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Abstract

PARUL LAUL: Localized Energy Estimates Of The Wave Equation On Higher

Dimensional Hyperspherical Schwarzschild Spacetimes

(Under the direction of Jason Metcalfe)

The purpose of this dissertation is to discuss a robust way to measure dispersion
of the linear wave equation on the (n + 1)-dimensional Schwarzschild spacetime. One
of the greater motivations for studying the higher dimensional Schwarzschild and Kerr
spacetimes is to address the question of asymptotic stability of solutions to Einstein’s
equations. That is, if initial conditions are slightly perturbed, does the solution tend
to the unperturbed solution. Even in the simplest case (Minkowski spacetime), estab-
lishing nonlinear stability proved to be highly nontrivial. This was originally shown by
Christodoulou and Klainerman [23], and later simplified and generalized in [31] and [4],
respectively.

In considering the Kerr solution, we ask whether solutions to small perturbations of
Kerr initial data asymptotically approach perhaps a different member of the Kerr family.
Decay estimates are fundamental tools in addressing this question and by studying the
linear wave equation on Schwarzschild, we hope to gain some intuition in pursuing this
problem.

In this thesis we will determine localized energy estimates of the inhomogeneous wave
equation O,¢ = F on the (n + 1)-dimensional Schwarzschild manifold, for n > 4. An
inevitable loss in the estimate arises due to trapped rays on a surface known as the photon

sphere. We then modify our technique and improve the estimate at this region.
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CHAPTER 1

Introduction

In this dissertation we discuss a robust way to measure dispersion of waves on the
higher dimensional hyperspherical Schwarzschild spacetime. The Schwarzschild manifold
is the unique spherically symmetric, stationary solution to the vacuum Einstein Equations
of General Relativity, and the simplest of which contains a black hole. Here we extend the
(3 + 1)-dimensional localized energy estimates of [34] to the (n + 1)-dimensional case for
n > 4. We adopt the notation d = n — 3 and write the (d + 4)-dimensional Schwarzschild
manifold as M =R x (ry,00) x ST2, with line element

pd+l pd+1\ 71
(1.1) ds® = — (1 — —> dt* + (1 > ) dr?® + r’dw?.

rd+1 Td+1

Here dw denotes the surface element of S42. The surface r = r, is known as the event
horizon or Schwarzschild radius, and physically represents the boundary of the black
hole.

When discussing localized energy estimates, one begins with the notion of a conserved

energy quantity. We define the wave operator or d’Alembertian,

pd+1\ 71 1 o pd+l
—— (¢4 i S S
Oy := V0 = — <1 N Td—i—l) Ou + ,nd+287" [T <1 N rd+1) (9,«} +¥- ¥,

where ¥V = %Wo, and Y, denotes the gradient on S¥2. By exploiting its invariance under

time translation we then define the conserved energy, E[¢](t), with respect to the Killing



vector field 0;, as

o= [ 5) oot

Td-‘rl
+ ( d+1> (8,0)°(t,r,w) + |V (t, r,w) | r2drdw.

Energy conservation in this case implies for ¢ satisfying the homogeneous wave equation
Oy,0 = 0, E[¢](t) = E[¢](0) for all time ¢. In what follows we consider the inhomogeneous

wave equation Oy,¢ = I and instead deduce the energy inequality,

T
B SO+ [ [ [ el o

In keeping with notation similar to [34], we set LEy and LE{ to respectively describe
the localized energy and dual localized energy spaces, and define their respective norms

as,

d+1 -1
ottt = [~ [, [ e (1-5)  @ertra
d+1

cp(r )<1 - d+1)( 0, 0)2(t, 7, w) + L (1) V| (t, r,w) + (r)d* (t, r,w) | 2 drdwdt,

1715 = [ / [ o
0 s

Here, the coefficients are given by

0 1 0 _ l(r—rm)? O rd+3(2=rs ) (1-log( 5 rg))g
r Y

)= c = (= TPQ)Q

r
rd+3 <1—log ( I=rs r

r—"ps

0 " 0 1

Ct - 3 - T-
olom(=)) () (o))

_1
We point out that the surface r = r,5 := (%) 41 r . denotes the photon sphere and is

of particular importance in our results. We elaborate on a few features below and refer
the reader to Chapter 2 for a more detailed presentation.

With this setup, we state the main result of this dissertation:



Theorem 1.1. Let ¢ satisfy the inhomogeneous wave equation Oy = F on the (d +
4)-dimensional hyperspherical Schwarzschild manifold. Then for d > 1, we have the

following estimate

(1.2) sup Bl9](6) + 19125, S EI81(0) + [|FlLz;-

A few remarks are in order. First note that for large r the Schwarzschild spacetime
can be considered a slight perturbation of the Minkowski space. The results of [37]
and [38] then give an improved estimate near infinity, whereby the factor r?*3 in the
coefficients c¥(r), ¢(r) and c%(r) can be replaced with 71*% § > 0 . Second, we point
out the logarithmic singularity of the coefficients at » = r,, an indication of trapped rays
at the event horizon, is due to our choice of coordinates. It reinforces that in the given
(t,r,w) coordinate system, the estimate is only meaningful exterior to the black hole. An
alternative coordinate choice and a non-degenerate energy quantity allows for estimates
within the black hole as well. This has been done in the (3 + 1)-dimensional case in
[17] and [34] and extended to higher dimensions in [44], ! by exploiting the gravitational
redshift effect, a phenