mj.

Function spaces

Observe that o724 ~ 7~ as r — oo, so L?(Xj5) is the space of distributions u € D’(Xj) for
which

HUH%2(X6) = / lu|?r~ dS; < oo.
Xs
This is different than the L? spaces employed throughout Chapter 3, since we did not con-
jugate O, by r0=9/2 = y=1 As usual, we will sometimes write H°(Xs) = £2(X;). This also

means that we must modify the Sobolev spaces introduced in Chapter 3. To avoid adding
additional notation, we redefine H'(Xs) as the space of distributions u € D’(X;) for which

Hqu{l(X(;) = /X (|U|2 + 7’2V71\d(7”3/2fyu)|§) r~1dS, < co.
§

Similarly, we could redefine H?(Xs) to account for the different measure. We also define
F.(Xs) as follows. If 0 < v < 1, then F,(X5s) is the space of all u € C*°(Xj) such that

1. wis smooth up to H = {r =ry — ¢},

2. wu has the form
w=1r""3"u_(r 2 y) + 3 u (172 y)

near Y = X5 NZ, where us(s,y) € C=([0,¢)s x Y).
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If v > 1, then we let F,(X;) = C=(X5s\Y). In other words, these are functions smooth up
to H and vanishing in a neighborhood of Y. Then F,(Xj) is dense in H*(Xj) for each v > 0
and s =0,1,2.

When needed to avoid confusion, we also write H (Xs) = H*(X;) for s = 0,1,2. This
notation emphasizes that elements of 7 (Xj;) are extendible as distributions across H, see
(60, Appendix B.2]. This is in contrast to the space H*(X;s) for s = 0,1,2, which is the
closure in H (Xj) of those functions u € F,(X) which vanish to infinite order at H; the
latter subspace will be denoted F,(Xj).

For duality purposes, we use the notation

!/

Ho () = (X)) () = [

for s =0,1,2.

Suppose that X is a manifold without boundary containing X5 U H as an open subset,
such that X \ Xs is compact. In other words X is a “compact” extension of X; across H,
and thus X = X UY is the type of manifold studied in Chapter 3. We can then concretely
characterize H °(Xj) for s = 0,1, 2 as restrictions to H*(X;) of elements in H~*(X), viewing
ﬂs(Xg) as a closed subspace of H*(X). On the other hand, any f € %_S(X(;) is naturally
an element of H*(X), since f can be paired with u € H*(X) by

<f7 U>X = <f7u|X5>X5 :

In this sense f is supported on X5 U H, and the inclusion into H~*(X) is an isometry.

We also have for s = 0, 1,2 and k € N the spaces H**(X;). Here, elements of u € H¥*(X})
are stable under applications of any k£ many vector fields tangent to Y. Finally, introduce
the space

=0,k

X = {ue H(X): P(0)ue H™ (X)),
equipped with the norm H'LLHﬁl,k(X(s) + [|[P(0)ul[ 50
F.(X;5) is dense in X according to Lemma 3.4.16.

For each m € Z let P(\,m) denote the operator obtained from P(\) by replacing D,
with m. Since Dy is also Killing, P(\, m) preserves the space of distributions

(Xy)" This space is complete, and in fact

D (X5) ={u e D'(Xs): (P —im)u = 0}.

We therefore have P(\,m) : X* N D! (X;) — H"*(Xs) N D! (X;).

4.3 Microlocal study of P()\)

The purpose of this section is to understand the microlocal structure of P(\). In the notation
of Section 2.2, the homogeneous principal symbol of P()) is

po(z,8) = —0*G(x,6), (2,€) € T*X.
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Explicitly, we have

(1 —a) 2

=A% 4 2a(1 — Q)& €y + Np&p® + —2€2, 4.2
Po &+ 2a(1 — a)&Epr + Doy +Agsin29§¢7 (4.2)

where § = &, dr + & dO + g+ do™.

Characteristic set

Since poy is homogeneous, its characteristic set {py = 0} is conic. We may therefore view
it as a subset ¥ of the cosphere bundle S* X5 = (T*X; \ 0)/R,, where R acts by positive
dilations on the fibers. In the notation of Section 2.2, we have that ¥ is the image of

YNT*X;

under the projection £ : T* X5\ 0 — S*X;. In addition, S is divided into two components
>4, where R
Y = w({Fg (& dt) > 0}).

According to Lemma 2.2.1, the projection of 5 to the base Xs does not intersect the region
where T is timelike. For A, > 0, it is easily checked using Boyer—Lindquist coordinates that
T is timelike provided

A, > a’Agsin® 9,

at least away from the poles of S?. Changing to Cartesian coordinates, it is also easy to see
that T is always timelike at the poles. In particular, ¥ C {A, < a?}.

Null-geodesic flow

The analysis in this section closely follows [95, Section 6.3]. Let A = N*({r = r,})\ 0 C
T* X5\ 0 denote the conormal bundle to {r = r,} C Xj, less the zero section. Since &, # on
A, we have the splitting

Ay ={A,=0; {=¢&»=0; £ >0} C T X5\ 0,

Let L. C S*X denote the image of AL under the projection x : T* X5\ 0 — S*X;s. From
(42),

Ly C 3y,
If & =0, then py cannot vanish on 7% Xj \ 0, since then

1—a)?
— A 2 ( 2*
D1 080" + Apsin20 9§¢> )

would vanish, implying that we are at the zero section. With this in mind, let us define

S.=r({& > 0N



CHAPTER 4. A GLOBAL DEFINITION OF QUASINORMAL MODES 104

It is clear that EA]i NLy= ii N L4, but their relationship away from L. is not yet obvious.

Since py is homogeneous of degree two, the rescaled Hamilton vector field |¢|7!1H,, is
homogeneous of degree zero; here | - | is any norm on the fibers. Therefore |71 H,, is well
defined on S*Xjs, and its integral curves on S*X; are reparametrizations of those of H,, on
T* X5\ 0 projected onto S*Xs. Near &, we can also replace €|~ H,, with |&.|71 Hp,, and this
again just reparametrizes the integral curves; furthermore, these two vector fields agree at
L. The two sets X are then invariant under the |¢|7'H,, flow.

We now work near &. If p = |&-]71 (which is homogeneous of degree —1), then H,,p is
homogeneous of degree zero, hence a function on S*Xs. We have

(Hpop) I5, = £AL(r).

We also have that H,,p1 = 0 — indeed, p; is the well known Carter constant [18] (with the
momentum dual to t*, also conserved under the flow, set to zero). Therefore

(1617 Hyy (1)) 5, = £2A0(r)p"p1. (4.3)
Finally, observe that the vanishing of p; := p*p; within ii defines L.
Lemma 4.3.1. There exists a neighborhood Uy of Ly in S such that for each (x,§) € Uy,
exp(FIE| ™ Hyy ) (2, €) = Lo

ast — o0.

Proof. As noted above, the restriction of p; to a sufficently small neighborhood of L. within
Y. vanishes precisely on Ly. It follows from (4.3) that flow lines of |¢|7'H,, in a small

neighborhood of L within Yy converge to Ly as Ft — oo; this is because A (r) > 0 near
r=Ty. O

For Lemma 4.3.1 to be useful, one needs a (mild) global nontrapping condition implying
that all bicharacteristics starting at ¥ either tend Ly or otherwise reach {r = r, — d} in
appropriate time directions.

Lemma 4.3.2. If y(t) is an integral curve of |{|" H,, on S*X, then the following hold.

1. Ify(0) € Sy, then v(Tt) — Ly as t — oo.

2. Ify(0) € SNk({£E > 0\ Ly, then there exists T > 0 such that v(+T) € {r < r—4}.

Proof. (1) This statement is already implied by (4.3), since actually A’(r) > 0 is bounded
away from zero uniformly for » > r, — 0. R
(2) This follows from the same argument as in [95, Section 6.3]: recall that 3 is contained
in {r: -4 <A, <(1+¢)a*}, and so
2
(1+e)a*—A,) > Tz
Combined with the first part, this shows that eventually » < r, — § along the flow. m

P1-
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As a corollary, we can now see that ii C ii First, they are both invariant under the
flow since ¥ is invariant. Now any flow line in Ei eventually enters an arbitrarily small
neighborhood of L., where Ei and Ei coincide. Therefore the flow line must be entirely
contained in Zi

For the density 4 defined in Section 4.2, one has P(A\)* = P()), and

& o1 (Im P(A)]2 = F(1 — a)(r} + a®) Im X = &7 (Im A) (Hpp) 1.

where xk > 0 is the surface gravity. This factorization of the subprincipal symbol at L. gives
a threshold value for Im A in the radial point estimates of Melrose [81], and adapted to this
setting by Vasy [95]. The following microlocal result says we can propagate regularity away
from L4 along null-bicharacteristics provided one works with high regularity Sobolev spaces.
See [95, Section 2.1] as well as [32, Appendix E] for a discussion of the microlocal notions
used below.

Proposition 4.3.3 ([95, Proposition 2.3]). Given a compactly supported G € W°(X5) such
that Ly C ell(G), there exists a compactly supported A € W(Xs) such that L. C ell(A) with
the following properties.

Suppose u € D'(X;) and GP(N)u € HY(Xs) for s > m, where m > 1/2 — k' Im \. If
there exists Ay € WO(X) with Ly C ell(Ay) such that if Ayu € H™(Xs), then Au € H*(Xs).
Moreover, there exists x € C°(Xs) such that

[ Aul

m+(x;) < C ([IGP(AN)ul

me-1x5) + Ixull -~ (x,)
for each N.

Similarly, there is a propagation result towards L. provided one works with sufficiently
low regularity Sobolev norms.

Proposition 4.3.4 ([95, Proposition 2.4]). Given a compactly supported G € W°(X5) with
L. C ell(G), there exist compactly supported A, B € V°(X;) such that Ly C ell(A) and
WEF(B) C ell(G) \ L+, with the following properties.

Suppose u € D'(X5) and GP(Nu € H*"Y(X;), Bu € H*(X;) for s < 1/2+ k' Im \.
Then Au € H*(Xs), and moreover there exists x € C2°(X5) such that

[ Au|

1:(x;) < C (IGP(Nullzrs-1(x,) + || Bul

we(x5) + Xl g xy))
for each N.

Remark 16. In the Kerr—de Sitter case, an additional restriction must be placed on a to
ensure that the appropriate A, in that case has derivative which is bounded away from zero
in the region {A, < a*®}, see [95, Eq. 6.13]. This is needed to show the above montrapping
condition, which in turn is crucial to showing discreteness of QNFs. This does not present
a problem here since 0,A, is always strictly positive for r > r, — 9.
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Energy estimates 1

The next step is to estimate w near the artificial boundary H in terms of P(A)u. This
may be done by observing that P()) is strictly hyperbolic with respect to the hypersurfaces
{r = constant} for r € (r; —2§,r;) for § sufficiently small. Given Ry < Ry, let X(g, r,] =
{R1 <7 < Ry}

Lemma 4.3.5. Fix Ry < Ry such thatry —0 < R; <ry, and let Ry =ry — 6. Then

[ull s (xppy gy < € (HP()\)U||H'€(X[RO,R2]) + ||U||Hk+1(X[Rl,RQ]))
for each u € C*(X{gy,r,)) and k € N.

Since X|g, r,) in our application is compact, the H* norms are well defined — note that
these are norms on spaces of extendible H* distributions [60, Appendix B.2]. Lemma 4.3.5
follows for example from the results of [60, Chapter 23]; a different proof can be found in
[95, Proposition 3.8].

We do not make any claims about uniformity in A (although this can also be arranged,
see [95, Proposition 3.8]). Lemma 4.3.5 also holds for P(\)* = P()), and we are also free to
propagate in the opposite direction. In particular, suppose that u € C*°(X|g, r,)) vanishes
to infinite order at r = Ry. Then we may consider u as an element of C*(Xr,_s r,)) With

suppu C {r > Ry}, and hence

HuHHkﬂ(X[RO’Rl]) < CHP()\)*UHHIG(X[RO,RM)

for each k£ € N.

Energy estimates 11

We also use energy estimates to prove that P(\) is invertible in the upper half-plane. This
is based on the divergence theorem

Oy / g(V,N,) dS, + / g(V,N,)AdSy = / (div,V) AdS;, (4.4)
Xs H Xs

provided that V is a sufficiently smooth vector field which has compact support in X5\ Y.
Here dSy is the induced measure on H, and N, is outward pointing unit normal to H (which
observe is timelike). As usual, A = g~'(dt*, dt*)~'/2. Note that both N, and N, are timelike,
and they lie in the same lightcone on their common domain of definition.

The covariant stress-energy tensor T = T[v] associated to the wave equation is

T(Y,Z) =Re(Yv - Zv) — 1g(Y, Z)g~ " (dv, dv)

Here v is a sufficiently smooth function on My and Y, Z are real vector fields on M. It
is well known that T is positive definite in dv provided Y, Z are both timelike in the same
lightcone [60, Lemma 24.1.2].
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Given a real vector field Y, let J¥ = J¥ [v] be the unique vector field such that g(J¥, Z) =
T(Y,Z). Then o
div, J¥ = Re ((O,v - YD) + K (dv, dv) (4.5)

for some (0,2) tensor K¥. In particular, if we let F = (O, + v* — 9/4)v, then
div,J¥ = Re(F - YD) + R,

where R is a quadratic form in (v,dv). Apply (4.4) to the vector field J¥, where we assume
that v vanishes for r sufficiently large. This yields the identity

O / T(Y, N,) dS, + / T(Y, N,)AdSy = / (Re(F-Y7)+ R)AdS,.  (4.6)

Xs

Now suppose that Y, Z are stationary in the sense that [Y,T] = [Z,T] = 0. Let d, denote
the covector
dyu := A dt* + du,

where du is the differential of u on X5, and define Y (\)u := € Ye~*u. Then the stress-
energy tensor associated to ey satisfies

e~ 2ImM (=M (Y, Z) = Re (Y(A)u : m) —39(Y, Z)g™ (dyu, dyu)

and the right hand side is positive definite in dyu if Y, Z are timelike in the same light cone.
On the other hand, if v = e~ v then the integrand on the right hand side of (4.6) can
be written as

2 (Im A (Re(g”P(A)u . W) + §Y> ,
where now R is a quadratic form in (u, dyu).

Lemma 4.3.6. Let u € C*(X; U H). There exists Cy,Cy > 0 and C > 0 depending only on
the support of u such that

C

Az + ldullzor < I POVl 2

for each X € (Cy, 00) + i(C, 00).

Proof. Apply (4.6) with the multipler Y = rN; and v = e~ u. The resulting identity is
independent of t* after multiplying by e 2N First, observe that the integral over H is
nonnegative, since N, and N; are both timelike in the same lightcone. With f = P(A)u we
have

21m \ (\)\]2||u||%2(xé) + HduH%Q(X&)) < / (Re(f 0 % - Ny(\)u) + ﬁ) AdS,.

Xs
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Since u has compact support and therefore the asymptotics at infinity don’t matter, we are
writing L?(Xj) for its norm. Note that A is bounded by a constant depending on the size of
supp u, and hence the quadratic form Rin (u,dyu) can be absorbed into the left hand side
for Im A > 0 and |A| both sufficiently large. On the right hand side, Cauchy—Schwarz gives

S | fI? eIm \ [rN;(\)ul?
rlf - NeAul < 2¢Im A\ 2

for Im A > 0, and the second term can be absorbed into the left hand side for ¢ > 0 sufficiently
small. This finally gives

C
20m A (|02l ey + Il ) < T 120x,

as desired.
O

In Chapter 6 we will consider functions not vanishing for r large, hence we will need to
be much more about the different r weights and measures. In the same way we obtain the
following;:

Lemma 4.3.7. Let u € C?(X;5\'Y) such that u|; = 0. There exists Cy,Cy > 0 and C > 0
depending only on the support of u such that

C
<

< PO ullcxy

[Alllwll 22 x5y + [ldul] L2 cx)
for each A € (Cy,0) + i(Ch, ).

Proof. Since P(A\)* = P()), we now apply (4.6) to v = e~y with the multiplier Y = rN;.

Since Im A = —Im A, the two integrals on the left hand side of (4.6) have opposite signs
for ImA > 0. However, if u vanishes at H, then the same argument as in Lemma 4.3.6
applies. O

4.4 The anti-de Sitter end

Near the conformal boundary we use the elliptic theory developed in Chapter 3. By a slight
abuse of notation we refer to P(\) as Bessel operator even though we did not conjugate P(\)
to the precise form in Section 3.1.

Lemma 4.4.1. P(\) is a parameter-elliptic Bessel operator with respect to any angular
sector A C C disjoint from R\ 0.

Proof. This follows from the timelike nature of 7" and dt* at Y, as discussed in Section
3.2. O
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When 0 < v < 1, the operator P(\) must be augmented by elliptic boundary conditions.
Thus assume that T'()\) is a parameter-dependent boundary operator of the form

T(N) = (Ty + My e + Ty,

where the weighted restriction v are given by

3/2—v

you = lim 73?4, ypu = lim 7710, (r u). (4.7)

=00 r—00

Here ~y4 are redefined from Chapter 3 since we did not conjugate our operator by r~1. It is
assumed that the “principal part” of T'(\) (in the sense of Section 3.4) is independent of A.

We furthermore assume that 0
P
20= ()

is parameter-elliptic with respect to an angular sector A contained in C, .

4.5 Fredholm property and meromorphy

In this section, the Fredholm property for P(A) and meromorphy of P(\)~! is derived from
estimates on P()), combined with some standard arguments from functional analysis. Of
course P(\) should be replaced by Z(\) when 0 < v < 1. For a brief review of the microlocal
notions used in this section, see [95, Section 2] and also [32, Appendix E] for the semiclassical
perspective. More thorough expositions can be found in [19, 60, 87].

The case v > 1

The simpler case v > 1 is considered first. Our first task is to prove that
P(\) 1 X% — HOF(X5)

has closed range and finite dimensional kernel for each k& € N, provided Im \ lies in an
appropriate half-plane.

Proposition 4.5.1. If Co < k(k + 1/2), then there exists a constant C' = C(\) > 0, a
compactly supported function xy € CX(Xs), and ¢ € C*(Xy) supported arbitrarily close Y
such that

el < € (IPOYllgon iy + Ixullm—ncx + lpullgos s, ) (4.8)
for any N and u € F,(X5), provided Im A > —Cj.

Proof. Let u € F,(X) and f := P(\)u. Begin by choosing two functions ¢, v € C*(X;][0,1])
subject to the following conditions:
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1. suppy € {0 < s < ¢} and p = 1 near {0 < s < ¢}, where 0 < § < § and § is
sufficiently small (recall that s = r~1)

2. supp( C{ry —0<r<ry—20/3}and ( =1 near {ry —0 <r <ry—30/4}.

It is possible to find a microlocal partition of unity
J
1=C+¢+> Aj+R,
j=1

where the operators A; € U(X;), R € U>(X;) are compactly supported, and each A €
{A1, ..., A;} has one of the following properties:
1. WEF(A) Cell(P(X)). By microlocal elliptic regularity,

[ A

reri(xy) < ClGf]

o1 (x5) + Ixull -y x,)
for G microlocalized near WF(A) and some y € C°(X5).

2. WF(A) is contained in a small neighborhood of Ly. In order to apply Proposition
4.3.3, the imaginary part of A must satisfy Im A > li(% — s). In that case,

| Aull s (x) < C (|G f]

1) + [l a-vx))
for some G microlocalized near WF(A) and some x € C°(Xjy).

3. WF(A) is contained a neighborhood of a point (zy, &) € §]+\L+. By shrinking WF(A)
if necessary, for any neighborhood U, O L, there exists 7' > 0 such that

exp(=T1¢|™" Hy,) (WF(A)) C ell(B),

for any B € ¥o(X) such that WF(B) C U, — this is Lemma 4.3.2. It is now possible
to combine propagation of singularities (|95, Section 2.3]) with the previous item (2).
For some (G microlocalized near the set

| exp(tlé]™" Hy, ) (WE(A))

te[0,7]
and G as in (2),

1Aullz:(x;) < C (IGS]

ae10x5) F NGLflms-10xp) + Ixull g x))

for some x € C°(Xs). The same argument applies if (zg,&y) € S \ L_, making sure
to reverse the direction of the flow (by considering —P(\)) and noting that the sign of
the subprincipal is also reversed.
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The estimates on Au are applied with Sobolev index s = 1+ k where k£ € N. Thus Cy > 0

is subject to the condition Cy < k(k+1/2). The term t¢u is then estimated in H" (X) using
Theorem 1, provided § > 0 is sufficiently small. In the region where r < r, we apply Lemma
4.3.5. We can estimate

Gullgres ) < € (IPOullgor ) + Il x,y)

where ¢’ has compact support in {r; —d/2 < r < 0}. In particular,

(C=¢p=0,
and hence A;+---+ A; = 1 on supp ¢’ modulo the compactly supported smoothing operator
R. Therefore ('u is controlled by the A;u terms handled above. O]

Proposition 4.5.1 implies that P(\) : X* — H%(X;) has closed range and finite-
dimensional kernel for Im A > —C{ > —k(1/2+k). This can be seen from the same argument
as in Lemma 3.5.4, using the density of F,(X;) in H%*(X;) — see Lemma 3.5.1

Since A — P()) is norm continuous, it now suffices to prove that P()\g) is actually
invertible on X% for some Ay € C. This will show that P()) is Fredholm of index zero in the
half-plane Im A > x(1/2 + k).

Lemma 4.5.2. There exists A\g € C such that P(\o) : X° — L2(X;) is invertible.

Proof. (1) If Im A > —k/2, then u € X° and P(\)u = 0 implies that u € C=(X; \ Y); this
follows from the analysis at L and propagation of singularities. Fix ¢ € C®(X;\ Y) such
that ¢ = 1 near {A, < a?}. Then there exists Cy,C; > 0 and C > 0 such that whenever
|Re A| > Cp, Im A > C} and P(\)u = 0, then

C
IAllleullzzoe) + ldleu)llrac < o5 IPO), elullz -

This follows from Lemma 4.3.6, since P(A)pu = [P(\), ]u.

Next, observe that the commutator is supported in the region where 7" is timelike. There-
fore P()\) is parameter-elliptic with respect to any angular sector disjoint from R\ 0 according
to Lemma 2.2.2. Either from the results of [87, Section 9.3] or the closely related semiclassical
formulation [110, Theorem E.32], we obtain

IPN), elull2ex,y < CalldbullL2(xy)

uniformly in some sector intersecting | Re \| > Cy, Im A > C, where ¢ = 1 near supp dp. On
the other hand, if supp ¢ is sufficiently large, then since P()) is a parameter-elliptic Bessel
operator at Y,

M = @)ulle2 o + 10 = @lullaexs) < Cslldull e2x,)
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in the same sector, where ¢’ is supported near Y. Combining these two estimates shows
that P()) is injective on X° for | Re A\| and Im \ sufficiently positive.
(2) The same type of argument also applies to the adjoint

PO)* 1 L2(X5) = H2(Xy).

Suppose that P(A\)*u = 0. Let X = (r; —26) x S?, and extend u by zero to @ € L*(X5).
Now P(A)* is still defined on X, and P(\)*& = 0 in distributions on X. Since @ vanishes for
r < ry—0, propagation of singularities and the analysis at L. allows us to conclude that @ €
H; (X) for any fixed s provided Im A > 0 is sufficiently large. Since suppa C {r > r, —d},
we can apply Lemma 4.3.7 and Theorem 1 as in the first part of the proof to conclude that
u=0.

O

We are now ready to prove Theorem 6

Proof of Theorem 6. Write P*)(\) for the operator

PO : X 7"

(X).

Proposition 4.5.1 shows that P*)()\) has closed range and finite dimensional kernel in the
half-plane Im A > k(k + 1/2) for any k£ € N. According to Lemma 4.5.2, we can choose
Ao with sufficiently large imaginary part so that P ()) is invertible. Clearly injectivity of
PO()\g) implies injectivity of P*)()\,). Furthermore, suppose that f € ﬂo’k(X) C ﬂO(X).
Let u € XY denote the unique solution to

The claim is that actually u € X*. This is proved in a local fashion similar to Proposition
4.5.1. Near Y, the elliptic regularity in [40, Theorem 3] implies u is locally in HY¥(X). At
elliptic points in the interior X, it suffices to apply standard elliptic regularity. Next, since
u € H*' microlocally near Ly and Im \g > 0, the threshhold condition in Proposition 4.3.3 is
satisfied; thus v is in H'™* microlocally near L. This regularity is then propagated along
null bicharacteristics using the nontrapping condition 4.3.2.

This shows that P*)()) is invertible at A = )g, hence of index 0. On the other hand the
index of left semi-Fredholm operators (namely those with closed range and finite dimensional
kernel) is constant on connected components, noting that the index may take the value —co.
This implies that P*)()\) is Fredholm of index zero provided Im A > —x(k + 1/2), and is
invertible sufficiently far up in the upper half-plane.

O
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The case 0 < v <1

Fix a boundary operator T'(\) as in Section 4.4 such that

7= (503)

is elliptic with respect to an angular sector A C C disjoint from R\ 0. Assume that the
principal part of T'(\) is independent of A.

Proof of Theorem 7. Proposition 4.5.1 has a natural analogues in this setting: the microlocal
estimates on Xy and hyperbolic estimate near H are unchanged. Near Y we apply Theorem
2 for the case 0 < v < 1. Invertibility of &?(\) for k = 0 follows as in Lemma 4.5.2, and the
same argument as in the proof of Theorem 6 handles larger values of k. O]

4.6 Proof of Theorem 8

Theorem 8 is a corollary of the following proposition.

Proposition 4.6.1. Let m € Z. Given f € C*(Xs) ND., (Xs) such that supp f C X5\ Xo,
there exists a unique solution to the problem

P(Nu=f, suppu C X5\ Xo,
such that u € C*(Xs) ND,,(Xs).

Delaying the proof of Proposition 4.6.1 for a moment, Theorem 8 is now established by
precisely the same argument as [53, Lemma 2.1]:

Proof of Theorem 8. See also [53, Lemma 2.1]. First suppose that v > 1. If )\q is a pole of
P(\)7Y, then there exists m € Z and a nonzero v € C*°(X;) N H(Xs) N D! (Xs) such that
P(X\g)v = 0. The restriction of v to Xy is nonzero, since otherwise v would be supported in
X5 \ Xo which implies v = 0 according to Proposition 4.6.1. Thus u := v|x, is nonzero and
P()()\o)u = 0.

Conversely, assume that g is not a pole of P(\). Suppose that there exists nonzero
u € O%(Xo) NHY(Xo) N D! (Xy) such that Py(M\)u = 0. Extend u arbitrarily to X as
an element u € C*®(X5) NH(X;5) N D’ (X;5); according to Proposition 4.6.1, the equation
P(X\g)v = P(Xo)u has a solution v € C*(X;) N D,,(Xs) such that suppv C X\ Xo. Then
u — v is nonzero and P(\)(w — v) = 0, which is contradiction.

The same argument applies when 0 < v < 1 since T'(\) is axisymmetric, replacing P(\)
with Z()\). O

Although Proposition 4.6.1 is closely related to the results of [97] on asymptotically de-
Sitter spacetimes, a direct proof is outlined here — see also [110, Lemma 1] for the same
type of result (at least for the uniqueness part).
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Define the Riemannian metric

1 Ay sin® 0
h=—de® 20 Y g
AT ATt

which extends smoothly across the poles to S?. Let d, denote the differential on S* and
|dyu|, the magnitude of d, with respect to h. The idea is to apply an energy identity in the
region where A, < 0. First define p = r, — r, which is positive in that region. Then for any
N e R and u € C*(X)

9y (P™ (=2 |0ul® + |dyul})) = 2p™ Re (0,0 (—AD5u) + h™" (dyOpu, dyi))
+ NpV 1 (=A|0ul? + |dyul})
+ p" R(u, du),
where R(u, du) is a quadratic form in (u, du) which is independent of N (at this stage R(u, du)

is just —(9,A,)|0,ul?). Given 0 < e < ¢, integrate over the region [e,4], x S* and apply
Green’s theorem to obtain

pNE(8) — pVNE(e) = 2/ p™ Re (9,u (=A02u+ Apu)) dp dh
[€,6]pxS?

1)
+N/ p" T E(p) dp+/ p" R(u, du) dp dh,
€ [€,6]pxS?

where

E(p) = /S2 (=A|0pul® + |dyul}) dh.

In general, —A,ﬁﬁ + Ay, differs from —P(\) by a second order operator. On the other hand,

after restricting to D! (X) this difference is of first order and can be absorbed in R(u, du).
Thus

PNES) — pVE(e) = —2 / PV Re (9,1 P(\u) dp dh
[€,0]pxS?

5
+N/ pN_lE(p)dp—i—/ P R(u, du) dpdh  (4.9)
€ [€,0]pxS?

for each u € C(Xs5)ND,,(Xs), where now R(u,du) is a real quadratic form in (u, du) which
depends on A and m.

Proof of Proposition /.6.1. To prove the uniqueness statement, suppose u € C®(Xj) N
D! (X;s) satisfies P(A\)u = 0 and suppu C X5\ Xo. Apply (4.9) with N large and neg-
ative. Since A, vanishes to first order at H*, the sum of the last two integrals is nonpositive
for N sufficiently negative. Furthermore, p™ E(¢) tends to zero as e — 0 for any N since u
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vanishes to infinite order at H*. Again by the nonnegativity of E(9) this gives E(§) = 0 for
each 0 > 0. Since E(p) controls |[u(p,-)| g1 (s2), this implies u = 0 by Poincaré inequality.

For the existence part of the proof, note that the adjoint of P(\) with respect to dpdh is
P()), so (4.9) also applies to P(A\)*. The error (the quadratic form R) can still be dominated
by NpN=1E(p), but now the sum of the last two terms in (4.9) is nonnegative. In particular,
assume that v € C°(Xs) ND,,(Xs) satisfies suppv C {p < 6/2} for some § > 0 fixed. Then
E(5) = 0 in (4.9) while pVE(e) — 0 as ¢ — 0 in light of the p" factor. Combined with
Cauchy—Schwarz and Poincaré inequality,this implies

5 0
N [l s do < € [ M IPOY (0. ) do
0 0

for N > 0 sufficiently large. Furthermore, by commuting with an elliptic pseudodifferential
operator on S? of negative order and absorbing the commutator into the left hand side by
possibly increasing NV,

5 6
N / PV (0, N 3r-es1 52y dp < C / PPN (. )i (s2) d- (4.10)
0 0

Thus N depends on A, m, and s.
Now suppose that f € C°(X;s\ Xo) N D, (X5 \ Xo) vanishes to infinite order at r = r,
so in particular

f e pIRL2((0,6); H(S?) N'D,, (X5 \ Xo)
for each K > 0 and s € R. Define the form ¢ mapping

C: P(A)" 0 = (f,0) 12((0.6)xs2)

where v € C®(X;5\ Xo)ND.,,(X5\ Xo) and p < §/2 on the support of v. The estimate (4.10)
shows that ¢ is bounded on the set of all such P(A)*v. Then Hahn-Banach and the Riesz
representation imply the existence u € p/2L2((0,6); H*(S?)) N D, (X \ X ) such that

<fa,U>L2(()75)><SQ = (u, P(A\)™v)
where the pairing on the right is duality between
p"PPL2((0,6); HH(S*) N DL, (X5 \ Xo) <= p~*/?L2((0,0); H*(S*)) N D}, (X5 \ Xo).-
and v is as above. In particular P(A\)u = f in D/ (X \ X ).
Since K and s are arbitrary, this implies the existence of a solution u such that
u € pVL*((0,0); C(S*) N D, (X5 \ Xo)

for each N. The Sobolev regularity of u in the p variable now follows from the usual “partial
hypoellipticity at the boundary” argument (using the high order of vanishing of v and f
to account for the derivatives in the p variable which degenerate at the boundary), see
(60, Theorem B.2.9]. Once a sufficiently regular solutions exists with N larger than some
threshhold value, we conclude it is unique by the energy estimates for P()); therefore u is
in fact smooth and vanishes to infinite order at r = r O
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Chapter 5

Quasimodes

In this chapter we prove the existence of quasimodes for the Klein—Gordon equation on a
Schwarzschild-AdS spacetime (with Dirichlet boundary conditions at Z). Roughly speaking,
these quasimodes consist of a sequence of real frequencies A, € R (tending to infinity)

functions
Uy € HZ’OO(X(;), vy_ug =0

such that if
fg = P()\g)lbg

then some norms of f, decay at a rate as £ — oo. In the Schwarzschild—AdS setting, we can
take || foll c2(x;) = O(e7¢). The functions u, are also localized in space, namely there exists
R > ry such that suppu, C {r > R}. For a more precise statement, see Theorem 9 of this
chapter.

A classic argument due to Ralston [83] shows that in the presence of quasimodes satisfying

suppug € {r > R}, |welle2xs) =1, || fellz2(x;) — 0 as £ — o0

there is no uniform local energy decay. This means that for each function p(t) — 0 ast — oo,
there is no ty > 0 such that

(", 2) |30 (r>ry) + 10 &, 2) || 22((r> Y
< p(t) (1|60, ) [l32 xy) + 10600, )| £2(x))  (5-1)

for all t* > t, and all solutions ¢ to the Klein-Gordon equation (whith Dirichlet boundary
conditions at Z). Now suppose that f, decays exponentially. A more refined result shows
that even by losing k additional derivatives on the right hand side of (5.1), no uniform decay
rate of the form p(t)log(t*)~* is possible. For a proof of this in the Kerr—AdS setting, see
[56]. In that paper, an independent construction of exponentially quasimodes is given for
Kerr—AdS black holes (rather than just the non-rotating case studied here). The basic idea
behind the proof is that by Duhamel’s formula, quasimodes approximate actual solutions to
the Klein-Gordon equation up to times t* ~ ‘. We should also remark that a logarithmic
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decay rate (with loss of derivatives) has indeed been established for slowly rotating Kerr—AdS
spacetimes [55].

The construction of quasimodes is motivated by the existence of a potential well near Z
separated from the black hole horizon by a barrier. We consider a related problem supporting
bound states by imposing an additional Dirichlet boundary condition in the barrier. By
systematically employing the exponential decay of these states in the barrier, we construct
quasimodes for the original problem close to the bound states.

We prove the existence of bounds states near the bottom of the well using the harmonic
approximation (see Section 5.2). This consists of identifying the Schrodinger operator as a
harmonic oscillator plus a perturbation. Although the perturbation is not globally small,
we can make use of the semiclassical concentration of these eigenvalues to the bottom of
the well. We also give a full asymptotic expansion in powers of £~/2 for these eigenvalues;
the coefficients in the expansion are ordinary Rayleigh—Schrédinger coefficients. Finally,
we address a conjecture of Dias et al. [26] on the vanishing of certain coefficients in this
expansion.

5.1 Harmonic oscillator

In this section we collect some useful facts about the operator
H = |D,|* + 2* (5.2)

on R, . In analogy with the smooth setting, we will refer to H as the harmonic oscillator.

Maximal domain

To discuss its spectral properties, we need to fix a self-adjoint realization of H. We begin by
characterizing its maximal realization H,,,,, which acts on

D(Hpax) = {u € L*(R,) : Hu € LA(R,)}

in the sense of distributions on R,. To decouple the behavior near infinity and the origin,
we can also consider the standard harmonic oscillator on R,

9= D2+ 2%
It is a basic fact that $ is self-adjoint on the domain
D($) = {u € L*(R) : Hu € L*(R)},
and (£, D(9)) satsifies the following properties.
Lemma 5.1.1 ([52]). There is equality
D($) = (z) > L*(R) N H*(R).
Furthermore, if f € S(R) and u € D(9) solves ($ — E)u = f, thenu € S.
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Now suppose that u € D(Hyax). Observe that by elliptic regularity, u € H?(Q) for any
bounded interval 2 = (0, a). Choose a smooth cutoff ¢ on R, such that p(x) = 1 for x large
and ¢(x) = 0 in a neighborhood of z = 0. Then

H(pu) = ¢Hu + D3, ¢lu € L*(R,.)

has compact support. Also H(¢u) = $H(¢u) in the sense of distributions, so by the previous
lemma, ¢u € (x) > L*(R) N H2(R). This shows that

D(Hpax) = ()" L*(R+) N HA(R).

In the same way, local elliptic regularity for H combined with the global properties of £ shows
that if f € ()" H>>°(R,) and u € D(Hyax) solves Hu = f, then u € (z)” " H5*(R,).

Lemma 5.1.2. There is equality

D(Hpax) = (2) 72 AR NHA(RS).
Furthermore, if f € ()" H>®(R,) andu € D(Hyay) solve Hu = f, thenu € (x)” < H>*(R,).
This holds for s = 0,1, 2.

Dirichlet realization

Restricting Hpax to the space {u € D(Hpyax) : 7—u = 0} is the Dirichlet realization of H.
Since this is the only realization considered here, we will just write it as H with the domain

D(H) = {u e (z) > LA(R,) N HA(R,) : y_u = 0}.

By Green’s formulas (3.29), (3.31), for each v > 1 the operator H is seen to be self-adjoint
with this domain. There is also a nice characterization of H as the unique self-adjoint
operator associated to the sesquilinear form

By (u,v) = (Dyu, Dl,v>R+ + (xu,z;v)R+ , u,v € Q(Bg)
where Q(By) = HA(Ry) N (z) ' L?(R,). Note that Q(By) is a Hilbert space for the norm
[l @) + lloul 2y
The form By is positive definite, since an integration by parts shows that
Br(u,v) = (Dyu + zu), (Dyv + 20)), +2(u,0)p, - (5.3)
Standard manipulations shows that the operator H' associated to (B, Q(Bpy)) has domain
D(H') = Q(Br) N D(Huax) = D(H),

and acts by H'u = Hpau for u € D(H'). Therefore H = H'.
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Lemma 5.1.3. The inclusion Q(By) — L*(R,) is compact.

Proof. Tt is well known that the inclusion H}(Ry) N (z) "> L*(R,) < L3*(R,) is compact.
Since H(Ry) = H} (R, ) by Lemma 3.3.3, the result follows. O

Therefore the spectrum of H is purely discrete and bounded from below. In fact, (5.3)

shows that H > 2 in the sense of forms, so spec(H) C [2,00). Furthermore, each eigenfunc-
tion of H lies in (x) > H>*(R,).

Spectrum

Up to a scalar multiple there is a unique solution to the equation
(H—FE)u=0

satisfying the boundary condition v_u = 0. In fact (H — F)u = 0 can be recast as a
hypergeometric equation, and the recessive solution satisfying v_u = 0 is

u(x) = $—1/2MH"M($2)7 K= E/4> n= I//2,

where My ,(-) is the first Whittaker function [102, Chapter XVI]. In general this function

grows exponentially as ¢ — oco. However, when VTH — % = —n for an integer n € N,

the hypergeometric series defining the Whittaker function truncates. For each n € N, the
resulting function is of the form

un(x) _ xu+1/2€7x2/2L$Lz/)(x2)
where LY(:) is a Laguerre polynomial [19]. Clearly u, € (z) > H>*(R,), and in fact
the decay is of Gaussian type. Therefore the spectrum of H is given by the sequence of

eigenvalues
E,=22n+14v), neN.

If U: L*(R,) — L*(R,) is the h-dependent unitary dilation
(Uu)(x) = hMY*u(h/?x),

and H(h) = |hD,|* + 22, then
hH = UH(h)U™.

Therefore H(h) is selfadjoint with domain D(H (h)) = D(H), and spec(H (h)) = spec(hH ).

Remark 17. The familiar isotropic harmonic oscillator is the Hamiltonian
Q=-A+x]* xeR%

Specializing to dimension d = 2 and introducing polar coordinates x =1 -0,

Q= (D,)*—ir'D,+1*D} +r°.
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Spherical harmonics on S' are the functions 6 — exp(ivf), where v € Z. Therefore Q can
be decomposed into a family of ordinary differential operators

Q, = D? —ir D, + r?? + 12

on R, indexed by v € Z. Conjugating Q, by r—/? yields exactly the Hamiltonian (5.2).

5.2 Harmonic approximation
In this section we discuss the harmonic approximation for operators of the form
Q(h) = |hD,|*+V

where V has a nondegenerate minimum at x = 0. The situation on R? was studied originally
in [20, 51, 88] and Simon [88].

The idea is to approximate the spectrum of Q(h) in an h-dependent neighborhood of the
minimum by that of the harmonic oscillator H(h) discussed in the previous section. More

precisely, let 2 = (0, a) for some a € (0, 00|, and assume that V' € C>(2) satisfies
V(0)=0, V'(0), V"(0)>0. (5.4)

By rescaling, we may always assume that VV”(0) = 2. The potential does not need to be
independent of h; in fact, the weakest assumption we can make is that V' has an asymptotic
expansion on ) in powers of h'/2,

V(x, h) ~ i W2V (), (5.5)
k=0

where Vi € C*°(Q) is independent of h. In that case we require (5.4) to hold for V5. The
expansion is required to be uniform on compact subsets of €2 in the sense that for each K C ()

compact,
N

V(z,h) =Y BPVi(a)| < Cxnh™2 z e K.
k=0

To discuss the spectrum of @(h) some global assumptions are needed, but at first only
properties of V near x = 0 are used.

Rescaling

Given a ring R, write R[z|, R[[z]] for the spaces of polynomials and formal powers series in
the variable z, respectively. We let

7:C®(Q) = CJ[[x]]
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denote the map which associates to a function f € C*(Q) its formal Taylor series

> fk)
(=30 e,

By the Borel lemma 7 is surjective, and 7 is injective modulo the ideal of smooth functions
vanishing to infinite order at « = 0. The action of 7 also extends

Co(@Q)[h'?]] = Cll][[h*?]],

In particular, we can treat the asymptotic expansion (5.5) as an element of C>(Q)((h'/?)).
The key observation is that after the rescaling = h'/2y, an element of C[[x]][[2/?]] becomes

a formal power series in h'/? with coefficients which are polynomials in y. More precisely,
define a map C{[z]][[2"/?]] — C[y][[n'/?]] by

Z RF/? i a;xt — Z f: REFD/2 gt (5.6)
k>0 i=0 k>0 i=0

Since there are only finitely many k,7 € N such that k£ +1¢ = j for a fixed 7 € N, we can
write the right hand side of (5.6) as

33y = 3 W),
k>0 i=0 §=0
where P; € C[y] has degree at most j. Under the change of variables z = h'/%y, we also have
(hDy)? + B*(v* — 1/ + 2* = h (D + (v* — 1/4)y > + 7).
Formally then, under the rescaling = = h'/?y we have
W (D +7(V)) = H+ > hPPi(y), (5.7)
j=1

where P; is a polynomial of degree at most 2j 4+ 2 (as we have factored out two powers of
h'/2). The right hand side is treated as an operator in the purely formal sense.

Rayleigh—Schrodinger coefficients

We now formally look for an eigenfunction v with eigenvalue E of (5.7) in the form
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Collecting powers of h'/2, we obtain the sequence of equations

(H - EO)UO - 07

T
L

(H — Eg)vk = — (Pk—r - Ek—r)vr' (58)

\3
Il
o

The first equation is solved in D(H) by fixing n € N and letting v, o be an eigenfunction of
H with eigenvalue E, o = 2(2n + 1+ v). Since H is self-adjoint, the subsequent equations
can be solved if the right hand side is orthogonal to the kernel of H — E,, 5. This kernel
is one-dimensional, spanned by v, . Furthermore, since H is Fredholm of index zero, the
solution to any such equation is unique up to a multiply of v, (since the cokernel is then
also one-dimensional). The orthogonality condition is imposed by arranging

o

-1

En,k - <<Pk—r - n,k—r)vn,ra Un,0>]R+ + <kan,07 Un,O>R+ .
1

ﬁ
Il

In other words, E, ; are just standard Rayleigh-Schrodinger coefficients. Since vy, o(y) is an
eigenfunction of H, it is in H**(R,) — in fact, it decays exponentially along with all of its
derivatives as y — oo, and is smooth in y?. By lemma 5.1.2 each v, € H>*(R,). This
is true since each P,_, is a polynomial, hence can be treated as part of the inhomogeneity
when multiplied by v, .

Lemma 5.2.1. The numbers E,, ; with k > 1 depend only on E, o and P; for j < k.
Proof. This is obvious from the recurrence equations 5.8. O]

In particular, suppose that V =V + h2V;. Let

(Vo) = Zajxj, (V1) = Z bz’
=0 =0

with a; = 0 and as = 1. Then E,; for £ > 1 depends on ay, . .., ax+2 and by, . .., bx_o (note
that E), ; depends only on as).

Quasimodes

Having constructed sequences { F,, x } and {v,x} for each fixed n € N in the previous section,

we can now produce quasimodes of arbitrary polynomial order for Q(h). For any finite index

J, let

U () = vno(y) + -+ B Pua (1),

and then set
Up g () = p1/4 U;{(h_lﬂx)
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We may also assume that ||v, || z2®,) = 1. By Borel summation, choose £,, € R such that

E,~h) W’E,;
=0
The operator Q(h) = |D,|*> + V is a priori only defined on ). Fortunately, the rapid decay

of u allows us to localize to arbitrarily small (but fixed with respect to h) neighborhoods
of z = 0. If U has compact closure in (0, 00), then by Lemma 5.1.2,

) = O(h™)

[

for any s. Furthermore, for each N > 0,
/ |IENU7{(.1')|2 dox = O(hN)
Ry

after making the change of variable y = h'/2z. We now go back to the original asymptotic
expansion (5.5) for V, and let

J
V=Y " nky
k=0

We may also write

where R} = O3 %), It V/ =V + ... + V/, then
V=V'+R

where V7 € C[y, h'/?] and R’ is a finite sum of terms of order O(h*z/*37%) for k = 0,..., J.
Furthermore,
(IhDy|> + V7 = Ep)u; = O(hYH9/2)0)

n n

where the error is due to
E,=hE,g+ -+ h(‘]“)/QEnJ + O(h+3/2),
If x is a cutoff to any neighborhood of x = 0, we have
(Q(h) = Ea)(xup) = [Q(h), X]uy, + (R + O(AY*/2)) xuy,
Therefore
1(Q(R) = En) (xup)ll 2,y = O(AYH/2).

Since ||xu}|lr2®.) = 1+ O(h'/?), we can normalize yu; without affecting the error. To
summarize, we have established the following.

Lemma 5.2.2. For each n € NJ € N there evists E, and ul € D(Q(h)) such that
H%{HB(Q) =1 and
1(Q(R) = En)ui |12y = O(RYTH7),

Furthermore, if xog > 0 is fized, then u’ can be chosen such that suppu’ C [0, o).
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Spectrum

If Q = (0,a) is a bounded interval, we assume that x = 0 is a global minimum for V on Q,
and we impose an additional Dirichlet boundary condition at x = a. The second condition
guarantees Q(h) is a self-adjoint operator with discrete spectrum. If Q = R, we make the

assumption that
Ving = liminf V' (z) > 0,

T—00

in which case @Q(h) has discrete spectrum below FE = V.
By the spectral theorem, Lemma 5.1.2 implies that for each n, J € N we have

dist(spec Q(h), E,) < Cp R 372,

where F, is constructed in Section 5.2. In other words for each n there exists an eigenvalue
e, of Q(h) such that e, = E, + O(h™). The constant C,, ; is not uniform in n, so this is
only a uniform statement when considering finitely many n.

Fix Cy > 0 such that Cy ¢ 2(2N + 1 + v) and let N be such that

22(N—-1)+14v)<Cy< 22N +1+v).

By the above, we know there exist at least IV eigenvalues in the interval (—oo, Cyh), counting
multiplicity.

Lemma 5.2.3. Given N > 0, there exists ho > 0 such that if h € (0, ho), then Q(h) has
exactly N eigenvalues ey, ... ,en_1 in the interval (—oo,Cyh), counting multiplicity. Fur-
thermore, e, = 2(2n + 1+ v) + O(h3/?).

Proof. The proof is essentially the same as [27, Theorem 4.23|. Fix a quadratic partition
of unity ¥ + ? = 1 on R, such that 1)y = 1 near [0,1) and suppy C [0,2) Then set
Xi(z) = ¥;(R~*h~/2z) for some R > 0 to be determined. Now for u € H?(Q),

1D, *u = (xg + xD|Du*u = xo|D|*(xou) + x1|Dy|*(x11)
- XO[D:%? Xo]u - Xl[Dfm Xl]u

Now
—x0[D7, Xolu — x1[ D7, xaJu = 2x0 X 0z + 2x1 X1 O + XoXg + X1 X7
The first two terms on the right hand side are 9,(x2 + x3) = 0. Therefore we have

<|DV|2U7 U>Q = <|Du|2(X0u)7 XOU>Q + <|Du|2(X1u)7 X1U>Q
+ (X0 Xo u, whg + (X1 X7 U, u)g

Now x/ = O(R™2h~'). Multiplying through by h* and adding (Vu, u), yields

(Q(h)u,u)g = (Q(h)(xou), Xou)g + (Q(R) (x11), X1)q + O(AR™?) [ Z2(q).
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Since V' has a global minimum at x = 0 with V”(0) = 2, we have

(Q(h) (xau), xau)g = (Vxau, xau)q > Kh|xaullz(q

for any fixed K > 0 by choosing R sufficiently large. In particular, we can take K =
2(2N 4 1 + v). To finish the proof, observe that

(Q(h) (xow), xou)q = (H(h)(xou), xou), + OR**R*)||xoull72(0)-

To apply the min-max principle, we assume that u is orthogonal to yow, on {2 for n =
0,...,N —1, where w, is the nth eigenvector of H(h). Equivalently, xo is orthogonal to w,
on Ry, so

(H (h)(xow), Xou)r, = 2(2No + 1+ v)hl[xoullZ2(q).

Since y; form a quadratic partition of unity,
(Q(h)u,u)y > 202N +1+v)h— (R?+ h1/2R3)h||u||§2(Q)/O
for some C' > 0 independent of R, h. Taking R sufficiently large and then h small shows that
(Q(h)u,uyqg > 22N +1+4v —e¢) h||u||%2(9),

on the orthogonal complement of an N dimensional space, therefore the (N +1)th eigenvalue
is greater than Cyh. This shows there are exactly N eigenvalues in (—oo, Cyh). O

5.3 Agmon estimates

In this section we review the semiclassical Agmon estimates. A textbook reference for this
section is [27, Chapter 6], which handles the smooth setting; replacing D? with |D,|? does
not have any significant effect. These estimates allow one to quantify the statement that
semiclassical eigenfunctions at an energy level E decay exponentially as h — 0 in regions
where V' > E. Fix a finite interval

Q= (0,a),

where @ > 0. Let V € C=(Q), and consider the operator Q(h) = h?|D,|?> + V with Dirichlet
boundary conditions at x = 0, a.

Energy identities

First assume that ® € C*(Q). Then for each u € D(Q(h)) the following integration by
parts is justified:

Re / 2BV - 1 dy = / kD, (%)  dz + / SV (@) [uPde (5.9)
Q Q Q



CHAPTER 5. QUASIMODES 126

If u € D(Q(h)) solves Q(h)u = 0, then we can control the L? norm of e®*/"v in the region
where V —(®')? is positive. To obtain an optimal result, first we need to relax the smoothness
assumption on ®. In higher dimensions it is appropriate to consider ® Lipschitz continuous,
but in one dimension we may work with ® absolutely continuous on Q. If & is understood
to exist almost everywhere, then (5.9) continues to hold for u € D(P).

Agmon distance

For each E € R, the Agmon metric on Q is given by (V — E), d2?, where f; = max(f,0).
Given z,y € , let d(z,y) = dg(z,y) denote the distance between x,y in this metric.
Explicitly, if z <y, then

y
1/2
d(r.y) = / V(t)— B)2 ar,
This is not a distance in the usual sense, since distinct points  # y may have d(z,y) = 0. On
the other hand, d(z,y) certainly satisfies the triangle inequality. By symmetry the triangle

inequality implies.
Since

d(z,z) < |z — z|sup (V — E)i/Q,
Q

we certainly have that for each y € © the map x + d(x,y) is Lipschitz on Q, hence differen-
tiable almost everywhere In fact, for each € there is 6 > 0 such that

d(z,2) < o — 2| (V(z) - E)4 +¢)

for |z — 2| < 0, hence
Or(z,y) < (V(w) - B)Y/?

whenever the left hand side exists. We can also define the distance to any subset U C € by
d(z,U) = dg(z,U) = inf{d(x,y) : y € U}.

Just as above, we have
|d(z,U) — d(y, U)| < d(z,y),

and so x +— d(z,U) is Lipschitz whose derivative satisfies

8,d(z,U) < (V(z) — B)Y/? (5.10)

almost everywhere on ).
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Decay estimates

Suppose that V =V + h2V;, where V; € C*°(Q). We then consider the Dirichlet realization
of Q(h) =|D,*+V on Q. Given E € R, let

Ap={r€Q:Vy(x) < E}, Fp={xcQ:Vy(z)> FE}
denote the classically allowed and forbidden regions, respectively. For a fixed § > 0, let
O(x) =(1—-9)d(z, Ag)
From (5.10),
VB (@) 2V —E—(1-07V— B),
almost everywhere.

Lemma 5.3.1. Fiz a compact interval [a,b] C R, and let d(x) = dg(x, Ag). For each § >0
there exists Cs > 0 such that

le”*hDyull72 () + lle ull 72y < Cs €™ ||ull 20

for eachu € D(Q(h)) satisfying (Q(h)—E)u = 0, provided E € [a,b] and h > 0 is sufficiently

small.

Proof. Consider the set Us = {x € Q : V(z) > E + 6}. Then for almost every = € U,
V—E— () >

provided 6 > 0 and h > 0 are sufficiently small. Suppose that (Q(h) — E)u = 0 for
u € D(Q(h)) and E € [a,b]. Then

/|hDV (/M) |2da:+62/
Q

Qs

/M| dx < C’/ /M |u)? da,

QN\Qs

where
C= sup |[(¥)*+FE-V|
z€Q\ Qs
Observe that C itself is uniformly bounded by another constant uniformly for for F € [a, b]
and § € (0,1), h € (0,1). Replacing C' by this constant and adding §? times the integral
over 0\ Q5 gives

/ |hD, (eq)/hu) 2 dz + 52/ /M2 dr < (C + 52)/ M ul? da,
Q Q Qs

Let
a(E,5) = sup 290,
zeQ\Qs



CHAPTER 5. QUASIMODES 128

and observe that a(E,d) — 0 as 6 — 0 uniformly for £ € [a,b]. The derivative term can
also be expanded:

h2/ " (|Dyul? + 207 '@ Re (Oyu - @) + h () |ul?) dx
0

The second term in the integrand is bounded below

1
2h L' Re (Oyu - @) > —eh 2| Dyul? — = ()2]ul?
19

almost everywhere. Since the integrand is multiplied by h? and @’ is uniformly bounded
ind € (0,1) and E € [a,b], these terms can be absorbed by first choosing € and then h
sufficiently small. Therefore

/ezq’/h\hD,,uFdx—l-/62¢/h\u|2d:r;§Cgeo‘/h/ u|? da.
Q 9) O\Qs

We can replace ® with dg(z, Ag) at the cost of multiplying through by e?*/" where K is the
supremum of d(z, Ag) over x € Q and E € [a,b]. Therefore there exists Cs > 0 independet
of £ € [a, b] such that

Hed/th,,uHiz(Q) + Hed/huH%z(Q) < Cs e‘s/h/Q |u|? dz.

for each 6 > 0. O]

To obtain exponential decay estimates we therefore need to look for regions where
d(xz, Ag) is bounded from below. In our one-dimensional case, this is easy since geodesics in
the Agmon distance are straight lines.

5.4 The Schwarzschild—AdS spacetime

In this section we apply the results from Sections 5.2, 5.3 to the Regge-~Wheeler equations in
the Schwarzschild—AdS setting. Recall from Section 2.4 that the Schwarzschild-AdS metric
(with AdS radius [ = 1) in Schwarzschild coordinates is given by

g=fdt* — f~ dr* — r?dw?,
where f(r) = r2 + 1 — ur?~%. The exterior region refers to
M =R, x (ry,00) x S&1,

where 7, > 0 is the unique positive root of f. In these coordinates we may fully separate
the wave equation.
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Regge-Wheeler coordinate

Introduce the Regge-Wheeler (or tortoise) coordinate z : (14, 00) — (0, 00) according to the
equation
Oz =—f1r), z(+oo)=0.

In other words,

A= [ 1) dp (5.11)

We are interested in the asymptotics of z as r — r, and r — oco. Recall in the Schwarzschild—

AdS setting that the Killing horizon {r = r,} is always nondegenerate, with surface gravity
given by k = f'(r;)/2 > 0 (see (2.17) and (2.23)).

Lemma 5.4.1. There exists a real analytic function F(w) in a neighborhood of w =0 such
that
r=r,+ F(e )

and F(0) = 0.

Proof. Since f vanishes simply at r,, we may write
f(r) = 26(r —ry) + h(r),
where h(r) is analytic near » = r,. Upon integration,
—2kz(r) =log(r —ry) + H(r),

where H(r) is again analytic near r = r. Equivalently, (r —r, ) exp(H (r)) = exp(—2kz(r)).
Since the left hand side vanishes simply at » = r,, we may solve for r as an analytic function
of exp(—2kz) near z = oo by the implicit function theorem. Thus

r=ry+F (e, F(0)=0. O
Next, we analyze the relationship between z and r as r — oc.

Lemma 5.4.2. There exists a real analytic function G(s) in a neighborhood of s = 0 such
that

z = arccot(r) + (d + Dur~ 1 + G(1/r)
and G(s) vanishes to order d+ 3 at s = 0.

Proof. First let
R = (2",

so ur~% € (0,1/2) for r € (R,00). Then we may write

1
r2 4+1

fr)y=h = + T 4 g (1)),
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where ¢(s) is analytic near s = 0 and vanishes to order d + 4. Integration yields
z = arccot(r) + (d + Dur~ 1 + G(1/r)

with G(s) vanishing to order d 4+ 3 at s = 0. O

2

For future use, it is useful to express f(r) and r=2f(r) in terms of csc(z)? and sec(z)?.

Observe that

1
.2 —d
sin®(z) ~ e (1+2(d+1pr™).
Since r = (1/z) + O(1), we have
sin™2(2) ~ f(r) — (2d + 1)pz*2. (5.12)
Similarly,
1
2 —d—2
cos(z)” ~ = 1(1 —2(d+ V)pr—77),
and therefore
cos 2(2) ~ 72 f(r) + pzt. (5.13)

These formulas will be used to compute the leading term in the harmonic approximation for
the separated Regge—Wheeler equations introduced in the next section.

Separation of variables

Because of its spherical symmetry, it is possible to decouple the stationary Klein—Gordon
equation into a family of ordinary differential equations in the radial variable. More precisely,
we let T = 0, and choose as our initial hypersurface X = {¢ = 0}. In Schwarzschild
coordinates,

O,(\) + % — /4 = 12D, (r¥ D) — r 20, — N2+ 02 — d2 /4,

As usual we can conjugate this operator by 7(1=9/2 and multiply through by f. Then the
stationary Klein—Gordon equation is equivalent to an eigenvalue problem

((fD,)> =r2f Ay + -V =X)v=0, (5.14)
where the function V' depends only on 7:

(d—1)
2r2

(d—-3)d—-1)

Vir) = 4r2

Cf(r) + v —1/4.

' 8rf(r> +

Suppose that v(r,w) = Sy, ¢(w)u(r), where Sy, is a spherical harmonic on S?~! with eigen-
value £(¢ + d — 2). Then (5.14) becomes

(Pg — )\2>U = O,
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where P, is the second order differential operator on (r,,00) given by
Pr=(fD,)*+(l(l+d—=2)r2+V)- f

Plugging in the expression for f, we may also write

Pr=(fD;)" + (0" = 1/r=2f(r) + (v* = 1/4) f(r) +

where we defined 0 = (20 +d — 2)/2.

Semiclassical rescaling

We are interested in the spectral behavior of P, for large values of . For that, we consider
the rescaled operator
Q(h) = h*P,, h=o0",

which we write in the form

Q(h) = (fhD,)? + h*(V* — 1/4)f + Vu + h*V,. (5.15)
Here Vo = r~2f and
‘/1 — N(d _ 1)2T2_d (%)

In particular there is a constant C' > 0 such that |V;| < C|Vp| uniformly over (r, o).

Analysis of the potential

We now study the behavior of V; for r € (r,,00). Observe that r—2f(r) — 1 as 7 — oo, and
of course r;*f(ry) = 0.

Lemma 5.4.3. The potential Vi has a unique nondegerate local maximum satisfying

1 2
pd \ 2 2\%2 (d—2
= —_— pr— 1 —_— —_—
T'max ( 2 ) ) %(rmax) + (,Uzd> ( d ’

and no other local extrema for r € (ry,00).

Proof. To find the extrema of V), find the roots of

2 d
ar%:__3_|_p“_
T

for r € (ry, 00). O

The existence of this local maximum is related to the trapping of null-geodesics on the
background. In standard terminology 7.y is the location of the photon sphere. We also
write Vipax = Vo(Tmax). By the previous lemma, for any real £ € (1, V.x) the equation
Vo = E has two solutions.
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Reference operator

Under the change of variables z = z(r) we have fD, = D,. Furthermore, we have
Fr) = =2 4+ 0(1)
uniformly on any set of the form (R, oo0) with R > r . Therefore we can write
Q(h) = [hD,* + Vo + h*

with respect to the variable z € R, where now |Vi| < C|Vy| uniformly on any compact
subset of R, in z.

Define a reference operator Q*(h) as the restriction of Q(h) to the interval Q = (0, 2nax),
where Zpax = 2(Tmax). We impose Dirichlet boundary conditions at z = 0 and z = zpax.
Then Qf(h) is a self-adjoint operator with discrete spectrum. We would like a detailed
understanding of spec(Q*(h)) in the spectral window E € (1,Viyay) as h — 0. Before
proving the existence of spectrum in this window, we can use the Agmon estimates to prove
exponential decay. Recall the definitions of the classically allowed and forbidden regions
Ag, Fg from Section 5.3.

Lemma 5.4.4. Let Ey € (1, Vinax). Then there exists ¢ and C' > 0 depending on Ey such
dg(Fg,, Ag) > C

for each E € (1,Ey —¢),

Proof. The result is obvious since geodesics in the Agmon distance are straight lines. O]

The following is then a corollary of Lemma 5.3.1

Proposition 5.4.5. Let ¢ > 0 and Ey € (1, Vinay). If u € D(Q*(h)) satisfies (Q*(h) — E)u =
0 for E € (1, Ey — €) and h sufficiently small, then

/ |h')? + |ul? dz < Ce_zc/h/ lu|? dz,
Fi, Q
where C' > 0 is uniform for (1, Ey — ).

Low-lying eigenvalues

Using the harmonic approximation, we can study the spectrum of Q*(h) near the bottom of
the potential well, now located at £ = 1. Indeed, we have

Vo(0) =1, V5(0)=0, V(0)=2
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where we are treating V as a function of z. Let Cy ¢ 2(2N+ 1+ v), and let N € N be such
that
22(IN—-1)+1+v)<Cy<22N+1+v).

According to Lemma 5.2.3, for h sufficiently small depending on Ny, there exist exactly N

cigenvalues €, ..., e\, of Q!(h) in the interval (—oo, Cy) satisfying

et =2(2n+1+v)h+ O(R¥/?).

Moreover, each ¢ef, has a full asymptotic expansion in powers of 2/2. In the next section we
will compute the first d terms in this expansion, where d + 1 is the spacetime dimension;
these terms do not depend on the black hole mass, but rather only on the asymptotically
AdS nature of the metric.

The case of global AdS;

When p = 0, the Schwarzschild-AdS metric reduces to that of global AdSy,1; this is singular
limit, since AdSg,; does not have a horizon. The separation of variables applies equally well
in this case, see Section 2.1. In terms of the variable z = arccot(r), we have an operator

PAYS = D2 4+ (V2 — 1/4)sin 2(2) + (0% — 1/4) cos2(2)

on the interval (0,7/2) with Dirichlet boundary conditions (now the boundary conditions
are twisted at z = 7/2 as well). The harmonic approximation also applies to the rescaled
operator Pags(h) = h?PAS) where h = 071

Pags(h) = (hD.)* + h*(v* — 1/4)sin ?(z) + (1 — h*/4) cos (). (5.16)
Applying Lemma 5.2.2, we therefore obtain for the nth eigenvalue of Paqgs(h)
A w1422+ 1+v)h+ i pEH2)2 pAdS (5.17)
k=1
On the other hand, the eigenfrequencies of P*45 are explicitly known [65]: the equation
(PR = A)u =0

has solutions
M=0C2n+v+o+1)%

Since h?\} = €)%, we can compute the higher order Rayleigh-Schrédinger coefficients E24°
explicitly: they are all zero except

Eﬁgs =(1+2n+v)%

In the next section we use this information to calculate the leading behavior for the eigen-
values ef of the reference operator.
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Asymptotic expansions

Let us now return to the Schwarzschild-AdS case p > 0. Recall from (5.15) the expression
Q*(h) = (hD,)? + R*(v* — 1/4) f + (1 — B2 /4)r 2 f(r). (5.18)
According to Lemma (5.12), (5.13), we have
R (1?2 — 1/4)f = h2(v? — 1/4) sin 2(2) + O(h22%2),
{(1 —h2/4)r72f(r) = (1 — h?/4) cos(2) 72 — puz¢ + O(h?2%) + O(24+2).
From this, we can calculate the leading behavior of €f in dimensions d = 3, 4.

Lemma 5.4.6. Let v, denote the nth eigenvector of H, normalized so that ||vy |2,y = 1.
The numbers E, . satisfy the following.

1. If d =3, then
Eni= —u/ y* on(y) P dy.
0

2. If d =4, then E,; =0 and

V2 —1 2 >
Eyp = + 5w / v on(y) | dy.
3 3 o

Proof. (1) If d = 3, then —pu2? is the only monomial of the form a;237h7/2 with j = 0,...,3
in the Laurent expansion of

R —1/4)f+ (1= R /O)r 2 f — [RP(V° — 1/4)27% + 27 (5.19)

Thus —pz? is the leading order perturbation in the harmonic approximation.
(2) If d = 4 then we look for monomials of the form ajz4*jhj/2 for j =0,...,4. There,

we find the terms 21 )
i h2+<——u)z4. O]

3 3

For the analogous computations in dimensions d > 5, we use the following observation:
by Lemma 5.2.1 and the discussion which followed, the numbers £, ; in the asymptotic
expansion of

j=0
satisfy
Enpy=FES k=0,...,d-3 (5.20)

nk
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in d+1 spacetime dimensions. For d = 5, we therefore have E,, ; = 0 and E,,» = (1+2n+v)>.
This can be continued for d > 5, but this requires actually computing the v, ; as well.
However, if we define now

Noo=ht ()
then from (5.20) alone we see that
)\ﬁe—a—|—2n+u—|—1+(9( (2=d)/2y,
Writing this in terms of £ = o + 1 — (d/2), we obtain the following.

Proposition 5.4.7. In d+ 1 spacetime dimensions, the frequencies b\ e admit a full asymp-

totic expansion in powers £~ /2

, satisfying
XNoy=C+2n+v+d/2+ 0D

In general (unless d = 3,4) we have not verified that the term ¢(2~%/2 has a non-vanishing
coefficient in d + 1 dimensions. This non-vanishing was observed numerically by Dias et al.
[26], who conjectured that

)\EM —(0+2n+v+d)2) = cg® V2L 0Dy £ 0.

Proposition 5.4.7 gives a partial answer to this conjecture in the affirmative.

5.5 Quasimodes

We are finally ready to construct exponentially accurate quasimodes for the stationary Klein—
Gordon operator P(\) on a Schwarzschild-AdS spacetime.

Theorem 9. For each n € N there exists a sequence )\?M € R and
nEm S H (X(S) N COO(X5> NnD, (X5)7
for € sufficiently large (depending on n) with the following properties.

1. )‘?M has a full asymptotic expansion in powers of (/2

MENSLONS,

, and moreover in (d + 1) di-

Ny =l+2n+v+d/2+ 0D/,

2. There exists [r1, 5] C (ry,00) such that suppu? , C (ry,00) and supp P(/\gm)

14 =
2,m
(T1a12)'

nﬁm

#

3. The functions u,, , .

are normalized exponentially accurate quasimodes in the sense that

|| nfm||£2(X5) = ]" ||P(/\Bl,€>u§1,€,m|’£2(xé) S e_e/c

for some C' > 0. Furthermore, y_uu = 0.

nl,m
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4. Fach Ui,z,m 1s of the form

U g (1, W) = V(1) + Spe(w),

where Sy is a spherical harmonic and vy, a function of r only.

Proof. Let Q = (0, zmax)- Fix a cutoff x in the Regge—Wheeler coordinate to a small neigh-
borhood of z = 0 such that y = 1 near z = 0. If h is sufficiently small depending on n,
then V — e > ¢ on the support of dy. By Lemma 5.3.1, if v} is the L?(2)-normalized nth
eigenfunction of Q*(h), then

I(QH () — ef) (xvi) 120y < e ™.

Now we must transport xvf to Xj: recall that up until now we took the Fourier transform

in ¢t rather than t*, where
t*=t+ Fy(r)

for some F}. Writing h =o' = (£ — 1+ d/2)7", we let

uf%&m(r, w) = exp(i)\fl’eFt(r))r(l’dwx(r)vfl(r; o) - Spe(w). O

A similar quasimode construction also applies in the Kerr—AdS setting, see [56]. This
will be reviewed in the next chapter, where we use the quasimodes to construct sequences of
QNF's converging exponentially to the real axis. The difference in the Kerr—AdS case is that
there is no refined description of the frequencies, since the harmonic approximation cannot
be applied directly.
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Chapter 6

Existence of quasinormal modes

6.1 Introduction

In this chapter we prove the existence of QNFs converging exponentially to the real axis.

Theorem 10. Fixz a cosmological constant A < 0, black hole mass M > 0, rotation speed
a € R satisfying |a|* < 3/|A|, and Klein—-Gordon mass v > 0. Let X5 = (ry —§,00) x S? for
0 > 0 sufficiently small, and t* be the Kerr-star time coordinate. Then exists a sequence of
complex numbers and smooth functions

)\@E(C, UgECOO(Xg), (> L
for some L > 0 with the following properties.

—A ety solve the Klein—Gordon equation

A
O,ve + %(ﬁ —9/4)v, = 0.

1. The functions vy := e

2. The complex frequencies Ay satisfy
(/C <Redy<Cl, 0<—Im) <e /P
for some C, D > 0.

3. Each v, is smooth up to {r = r, — &}, and the restriction of uy to Xo = (ry,00) x S?
1S MONZEro.

4. Fach uy satisfies

lug)? r~ dS; < oo,
Xs
where dS; is the surface measure induced on X5 by g, and moreover

lim r%/2 Y, = 0.
r—00
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5. Each v, is azisymmelric in the sense that Ogu = 0, where ¢ is the azimuthal angle on

S2.

The frequencies Ay in Theorem 10 are QNF's, and u, are associated QNMs. The theorem
is deduced from the existence of real frequencies A5 € R and nonzero functions u} € C2°(X,)
for which (2), (4), (5) hold, such that (1) is approximately satisfied (see Theorem 13 below
for a more precise statement regarding these quasimodes).

Remark 18. The functions vy, are smooth solutions to the Klein—Gordon equation in a
region extending past the event horizon. This reflects the outgoing (into the horizon) nature
of QNMs. Since uy does not vanish outside the event horizon one also obtains a nonzero
solution to the Klein—Gordon equation by restricting to the black hole exterior.

As will be clear from the proof, Theorem 10 is a black box in the sense that any sequence
of quasimodes satisfying the conditions of Theorem 13 can be plugged into the machinery
to obtain a corresponding sequence of QNFs. Furthermore, there is a relationship

Ao — M| < e7¥C (6.1)

for some C' > 0. Thus any description of )\E modulo O(¢~°°) gives a corresponding description
for Re Ay as ¢ — oo. The imprecise localization of Re A\, in Theorem 10 (for the rotating
case) is therefore only due to the inexact nature of the quasimodes constructed in [56].

This should be compared to Theorem 9 of Chapter 5 in the simpler Schwarzschild—AdS
setting; using the quasimodes constructed there, we get an improved result.

Theorem 11. Let a = 0. For each N € N there exists L = L(N) > 0 and sequences of
()NFs
Xogy s ANg, £>L

converging exponentially to the real axis satisfying

,/%-Re)\n,g—€+2n+u+3/2+(9(€1/2). (6.2)

Furthermore, there are associated QNMs u, ¢ of the form

Un,e (1, W) = W (1) - Sor(w),
where Syg is an axisymmetric spherical harmonic on S
We now make some remarks about the different hypotheses in Theorem 10.

Remark 19. 1. Ezponential accuracy of the quasimodes is not necessary to deduce the ex-
istence of QNFs — see the proof of Theorem 10, as well as [92, 91, 94] for more general
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results in the Fuclidean setting. Less accurate quasimodes could potentially result in slower
convergence to the real azis, as well as a weaker version of (6.1).

2. Theorem 10 still applies if the quasimodes are supported on finitely many eigenspaces
of Dy (uniformly in €).

3. Quasimodes satisfying more general self-adjoint boundary conditions also yield a ver-
sion of Theorem 10 — see the discussion in Section 6.2, as well as the statements of Propo-
sittons 0.2.1, 6.2.2, 6.2.5.

A natural question is to what extent the passage from quasimodes to QNFs depends
on the exact form of the Kerr-AdS metric. Observe already that axial symmetry of the
Kerr—AdS metric plays an important role in the statement of Theorem 10. This allows one
to compensate for the fact that the Killing field 0, is not timelike near the event horizon for
a # 0; see Propositions 6.2.1, 6.2.2 below. For the full range of parameters |a|? < 3/|A|, these
propositions apply to stationary, azisymmetric perturbations of the metric (throughout,
perturbations are assumed to be small).

On the other hand observe that the final ingredient in the proof of Theorem 10, Proposi-
tion 6.2.3 below, is always stable under stationary perturbations of the metric. The analysis
is based on a general microlocal framework developed by Vasy [95], which is highly robust
— see [95, Section 2.7] for a precise discussion.

6.2 Proof of Theorem 10

The proof of Theorem 10 relies on three key results, Propositions 6.2.1, 6.2.2, 6.2.3, stated in
the next section. The proof of Proposition 6.2.3 is delayed until Section 6.3, while Proposition
6.2.1 is proved in Section 6.4 at the end of the chapter.

Quasinormal modes

We make two simplifications as compared to Chapter 4. First, since we are only concerned
with QNFs near the real axis, we can work in the strip {ImA > —x/2}. Thus we can
take £ = 0 in Theorems 6, 7, and therefore work with the simplest function spaces. This
makes the application of energy estimates particularly easy. Secondly, in this chapter only
self-adjoint Dirichlet or Robin boundary conditions are considered. The trace operator B is
therefore

B=~y_or B=r;+p7-,

where € C*(Y;R) is a real valued on the conformal boundary of X;s. Then define the
domain

Yo {{u € HY(X5) : P(0)u € £2(X;)} if v > 1, 63

{ue H'(X;): P(O)u € L2(X;) and Bu =0} ifv e (0,1).

This is a Hilbert space for the norm ||u||x = ||ul|1(x,) + [|P(0)ul|z2(x;)-
QNFs are defined in the following theorem, which was proved in Chapter 4.
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Theorem 12. For each v > 0 the operator P(\) : X — L*(Xs) is Fredholm of index
zero in the half-plane {Im \ > —%/{}, where the surface gravity k > 0 is given by (2.23).
Furthermore,

R(\) = PO\ LX) = X

is a meromorphic family of operators in {Im A > —%/ﬂ)}, which is holomorphic in any angular
sector of the upper half-plane provided |\| is sufficiently large.

QNFs are defined as poles of the meromorphic family R(A). More information is needed
about possible QNFs in the upper half-plane — this is closely related to the boundedness
of solutions to the Klein—-Gordon equation. One remarkable property of rotating Kerr—AdS
metrics is that for |a| < r% there exists a timelike Killing field K on M, which is null on the

horizon:
a

r? +a?

The existence of such a vector field eliminates possible superradiant phenomena. For black
holes satisfying the Hawking-Reall bound |a| < r7, boundedness [58] (and in fact logarithmic
decay [55]) is known for solutions to the Klein-Gordon under Dirichlet boundary conditions.
If the condition |a| < r? is violated, then it is possible to construct mode solutions e~ u
which grow exponentially in time, namely Im A > 0 [28].

K=T+Q® Q=

Remark 20. Interestingly, even for Neumann boundary conditions boundedness has not been
established for the expected range of black hole parameters |a| < r%, see the conjecture in [58,
Section /.

For mode solutions e~ 4 many of the delicate issues involving lower order terms and
boundary conditions are overcome in the high frequency limit. In fact by working at a fixed
axial mode it is not even necessary to restrict below the Hawking—Reall bound; this is of
course only possible because of the axisymmetry of the Kerr—AdS metric. In that case the
Robin function S should satisfy &8 = 0 as well.

Note that R(A) decomposes as direct sum of operators
R\ K) : L2(X5) N D(Xs) — X ND(X5),

where R(\, k) is just the restriction of R(\) to L*(Xs) N D, (X;s). In particular, Ay is a QNF
if and only if there exists kg € Z such that \g is a pole of R(\, k). The following crucial
proposition quantifies the absence of QNF's at a fixed axial mode in the upper half-plane at
high frequencies.

Proposition 6.2.1. . Given k € Z there exists Cy > 0 such that if X € (Cy, 00) + (0, 00),
then o

|A| Tm A

for each u € H'(Xo) N D} (Xo) such that: i) P(0)u € L2(Xy), and i) if v € (0,1), then
Bu = 0.

[l 2 x) < 1PN B)ull 22(x,) (6.4)
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Proposition 6.2.1 is stated for functions on the exterior time slice X, rather than the
extended region Xs. On the other hand, Theorem 8 combined with Proposition 6.2.1 implies
that R(\, k) has no poles in the region A € (Cp, 00) + i(0,00). Moreover, if R : £2(X;) —
L£?(Xp) is the restriction operator, then (6.4) implies

IREA, k) fll22(x0) < 1122 (6.5)

|>\\I A
for each f € L2(X;) and A\ € (Cy, 00) +i(0,00). The constant C' > 0 in (6.5) a priori may
depend on k € Z.

Remark 21. Proposition 6.2.1 is also valid without restricting to a fized axial mode provided
the Hawking—Reall bound holds (as will be evident from the proof).

It is also important to know that there are no QNFs on the real axis. The proof also
exploits axisymmetry of the Kerr—AdS metric, hence the Robin function should satisfy &5 =
0 as well.

Proposition 6.2.2. Let B be as in Proposition 0.2.1. Suppose that
u < Hl(X0> N COO(X())

satisfies: 1) w is smooth up to {r = r}, i) P(A)u = 0, i) if v € (0,1), then Bu = 0.
Under these conditions, if \g € R\ 0, then u = 0.

Proof. According to [99, Lemma A.1] the solution u vanishes in a neighborhood of {r = r}
within Xy. As in that lemma, one would like to apply some type of unique continuation
result to conclude that once away from the horizon, u must vanish everywhere. This is
known to be a difficult problem in view of possible trapping within the ergoregion where
P(\) fails to be elliptic [64]. To work around this, define the Riemannian metric

B 1 ., Agsin?
h = Q<A9d9 +(1— E dqb)

and observe that the difference between P(\) and the operator 9 2A,D? — Ay, is of first
order modulo the second order term 2ap (1 — a)D, Dy. Set

PO\K) = 0728, D2 = Ay + ¢ (P(V) - (72, DF — A,))e™™
Thus }Nj(/\’ k) is elliptic on {r > r, }, and furthermore
P\ k)u= P\ k)u (6.6)

for each u € D} (Xo).
Now decompose u as an £?(Xy) orthogonal sum u = Y, _, ug, where u, € H'(Xy) N
C>*(Xy) N D} (Xp) is smooth up to {r = ri}, satisfies P(\o, k)ur, = 0, and Buy = 0 if
€ (0,1). Unique continuation holds for P(\, k), hence each w;, vanishes by (6.6) since it
satisfies P(\, k)ux = 0 and uy vanishes in a neighborhood of the horizon. O
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Again referring to Theorem &, the previous proposition implies that R(\) does not have
any poles for A € R\ 0.

The crucial ingredient used to prove Theorem 10 is an exponential bound on R(A) in a
strip away from suitable neighborhoods of the poles of R(\). At this stage it is convenient
to introduce the semiclassical rescaling. Given a parameter h > 0, set z = h\ and

Pu(2) = h*P(h™'2), Ru(2) = Pu(2)7 !,

and similarly for P,(z, k) and Ry(z, k). For the next proposition the Robin function /3 is not
required to satisfy &4 = 0; in fact, no integrability properties of the metric are used at all.
Fix intervals [a,b] C (0,00) and [C_,C,] C (—k/2,00). Given € > 0, define

Q.(h) =[a—¢eh,b+ch|+ih|C_ +¢,Cy +¢]. (6.7)
Also write Q(h) := Qq(h).

Proposition 6.2.3. Fiz e > 0 and let {z;} denote the poles of Ry(2) in Q.(h). Then there
exists A > 0 such that given any function 0 < S(h) = o(h),

| Ri(2) | 22(x5)—22(x5) < €XD (Aif12 log(l/S(h))) , (6.8)

for
=€ )\ Bz, S()

and h sufficiently small.

Proposition 6.2.3 is proved in Section 6.3. Finally, the quasimode construction of [56] is
reviewed:

Theorem 13 ([56, Theorem 1.2]). There exists a sequence \s € R and
ub € HY(X5) N C®(X5) NDy(X;5)
with the following properties.

1. There exists C' > 0 such that £/C < X, < CY.

2. There exists [r1,15] C (ry,00) such that suppu’ C (ry,00) and supp P(A\, 0)u} C
(Tl,’l"g).

3. The functions uy are normalized exponentially accurate quasimodes in the sense that
luellczxgy = 1, (1PO, O)uell e2(x,) < /¢

for some C > 0. Furthermore, if v € (0,1), then y_u, = 0.



CHAPTER 6. EXISTENCE OF QUASINORMAL MODES 143

As remarked in [56, Footnote 8], the boundary condition B = ~y_ in [56, Theorem 1.2]
could also be replaced by a Robin boundary condition of the form B = v, + 8v_, where
p € R is a real constant. The only difference is that the Hardy inequality used in [56] now
holds modulo a boundary term which is negligible in the semiclassical limit (after applying
a trace identity [99, Lemma B.1]).

The proof of Theorem 10 can now be finished by the same arguments as in the work of
Tang-Zworski [94] with refinements by Stefanov [92, 91].

Proof of Theorem 10. Define a semiclassical parameter h by h™! := )\2 and set u(h) := uy.
Then, h — 0 as { — oo.
Suppose that Rp(z,0) was holomorphic in the rectangle

[1—2w(h) — S(h), 1+ 2w(h) + S(h)] +i[—Ah~?log(1/S(h))S(R), S(h)], (6.9)
where A > 0 is as in Proposition 6.2.3, and w(h), S(h) are to be specified. Then
F(2) = REx(2,0) : L2(X5) = L*(Xo)
is holomorphic in the smaller rectangle
B(h) = [1 —2w(h), 1 + 2w(h)] + i[-Ah~?log(1/S(h))S(R), S(h)],
and satisfies the operator norm estimates

C/Imz for z € X(h) N {Im z > 0},
I1E ()] < {eAh—12log(1/S(h)) for z € (h).

from Propositions 6.2.1, 6.2.3. Applying the semiclassical maximum principle [91, Lemma
1], it follows that
|F(2)]| < €*/S(h) for z € [1 —w(h), 1+ w(h)]

provided w(h), S(h) are chosen so that e~5/" < S(h) < 1 for some B > 0 and
2Aph~*?1og(1/h)1og(1/S(h))S(h) < w(h). (6.10)
Define €(h) = || Py(1,0)u(h)| 12(x,)- Then,
1= [lu(h)lle2xs) = [1F (L) Pa(L, 0)ulh) || c2(xo) < €%e(h)/S(h).

This is a contradiction if S(h) = 2e3¢(h) for example. Thus there must exist a pole in the
rectangle (6.9), which furthermore must lie in {Imz < 0} because of Propositions 6.2.1,
6.2.2. Defining w(h) by the left hand side of (6.10), it follows that Ry(z,0) has a pole z(h)
such that

|z(h) — 1| < Ch™log(1/h)e(h), 0 < —Imz(h) < Ch '3¢(h).

This is an even stronger statement than that of Theorem 10. [

The rest of the paper is dedicated to the proving Propositions 6.2.1 and 6.2.3.
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6.3 Exponential bounds on the resolvent

The first goal is to prove Proposition 6.2.3. For this an approximate inverse is constructed
for P()\) modulo an error of Schatten class. The approximate inverse is built up from local
parametrices which invert P(\) near the event horizon and near the conformal boundary.
This is similar to the black-box approach of Sjostrand—Zworski [89].

Microlocal analysis of the stationary operator

In order to construct a local parametrix in a neighborhood of the event horizon using methods
of Vasy [95], one needs to understand the Hamilton flow of the symbol of P,(z) near its
characteristic set.

It is convenient to view the (rescaled) flow on a compactified phase space T Xs. The
fibers of T" X are obtained by gluing a sphere at infinity to the fibers of T*Xj5, so T X
is a disk bundle whose interior is identified with 7% X; — see [95, Section 2.1], [81], as well
as [32, Appendix E.1] for more details. If |- | is a smooth norm on the fibers of T*Xj,
then a function on 7" Xj is smooth in a neighborhood of 9T X if it is smooth in the polar
coordinates (z,p = |£]71, w = [£|71€), where (z,¢) € T* X;.

Throughout, Im z will satisfy | Im z| < Ch for some C' > 0. In the semiclassical regime one
may therefore assume that z is in fact real. The semiclassical principal symbol p = o, (P,(2))
is given by

p(x,&2) = =0 (€ - dw — zdt*, € - dx — zdt”),

where ¢ - dz is the canonical one-form on Xy. Explicitly, p is given by the expression
0= A (& — f+2)" + Dobe” +2(1 — @) (& — f12) (a&s — (r* + a?)z)

1—a)?
ﬁ (£¢—asin292)2, (6.11)
where &, {9, 4+ are the momenta conjugate to r, 0, ¢*.

Note that (€)™ p extends smoothly to a function on T X5 — here (&) = (1 4 |£[?)!/2
with respect to the fixed norm |- | on T*Xs. Furthermore, the rescaled Hamilton vector
field (&)~ H, extends to a smooth vector field on T" Xs which is tangent to T X;s. The
Hamilton flow of p will refer to integral curves of (£ >71 H, in this compactified picture.

The characteristic set of p is given by ¥ = {(6)?p = 0} C T" Xj, and its complement
is the elliptic set. Since X5 C My is spacelike, it is a general fact about Lorentzian metrics
that for each z € R\ 0 the characteristic set is the union of two disjoint sets ¥ = 3., where

Yi=YXn{s£ <£)7lg(§ ~dx — zdt*,dt*) < 0}

are the backwards and forwards light cones [95, Section 3.2]. Each of these sets is invariant
under the Hamilton flow. Finally, let

S=2ndT X5, Si=3%yn0T X;.



CHAPTER 6. EXISTENCE OF QUASINORMAL MODES 145

If 0T X is identified with the unit sphere bundle S*X;s via a norm on the fibers, then 5
corresponds to the characteristic set of the homogeneous principal symbol of P(\) (as a non-
semiclassical differential operator) within S*X. This agrees with the definition in Section
4.3.

If x € X5 and the vector field T is timelike at x, then p is elliptic near the fiber GTZX(;.
Therefore the projection of 5} onto the base space Xy is contained within the ergoregion,
namely the set where 7" is not timelike. It is easily checked in Boyer—Lindquist coordinates
that the ergoregion is described by the inequality A, < a?Agsin® 6.

Let Ay C T*X denote the two components of the conormal bundle to {r =r,},

Ar={r=ry £ >0, & = =0},
and let Ly denote the images in T X, of Ay under the canonical pl“OJGCthIl T°X,\0—

OT" X. These sets are invariant under the Hamilton flow of p, and Ly C Zi The flow is
denoted by

pr = exp(t (€)' Hp)
From the dynamical point of view, L, is a source and L_ a sink for the Hamilton flow.
We analyzed this property for the flow within f]i in Lemma 4.3.1. We now work in a full
neighborhood of Ly in T X;s. Note that &, # 0 in a neighborhood of L. In particular, the
projective coordinates

p=161"Y G=1617", & =161 e,

are valid near 3. Then p is a (locally defined) boundary defining function for S*Xj, viewed
as the boundary of the fiber-radial compactification T" X (see [95, Section 2.1])

For now, we assume that A € R. The vector field pH, extends smoothly up to S*X;, and
is tangent to S*Xs. To calculate this vector field, note that for £&,. > 0,

e, = Fp(p0, + &0, + €40, Oy = POy, D, = PO,
The simultaneous vanishing of p, é@,éd), A, defines L. in a neighborhood L. The rescaled
Hamilton vector field for £&, > 0 satisfies
&7 Hy = £ 28, £ a(l — a),)0, + (9,A,)(Ed, + Eode, + D))
+ O(p)0r + O(Eg)dp + O(E4) 0y + O&5 + &5 + A2 + 7).

Define the functions

= Np&p” + M

Aysin? 6
Since p; is positive definite, the nonnegative quantities A2 4+ £2 + é’i and p?(p; + po) are

£¢2>7 b2 = (Argr + 2<1 - O‘)a€¢)2-

comparable near L. In particular, the (’)(ég + é?b + A2 + p?) terms above can be replaced
by O(p?(1 + p1 + p2)). Furthermore, if p; = p?(1 + py + p2), then

+ 16| Hy(p1) = 2(0,8,)p1 + O(p) (6.12)

near Li. The source/sink nature of L, /L_ follows immediately from (6.12):
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Lemma 6.3.1. There exist neighborhoods Uy of Ly in T  Xs such that if (x,€) € Ux \ Ly,
then oy (x,&) — Ly as Ft — oo and pir(x, &) ¢ Uy for some T > 0.

To analyze the flow more closely near » = r,, observe that H,r evaluated at a point
(x,&; z) where r = 1 is given by
Hyr = —g Y (€ - dx — zdt*, dr).
If r=ry, then
O’ Hyr = (1 — a)(a&ye — (r2 + a®)2).
This cannot vanish for (z,§) € X NT*Xs and z € R\ 0, since the condition p = 0 implies
s = asin®f z. Hence

als — (17 +a*)z = —(r} +a®cos® 0)z
which contradicts Hpr = 0. Furthermore, dr is null at » = r, and
g Hdr,dt*) = —0%(1 —a)(r* +a*) <0

at r = r,, so dr lies in the opposite light cone as dt*. Since ¥, is the backwards light cone
and X _ is the forward light cone, it follows that

+tHr<0onX NT*XsN{r=ry} (6.13)
for z € R\ 0.
Lemma 6.3.2. There exists 6 > 0 such that ¢, satisfies the following conditions.

1. If (,8) € S4 \ Ly, then oy(2,€) — Ly as Ft — 0o, and pr(z,&) € {r <ry—20} for
some £T" > 0.

2. Suppose z € R\ 0. If (x,&) € (X4 \ Ly)N{|r —ry| <0}, then either pi(x,&) — Ly as
Ft — 00 and
pr(r, &) € {lr —r| = 0}
for some £T > 0, or
o (2,6) € {r <ry —90}, @en(z,§) €{r>ry+46}
for some Ty, Ty > 0.

Proof. 1. The first part is proved Lemma 4.3.2, which in turn follows from the same
calculations as [95, Section 6.3].

2. The sets Uy O L. from Lemma 4.3.1 have the property that
K=&\ (U 0U) N {|r —ry| < 6}

is a compact subset of T" X for § > 0 sufficiently small. If a flow line enters Uy, then
it must tend to Ly in one direction and leave Uy in the other according to Lemma
4.3.1. As it leaves UL, either |r — .| > § or otherwise it enters the compact set K, at
which point H,r has a definite sign according to (6.13). On the other hand, if a flow
line never enters U, then it must escape K according to the sign of H,r. O]
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Localizing the problem

As remarked in the introduction to this section, an approximate inverse for P()\) is contructed
from local inverses, both near the event horizon and near infinity. Begin by decomposing

Xs={ry —0<r<R}U{r>R/2},

where R will be fixed later. Dealing with the boundaries located at r = R and r = R/2 is
not convenient, and for this reason these cylinders are embedded in larger manifolds without
these boundary components.

Let X, denote the larger cylinder {r, —§ < r < 3R} capped off with a 3-disk at
{r = 3R}. The operator P(\), defined near {r;, —d < r < R}, must be extended to X
in a suitable way. To do this, define the auxiliary manifold M, = R x X,. The goal
is to extend the original metric g to M., and then consider the stationary Klein-Gordon
operator with respect to the extended metric.

The extended metric will be chosen so that M is foliated by spacelike surfaces {t* =
constant}. Such a metric is uniquely determined by its ADM decomposition: begin with a
smooth function A > 0, an arbitrary vector field W, and a Riemannian metric h, all defined
initially on X ;. These objects are extended to M by requiring them to be independent of
t*.

The data (A, W, h) determines a stationary Lorentzian metric g, on M, by defining

g+(Ta T) = A2 - h(VVv W)7 g+(T7 V) = _h(VV: V),
g+<‘/> V) = _h(v7 V)? (614>

where V' is a vector tangent to {t* = constant}.

In standard terminology, A is the lapse function, and W is the shift vector associated
to gy. If N; denotes the unit normal to {t* = constant}, then A and W can be uniquely
recovered from ¢, via the formulas

A = g+(Nt,T) = g;l(dt*,dt*)_l, W = @t* — ANt

Similarly, h is recovered as the induced metric on {t* = constant}. The idea is to extend g
to M by extending the data (A, W, h) originally defined near Ry x {ry —d <r < R}.

Lemma 6.3.3. Let R > 0 be such that T is timelike for g near {r > R/10}. There ezists a
stationary Lorentzian metric g, on M, such that

1. gy =g near Ry x {ry — 4§ <r < R},
2. dt* is everywhere timelike for gy,

3. T is timelike for g, near Ry x {r > R/10}.
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Proof. Let (A, W, h) denote the ADM data for g orlglnally defined near Ry x {ry —d <r <
R}. Fix any function A > 0 and Riemannian metric % on X, such that

A=A, h=h

near {ry —0 < r < 2R}. Choose a cutoff y = x(r) with values 0 < x < 1, such that
suppx C {ry —d <r < 2R} and x = 1 near {r, — 9 <r < R}. Then, define W = \W.

The metric g, determined by (ﬁ, /T/I?,ﬁ) satisfies the requirements of the lemma; the only
part which is not immediate is the last part. If y > 0, then A = Aand h = /ﬁ, SO

94 (T.T) = A = \*h(W, W) > A% — h(W, W) > 0.

On the other hand, if x = 0, then W =0 and so g+(T,T) = A% > 0. O

Given Lemma 6.3.3, define the stationary operator
Pr(\) =™ o? (Oy, + 17 —9/4) e

on X, and similarly for the semiclassical version P, ,(z). Here we arbitrarily extend o?
as a positive function to X ; since this function is uniformly bounded, it does not play a
meaningful role.

The same argument can also be applied to the infinite part {r > R/2}: in that case
X is obtained by capping {r > R/4} at r = R/4. Then g is extended to a stationary
metric g,, on My = Ry« X X, and the analogue Lemma 6.3.3 holds in such a way that
T is everywhere timelike for the extended metric. Thus it is possible to define an extended
operator Py () and P o (2).

An approximate inverse near the event horizon

The manifold X, can be bordified by adding the artificial boundary
H:={r=r, -0}

within X ;. The space of distributions T (X ) which are extendible at H is therefore well
defined. If L?*(X ) is defined with respect to any positive density p on the compact manifold

with boundary X, U H, then ik (X ) agrees with the space of distributions u € L*(X})
such that du € L*(X ) (with respect to any smooth norm on covectors). Then define

X, ={ue HI(XJF) : P(0)u € L*(X4)},

equipped with the norm ||| r2(x,) + || Py (0)ullr2(x,)-



CHAPTER 6. EXISTENCE OF QUASINORMAL MODES 149

Proposition 6.3.4. The operator Py (\) : X, — L*(X,) is Fredholm of index zero in the
half-plane {Im X\ > —Lk}. Furthermore,

Ri(\) =P (N7 LA(Xy) = Xy

is a meromorphic family of operators in {Im \ > —%/{} which is holomorphic in any angular
sector of the upper half-plane, provided || is sufficiently large.

Proof. Let py denote the semiclassical principal symbol of P, (z). Note that p = py
near the characteristic set of p, at fiber infinity (whose projection to X, is contained in
a neighborhood of {r < R/10}). Therefore the hypotheses of [95, Section 2.6] at fiber
infinity of also hold for p., since they were verified for p in Section 4.3. That suffices to show
that P, (0) is Fredholm on X,.

The invertibility statement follows from the ellipticity of Py, 4(z) on compact subsets of
phase space for Im z > 0, which in turn is a corollary of the fact that dt* is timelike for g,
— see [95, Sections 3.2, 7]. O

A more refined invertibility statement for R, (\) will be proved at the end of the section.
Before doing this, one must also consider a nontrapping model where P, ;(z) is modified
by a complex absorbing operator —i(). This will be a compactly supported semiclassical
pseudodifferential operator which is compactly microlocalized in the sense that WF,(Q) is a
compact subset of T* X, C T" X, — see [32, Appendix E.2] for more about microlocalization.
We denote the space of such operators on a manifold X by U;°™"(X).

In the next lemma, ¥, will denote the two components of the characteristic set X of p
as in Section 6.3 (replacing p with p,). This separation is possible since dt* is timelike for
g+. Furthermore ¢, will denote the Hamilton flow of p, .

Lemma 6.3.5. Fiz [a,b] C (0,00). Then there exists compactly supported Q1 € U, (X )
such that if ¢ = o,(Q+), then for each z € [a, ],

1. WFh(Qi) - Zi N T*XJr and :l:qi < O,

2. If (x,€) € X1\ Ly, then either o, — Ly as Ft — 00, or or(x,£) € {q+ # 0} for some
F1 > 0.

Proof. According to Lemma 6.3.2, there exist compact sets
K:t g Eiﬁ{r ZT++5}HT*X+

such that if (z,&) € ¥4 \ K4 then either p;(x,§) — Ly as Ft — oo, or ¢r(x,§) € K. for
some F1 > 0. It then suffices to quantize functions +q. < 0 which satisfy +q+ < 0 near
K4 and have compact support within ¥, N7 X . This may be done uniformly for z in any
compact subset of R\ 0. O
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Fix an interval [a,b] C (0,00) and define Q = @, + @_, where Q1 are given by Lemma
6.3.5. Then the modified operator P, 4(z) — i@ satisfies the nontrapping condition of [95,
Definition 2.12], and hence [95, Theorem 2.14] is valid:

Proposition 6.3.6. Fiz [a,b] C (0,00) and [C_,C] C (—k/2,00). Then there exists C > 0
and hy > 0 such that

Ris () i= (Pus(2) — Q)™+ LX) = X,
exists and satisfies the non-trapping bounds
IR (2l oyt sy < OB
for z € [a,b] + th[C_,C4] and h € (0, hy).

Remark 22. The semiclassical Sobolev space F,IL(X+) appearing wn Proposition 0.5.06 is
ik (X4) as a set, but equipped with the h-dependent norm

iz x,) = llellzzen + hlldullz2ex,).

The next task is to prove that Ry, (z) exists for z € [a,b] + i[Mh,00) and M > 0
sufficiently large, with a corresponding estimate. This does not follow from Proposition
6.3.4 since there one must take Im z > 0 independent of h. The simplest way to prove this
result is by energy estimates.

If h is the induced metric on X, then |det g.| = A%det h, where A = g *(dt*, dt*) /2
is the lapse function associated with g,. Then differentiating the usual divergence theorem
with respect to t* yields the following: let NV, be the unit normal to X, and NN, be the unit
normal to R; X H; these are oriented so that N; points in the direction of increasing t*,
while NNV, points in the direction of decreasing r. Then for any vector field V on M,

at*/ g+ (V, N,) dSt+/ g+(V,NT)AdSH:/ (divy, V) AdS;. (6.15)
X4 H X4

Here dS; is the induced measure on X, and dSy is the induced measure on H. Note that
both N, and N, are timelike, and they lie in the same lightcone on their common domain of
definition.

The covariant stress-energy tensor T = T|[v] associated to the Klein-Gordon equation is

T(Y,Z) = [Re (Yv - Z0) — 59+(Y, Z)g; ' (dv, dv)] + 594 (Y, Z)(v* — 9/4)|v]*.

Here v is a sufficiently smooth function on My and Y, Z are real vector fields on M. It is
well known that the sum in square brackets is positive definite in dv provided Y, Z are both
timelike in the same lightcone [60, Lemma 24.1.2].
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Given a real vector field Y, let J¥ = J¥[v] be the unique vector field such that g, (J¥, Z) =
T(Y,Z). Then
divy, J¥ = Re (0, + v* — 9/4)v - YD) + K" (dv, dv), (6.16)
for a certain tensor K¥ whose precise properties are not used in this paper. Apply (6.15) to
the vector field J¥. This yields the identity

@* / T(Y, Nt) dSt + / T(Y, NT)A dSH —
X4 H
/ (Re ((Oy, 4+ v* = 9/4)v - Y7) + K" (dv, dv)) AdS,. (6.17)
X

Now suppose that Y, Z are stationary in the sense that [Y,T| = [Z,T] = 0. Let d, denote
the covector
dyu := A dt* + du,

where du is the differential of v on X, and define Y (\)u := e Ye~*y. Then the stress-
energy tensor associated to e~y satisfies

e 2NN (Y, Z) = [Re (Y(A)u- Z00u) — g.(Y, 2)g; (dau. dyu) |
+ 32 = 9/4)g. (Y. 2)[ul?,

and the term inside the square brackets is positive definite in dyu if Y, Z are timelike in the
same light cone.

On the other hand, if v = e~y then the integrand on the right hand side of (6.17) can
be written as

Hm V)t (g—2 Re(P, (\u - Y (\u) + KY(dAu,dA_uD .

Lemma 6.3.7. There exists Cy,Cy > 0 and C' > 0 such that

C
Al 2y + lldull2x,) < mHP+()\)U||L2(X+)

for each X € (Cy, 00) 4+ i(Cy,00) and v € .

Proof. Apply (6.17) with the multipler Y = N, and v = e~ u. The resulting identity is
independent of t* after multiplying by e—2(mM¢

Write f = P, (\)u, and consider each term separately. Since N; is timelike, the zeroth
order term in the first integrand on the left can be absorbed by the part which is positive
definite in dyu by taking |A| sufficiently large. The same observation holds for the integral
over H, which is positive for |A| sufficiently large. Therefore,

20m A (AP lulage.) + ldulfaqe, )

g/X 02 (Re(f-W)+KY(dw,dTu)>Adst.
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Note that 024 is bounded by compactness of X U H, and hence the quadratic form in dyu
coming from the deformation tensor can be absorbed into the left hand side for Im A > 0
sufficiently large. Similarly, Cauchy—Schwarz gives
~ o 1P eIm AN (Nul®
If - Ne(Mu| < 2£Im)\+ 5
for Im A > 0, and the second term can be absorbed into the left hand side for ¢ > 0 sufficiently
small (after being multiplied by ¢=2A). This finally gives

(6.18)

C
20m A (AP lulfee,) + Idulfegy,)) < 5112,

as desired. The previous calculations can certainly be justified for v € C*°(X, U H), which
is enough since C* (X, U H) is dense in Xy — see [32, Lemma E.4.2] or [95, Section 2.6] for
example. n

Lemma 6.3.7 implies that P, ()\) is injective for A € (Cp, 00) 4 i(Cy,00). Thus Py ()
is invertible for such A since it is of index zero according Proposition 6.3.4. Furthermore,
after applying the semiclassical rescaling, there exists C' > 0 and M > 0 such that for any
la,b] C (0, 00),

C
‘|Rh’+(2)||L2(X+)—>ﬁ}L(X+) < m

for z € [a,b] +i[Mh,o0) and h sufficiently small.

(6.19)

An approximate inverse near infinity

The next step is to prove an analogue of Lemma 6.3.7 for the operator P, (\) defined in
Section 6.3. This will now involve boundary contributions from the conformally timelike
boundary % = {r~!' = 0}, here viewed as a subset of M. In terms of the boundary
defining function s = r~!, the metric g, on M, has an expansion near .# of the form

—ds® +~ + O(s?)
<2

Jo =

I

where 7 is a Lorentzian metric on .#. In particular, go, := 52¢s is smooth up to .# and
the metric induced on the boundary by g is 7. The function s is extended as a positive
function to all of M, such that T's = 0, and r is extended as well via the formula r = s~

If ¢ is sufficiently small, then {s < €} defines a neighborhood of .# in M. Let N; and
Ns be unit normals to X, and X, N{s = e} with respect to g, such that N; points in the

direction of increasing t*, and Ny points outwards. The analogue of (6.15) becomes
Op / Goo(V, Ny) dSy — / 9oV, Ns)AdK
XooN{s>e} XooN{s=c}

_ / (div, V) AdS, (620)
XooN{s>e}
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Here dS; and dK are the measures induced on X, and X, N {s = ¢} by g, and A is the
lapse function for g...

The data associated with the foliation by surfaces of constant t* have conformal analogues:
if h is the induced metric on X, then

A=s1A, h=s7?h,

where A, h are smooth up to .#. These induce conformally related measures on X, and
Xoo N{s=c¢} by ) )
dS; = s73dS,, dK = s2dK.

In addition NV; = sN, and N, = sN, where N;, N, are the corresponding unit normals for
Joo, sSmooth up to .#. The goal is to eventually let € — 0 in (6.20).

Remark 23. In the previous paragraph, bars over certain quantities do not indicate complex
conjugates.

Written in terms of s, the traces v+ have the form

v—3/2

YU =8 vy, ypv = —s0,(s7 73| 4

Although v4 can be given weak formulations, for the energy estimates it is more useful to
work with a space of smooth functions on which vy are well defined. Given v € (0, 1), let
Fu (M) denote the space of all v € C°(M ) admitting a conormal expansion

v(s,y) = s/, (5% y) + 832V u_(s2,y) (6.21)

near &, where (s,y) € [0,e) x .Z, and vy are smooth up to &. If v € F,(My) is given by
(6.21), then

v-v(-) =v-(0,-), ysv() = (=2v)v4.(0,).
If v > 1, then one defines F, (M) as all smooth functions on M, vanishing in a neigh-
borhood of .. The space F,(X) is defined in the same way, simply replacing M, with
Xeo-

For general boundary conditions (of the type considered in Section 6.2), the boundary
contribution on X, N {s = ¢} arising from the usual stress-energy tensor will diverge as
¢ — 0. This can be remedied by introducing a “twisted” stress-energy tensor as in [58, 100,
99] — the reader is referred to these works for a more complete point of view.

_ Fix a real, non-vanishing function f. Given a vector field Y on M, define the operator
Y by _
Yo=Y (o),

as well as the covector dv = f d(f'v). The twisted stress-energy tensor T = T[v] is defined
by

T(Y, 2) = [Re (Vo Z0) ~ g (Y, Z)g5 (dv, dv)]
+5900(Y, Z)(F + 1% = 9/4)|v[?, (6.22)
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where F' = f~'00, (f) is a scalar potential term. The term in square brackets is positive
definite in dv provided Y, Z are timelike in the same lightcone. The twisting function f is
chosen so that

F+1v*—9/4=0(s%.

If Y, Z are smooth up to .#, this guarantees that g.(Y, Z)(F + v? — 9/4) is also smooth up
to .#. The simplest choice of f with this property is f = s%/27".

Remark 24. Since (F + v*> — 9/4)|v|? is of zeroth order in v, the precise sign properties of
F will not be important in the high frequency regime (just as in Lemma 6.3.7). More refined
choices of [ leading to positive F' are discussed at length in [58].

Next, let J¥Y = J¥ [v] denote the associated energy current, namely goo ¥, 2) =T, Z).

Lemma 6.3.8. Suppose that Y Killing for go. and Y f = 0. Then
divy J¥ = Re (0, +v* - 9/4)v-Y7)

Proof. Since Y is Killing, the condition Y f = 0 also implies YF' = 0, and then the result
follows from a direct calculation [99, Lemma 2.5]. O

If f = 5% then Tf = 0 and hence Lemma 6.3.8 is valid. Now apply (6.20) to the

vector field jT, where v € F,(M). Consider the integral over X, N {s > €}, which can be
written as

/ T(T, N,) s~2 dS,.
XooN{s>e}

Checking the various powers of s, this integral has a limit as ¢ — 0 for v € F,(M,). This
also motivates the following spaces: let £2(X,) denote the space of distributions for which

fullerpcn = [ Iufsds; < oc,
Xoo
and let H1(X,,) denote the space of distributions for which
w3 (xo) = / (\u|2 + 5%} (Ju,cfﬂ)) sdS; < oo.
Koo

Compare these spaces with those defined in Section 4.2.

Next, consider the integral in (6.20) over X, N{s = e}. This is only relevant in the case
v € (0,1) since if v > 1 then the integral automatically vanishes for v € F,(M,) and € > 0
sufficiently small. Since T" and N, are orthogonal and T'f = 0, this reduces to

/ Re (TU : N@) s3AdK. (6.23)
XooN{s=¢}
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Furthermore, N, = —s0, + O(s*). Write
s3Tv - Ns@ = (3”73/2Tv) (373/2’”]?3@) ,

and notice that this tends to v_(Tv) - v, v as € — 0 for v € F,(Xw)-
Taking € — 0 in (6.20), one therefore has the identity

Oy / T(T, N;) dS; — / Re (v_(Tw) - y4v) AdK

= / Re (O, +v* —9/4)v - T0) AdS,. (6.24)

e’}

Using (6.24), it is now straightforward to prove the analogue of Lemma 6.3.7. In the
following, either B = ~v_ or B = v, + v_, where § € C*(¥;R) satisfies T'f = 0; therefore
[ may considered as a function on X, N .#.

Lemma 6.3.9. There exists Cy > 0 and C' > 0 such that

C

Ml 2 + Hlulle ) < T 1P (Nl e2x)

for each X € (Cy, 00) 4+ i(0,00) and u € F,(Xu) such that Bu=0 if v € (0,1).

Proof. The proof is close to that of Lemma 6.3.7. Apply (6.24) to a function v = e*_”‘t*u,
where u € F,(X4), and multiply the resulting identity by e 2™**  Since T and N, are
timelike in the same lightcone, the first integral in (6.24) controls

21m A (AP lelZax) + Nulac)

for ImA > 0 and |)\| sufficiently large. Write f = P, (\)u, and write the integral on the
right hand side of (6.24) in terms of the conformal measure. Recall that ¢? ~ s72, so up to
a uniformly bounded factor the integrand involving f is

s?ARe (zm . f)

Then the integrand is bounded by

-2

es 2Im \ |)\|21212 .

sT?ARe (idu- f) < 5

2
. 6.25
T 2elm A A7+ ( )
Now integrate (6.25) over X, with respect to dS;. The integral of the first term on the right
hand side is bounded by C(Im /\)*1||f||%2(xoo)7 while the integral of the second term can be

absorbed into the left hand side for ¢ sufficiently small.
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It remains to handle the integral over X, N.#. If u satisfies Dirichlet boundary condition
(which recall is automatic for ¥ > 1), then this term vanishes. Otherwise, if v € (0,1) and
B = v + 87—, then the integrand becomes (after accounting for the minus sign in (6.24))

QIm)\/ By ul* AdK.
XooNSI

If 8 is nonnegative this term can be dropped. Otherwise, note that for each ¢ > 0 there
exists C. > 0 such that

| el i < elfulf o + el
XooNI

This is proved directly in [99, Lemma B.1]; alternatively, it also follows from the boundedness
of the trace v_ : H' (X)) — HY(Xo N .#) and the compactness of the inclusion H” (X, N
I) — L*(X,N.#). Hence the boundary term can always be absorbed by the left hand side
for any Im A > 0 and |)| sufficiently large. O

Now define

(ue HY(XL) : Puo(0)u € £2(Xo)} ity > 1,
7 {u e HY(Xa) : Po(O)u € £2(Xo) and Bu=0} if v € (0,1),

(6.26)

equipped with the graph norm — compare to Section 6.2. Note that P, ()) is elliptic
at fiber-infinity 0T X, where Xo viewed as a noncompact manifold without boundary.
Furthermore, P, () is elliptic at X, N.# as a Bessel operator with respect to the boundary
defining function s = r~!. By elliptic regularity [40, Theorem 1 and Lemma 4.13] it is
therefore possible to show that all computations in Lemma 6.3.9 for u € F,(X) are also

valid for u € X,. In particular,

C
Ml 22(x00) + 1l (x) < mﬂpoo()\)uﬂﬁ(xoo) (6.27)

for each u € Xy, and \ € (Cp, 00) + (0, 00).
In addition, since B is an elliptic boundary condition in the sense of Bessel operators [40,
Section 4.4], one has the following:

Lemma 6.3.10. The operator Po(N) : Xoo — L3(Xo) is Fredholm of index zero, and is
invertible outside arbitrarily small angles about the real azis for || sufficiently large.

As a corollary of (6.27), the operator R (\) := Py (\) ! exists for A € (Cp, 00) +14(0, 00).
In terms of the semiclassical rescaling, there exists C' > 0 such that for each [a,b] C (0, 00),

C

|‘Rh,OO(Z)H£2(Xoo)—>H}1L(XOO) < Tm (6.28)

for z € [a,b] +(0,00) and h sufficiently small.
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Construction of a global approximate inverse

Combining the results of Sections 6.3, 6.3, it is now possible to construct a global approximate
inverse for P(\) on Xs.
Fix a smooth partition of unity y; + x2 = 1 and functions 11, ¥ on X such that

e supp x1 Usupp ¢, € {r > R/2} and supp xo Usupp ¢, C {r < R},
e 1 = 1 near supp x; and ¥y = 1 near supp xa.

Begin by fixing M > 0 such that (6.19) holds. Then, choose [C_,C]| C (—k/2,00) such
that M € (C_,Cy) and |C}y — M| > |C_ — M|, increasing C if necessary.

Given an interval [a,b] C (0,00), the operators Ry, +(z), Rn+(20), Rnoo(20) exist for z €
la,b] +ih[C_,C] and zy € [a,b] + ih[M, C.]. Define

E(z,20) = Y1 Rp.00(20) x1
+ 2 (Ru+(2) — iRn 4 (20) QR4 (2)) Xo,
where z € [a,b] +ih[C_,Cy] and 2y € [a,b] + ih[M,Cy]. This is a well defined operator

L?(X5) — X in view of the cutoffs, and it is holomorphic in z for each 2.
Apply Py(2) to E(z, z) on the left: the first term yields

X1+ Y1 (Proo(2) = Prioo(20) oo (20) X1 + [Pr(2), 1] Ba oo (20) X1, (6.29)

while the second term yields

X2 — 12 (Pr1(2) = Puy(20)) Bhy (20) QR+ (2) X2
+ [Pa(2), ¥o] (Ri 4 (2) — iRp 4 (20) QR+ (2)) X2. (6.30)

Adding (6.29), (6.30), one has
Pu(2)E(z,20) = 1 + Ki(2, 20) + Ka(z, 20) + K3(z, 20) + K4(2, 20),

where K, K, are the second and third terms in (6.29), and K3, K, are the second and third
terms in (6.30). Also let K = K7 + Ky + K3 + Kj.

Lemma 6.3.11. There exist compactly supported pseudodifferential operators
A(z) € RU;A(XL),  B(:) € b0, ~(X,)

depending smoothly on z such that
[Ph(2), %o R4 (2) = A(2) + B(2)Ron,1.(2)

for z € [a,b] + th[C_, C,].
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Proof. The commutator [P 1 (z),1s] has coefficients supported near supp diy, where it may
be assumed that Py 4 (2) is elliptic at fiber infinity 97" X . Choose @, ¢’ € C2°(X ) satisfying
@ = 1 near supp d¢o and ¢’ = 1 near supp . By choosing ¢’ with sufficiently small support
it may be assumed that P, . (z) is ellipic near 7~ !(supp @), where 7 : 9T X, — X is the
canonical projection. By ellipticity, there exist properly supported operators

F2) € GAX,), Y(E) € FEup(X,)
and compactly supported C' € U;"P(X ) such that
o =F(2)¢' P, (2)+Y(z)+ C.

The operators F'(z), Y(z) may be chosen to depend smoothly on z, and C' can be chosen
uniformly for z in a compact set. Then,

[Pr(2), Yol R+ (2) = [Pn(2), YoloRp 4 (2)
= [Ph(2), 2] (F(2)¢" + (Y(2) + C) R+ (2)) -

Since the commutator lies in hW} (X ,), it suffices to define A(z) = [Py(2),12]F(2)¢’ and
B(z) = [Pu(2), (Y (2) + O). O
Lemma 6.3.12. If M > 0 is sufficiently large, then there exists hy depending on M such
that the following hold for z € [a,b] + th|C_,C4] and z € [a,b] + ih[M,C].

1. K(z,20) : L2(Xs) — L2(Xs) is compact.

2. I+ K(zo,20) is invertible for h € (0, hg).

Proof. To prove compactness, consider each term in K(z,z) separately. For Ki, K, the
operator P, () is an elliptic Bessel operator. Furthermore, if v € (0, 1), then the boundary
operator B is elliptic in the sense of Section 3.4. By elliptic regularity (Theorem 1),

(Pot(2) = Pat(20)) Ras(20) : L£2(X4) = HN(X L)

is bounded, noting that P, 4 (z) — Py 1 (20) is of first order. The inclusion H*(X,) < £2(X})
is compact, which shows that

Ky (2, 20) : L2(X5) = L2(X5)

is compact. A similar argument also shows that Kj(z, 29) is compact.

For K3(z,20), K4(z, 20), each of the terms containing () are compact since any compactly
supported operator in W3 (X ) is smoothing. It remains to consider the commutator term
[Ph(2), Y2 Ry +(2). For that, compactness follows from Lemma 6.3.11.

To prove the invertibility statement, notice that for z = z,

K (20, 20) = [Pu(20), Y1) Bhoo(20) X1 + [Pr(20), o] Rn + (20) Xo- (6.31)
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As first order operators the commutators are of order O(h), where the implicit constants are
independent of any M > 0 for h sufficiently small depending on M. By choosing M > 0
sufficiently large and applying (6.19), (6.28), the operator norm of K(z,z) is of order
O(M™1), hence I + K (zp, 29) is invertible by Neumann series for h sufficiently small. O

From now on it will be assumed that M > 0 is chosen sufficiently large so that Lemma
6.3.12 holds. This can always be achieved before selecting C since (6.31) does not involve
the operator Ry, 1 (2).

Since K(z, zp) is compact and I + K (2o, zo) is invertible for an appropriate choice of z,
with & small, it follows that (I + K(z,20))~" : £L2(Xs5) = L£L2(X}) is a meromorphic family of
operators. If (I + K(z,2))"" exists, then P,(2) : X — L£2*(X;) has a right inverse given by
E(z,20)(I+ K(z,20))"". In that case P,(z) is invertible, since it is of index zero by Theorem
12. Analytic continuation then shows that

Ri(2) = B2z, 2)(I + K(2,2))"".

Furthermore, any pole of Ry(2) is also a pole of (I + K(z,z2))~".

Singular values

In order to prove (6.2.3) of Proposition 6.2.3, one must bound

1RR(2) || c2(x5) > 220x5) < 1B (2, 20) |l c20x5)—c20x0) (T + K (2, 20)) "l 22(x5)—220x5)-

Using (6.19), (6.28) and Lemma 6.3.2, the operator norm of E(z,z) is of order O(h™2),
which will be harmless compared to the exponentially growing bound on the norm of (1 +
K(Z, ZO))il'

Lemma 6.3.13 ([45, Theorem V.5.1]). Let 5 be a Hilbert space. Then

det(I + |A])

I+ A -4, y < —
for any operator A . 7 — € of trace class.

Lemma 6.3.13 cannot be applied directly to I + K(z, z) since K(z,z) is not of trace
class. Instead, K(z,2) lies in a Schatten p-class for some p > 0. For a compact operator
A 1 J — 5 between Hilbert spaces, let s;(A) = s;(A; 4, 76), j € N>q denote its singular
values, listed in decreasing order with multiplicity.

Lemma 6.3.14. There exists C' > 0 such that the singular values of K(z, zy) satisfy
s;(K(z, 7)) < Ch=3471/3

uniformly for z € [a,b] + ih[C_,Cy] and z € [a,b] + ih[M,C].
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Proof. By Fan’s inequality s;4;_1(A+ B) < s;(A) + s,(B) applied repeatedly,

s;(K(z, 20)) < Z s1j-3(Ki(2, 20))-

The operator Ki(z,20) : L3(X;) — H}(X) is of order O(h™!), whereas the inclusion
H} (Xo) = L3(Xo) has singular values bounded by Ch™1j71/3 (see Section 3.8). By stan-
dard properties of singular values,

Sj(Kl(Z, Zo)) S Ch_2j_1/3.

The same argument applies to K5(z, z9), so accounting for the extra power of A coming from
the commutator,
si(K1(z,20)) < Ch™'j717%.

The terms K5, K3 can be handled similarly, using that the inclusion F;(XQ — L*(X})
has singular values bounded by Ch~'j~/3. The only term that requires extra care is
[Pn(2), 2] Ry +(2) in Ky, but by using Lemma 6.3.11 this operator is seen to map L*(X,) —

H,ll(XJr) with operator norm of order O(h). O

It follows from Lemma 6.3.14 that K(z, z9)* is of trace class, and using Fan’s inequality
Si+j—1(AB) < 5;(A)s;(B), one has the estimate

5i(K(2,20)") < saj-3(K(2,2))" < Ch™'2j 745, (6.32)

This is uniform for z € [a,b] + ih[C_,C4] and zy € [a,b] + ih[M,C]. To apply Lemma
6.3.13, write

(I 4+ K(z,2))' = (Z(—l)jK(z, zo)j> (I — K(z, 2)"™" (6.33)

Jj=0

The norm of K(z,z) : L2(Xs5) — L2(X}) is of order O(h™2), so the norm of the sum on the
right hand side of (6.33) is polynomially bounded in h.

Note from (6.33) that any pole of (I + K(z,2))™! is a pole of (I — K(z, z9)*)™*, hence
the poles of Ry (z) are among those of (I — K(z,2)*)™!. Now Lemma 6.3.13 is applied to
K(z,2)*

Lemma 6.3.15. Let F(h) denote the supremum of det(I + |K(z,20)%|) for z € [a,b] +
ih[C_,C4] and zy € [a,b] +ih[M,C]. Then

F(h) < e "

for some C' > 0.
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Proof. The determinant is bounded by
det(I + |K(z,20)%) = H(l + 5;(K(z,20)")) < exp (C’h_12 Zj_4/3>
Jj=1 Jj=1

according to (6.32). O
The next step is to bound |f(z, z9)| from below, where f(z,z9) = det(I — K(z, z)?).
Lemma 6.3.16. The function f(z,zy) has the following properties.

1 1£(20)| < F(h).

2. f(z0,20) # 0, and moreover |f (2o, 20)| > e Ch"* for some C > 0.

Proof. 1) The estimate | f(z, z9)| < F(h) follows from Weyl convexity inequalities [32, Propo-
sition B.2.4].

2) As in the proof of Lemma 6.3.12, the norm of K(zg,20)* is of order O(M~*) for h
sufficiently small. By increasing M > 0 if necessary, the operator I + K (2, z)? is invertible,
and

(I — K(ZO, Zo)4>71 =1+ K(Zo, 20)4(I — K(Zo, 20)4)71. (634)

Arguing as in Lemma 6.3.15,
det (I + | K (20, 20) (I + K (20, 20)")7Y]) < M7,

which gives |f(zo, z0)| > e " . O

The proof of Proposition 6.2.3 can now be finished using the following lemma of Cartan
[73, Theorem 11]:

Lemma 6.3.17. Suppose that g(z) is holomorphic in a neighborhood of a disk B(zo, R),
such that g(z) # 0. Fizr € (0,R), and let {w;} denote the zeros of g(z) in B(zy, R) for
j=1,...,n(z0, R). Given any p > 0,

(R+r))

-r |z—z0|<R P

log 1g(2)| — log g(z0)| 2 —— 1og< sup \g<z>|> —n(z0, B) log(

for z € B(zo,7) \ U; B(wy, p).

Lemma 6.3.17 will be applied to the function z — f(z, z9) and disks of radius proportional
to h. This requires a bound on the number of zeros of f(z, zp) in disks of the form B(zy, Rh).
As noted at the beginning of Section 6.3, it may always be assumed that |C, — M| >
|C_ — M|. Recall the definitions of Q.(h) and Q(h) from (6.7). Then given £ > 0 there exists
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M' > M and R > 0 such that the union of all disks B(w, Rh) with w € [a,b] + ih[M, M’|
covers 2(h) and is contained in Q.(h). If € > 0 is sufficiently small, then

an(h) g [alv b/] + Zh[C/—7 Cf‘,—]a

where [a’,0'] C (0,00) and [C”,C,] € (—~/2,00). Applying Lemmas 6.3.15, 6.3.16 to
this larger rectangle shows that certainly |f(z, z)| < e“" " for z € [a,b] + i[M, M’] and
z € B(zo, (R + 2¢)h).

Lemma 6.3.18. Let zg € [a,b] + ih[M, M']. Then there exists C > 0 such
n(zo, (R+¢)h) < Ch™'2,
uniformly in zo, where n(zo, (R + €)h) is the number of zeros of f(z,zy) in B(z, (R +¢)h).

Proof. By Jensen’s formula, the number of zeros n(zg, p) of f(z,z9) within B(zo, p) satisfies

h(R+2€) 1 2T )
/ (20, ) dp = / log | f (20 + h(R + 22)e™®, 2)| d6 — log | f(z0, 20)]
0 0

p
< Ch 12

Therefore the number of zeros in a disk n(zg, (R + ¢)h) is estimated by

e h(R+2e)

R+ 2¢

n(zo, (R+¢)h) < / "z, p) dp < Ch™12.
h(R+e) p

]

Remark 25. For each fized zg, the poles of Ry(z) are among the zeros of f(z,z9). The region
Q(h) can be covered by at most O(h™') disks of radius Rh with centers in [a,b] + ih[M, M'].
According to Lemma 0.3.18, Ry(z) has at most O(h™'2) poles in each of these disks, so
altogether Ry(z) has at most O(h™'3) poles in Q(h).

Combining Lemma 6.3.17 with Lemma 6.3.18 shows that for any function 0 < S(h) =
o(h) and zy € [a, b] + ih[M, M'],
|f(2, 20)] > exp(—=Ch*?1og(1/S(h))), =z € B(z, Rh)\ U B(w;, S(h)), (6.35)
J

where {w;} are the zeros of f(z,29) in B(z, (R +¢)h).

Proof of Proposition 6.2.5. Combine Lemma 6.3.15 with (6.35). This shows that for any
20 € [a,b] +ih[M, M'],

1R ()L c2xp)s2xp) < exp(Ch™ log(1/S(1)) (6.36)
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for
z € B(zy, Rh) \ UB(wj, S(h)),

where {w,} are the zeros of f(z, 29) in B(zo, (R+¢)h). If w; is not a pole of Ry,(z), then apply
the maximum principle to the holomorphic operator-valued function Rj(z) on B(w;, S(h))
to see that (6.36) is valid on B(w,, S(h)) as well. Thus (6.36) holds for z € B(zy, Rh) \
U; B(zj, S(h)), where now {z;} denote the poles of R (2) in B(z, (R +€)h).
The disks B(zo, Rh), B(2o, (R+¢)h) for zy € [a,b] +ih[M, M'] cover Q(h), Q.(h) respec-
tively, whence the result follows.
[

6.4 Proof of Proposition 6.2.1

To complete the proof of Theorem 10 it remains to prove Proposition 6.2.1. The proof is
very similar to that of Lemmas 6.3.7 and 6.3.9. The twisted stress-energy tensor T = T[v] is
defined as in (6.24) using the metric g; the twisting function is again f = r*=3/2,

The future pointing Killing generator K of the null surface {r = r;} can be normalized
by requiring Kt* = 1, in which case

K=T+———0
i +a
Let do denote the measure induced on Xo N {r = r;,}. With the above normalization, the
analogue of (6.24) on X, has the form

Dy / T(Y, N,) dS, — / Re (y— (Yv) - v40) AdK
Xo XoNs

:—/ 'TI"(Y,K)\/ZdU—k/ Re (O, + v* — 9/4)v - YO) AdS;,
Xon{r=ry}

Xo

where Y is a Killing field such that Yr = 0 and A = g~!(dt*, dt*)~/? is the lapse function.
This identity is applied with the vector field Y = K. The contribution from the horizon
is the integral of B
T(K,K) = |Kv|* >0,

which may be dropped in view of its nonnegativity.

If |a| < r%, then K is everywhere timelike on My. In that case Proposition 6.2.1 would
follow from the same proof as in Lemma 6.3.9; the only difference is that coercivity of the
derivative transverse to the horizon degenerates at the horizon. This does not affect the final
result since Proposition 6.2.1 only involves an L? bound.
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Without the timelike assumption, a direct calculation in terms of the metric coefficients
gives

2 " * g% ~ " ~
=T (O, N;) = g""'|T0|* — g""|0,v|* — g"*" Re(0,v - D)

N

_ g‘ﬁ*‘ﬁ*\@v]? . 990‘891}’2 + (1/2 i n2/4 + F)‘U‘z,

as well as

1 -~ * 4k * = * Kk
ZT(8¢*, N;) = ¢"" Re(®v - TD) + g" " Re(dv - 9,u) + g " |dv]>.

If v € D{(Xp), then ®v = 0 and hence

-~ A * 4% ~
(K, N) = 5 <gt E1T0)? — g7 18,0]% — ) 9p0)? + (V2 — 9/4 + F)W) . (6.37)

Although ¢"" vanishes at 7 = r, the coefficients of |[9,v|? and |9yv|? are certainly nonnegative
on Xy, while the coefficient of |Tv|? is strictly positive.

Proof of Proposition 6.2.1. If v = e~ for an axisymmetric function on wu, then the con-
tribution from T(K, N;) will control |A*[[ul|Z ) for [A| large since the coefficient of [T'v|?
is strictly positive. The proof can now be finished as in Lemma 6.3.9. O
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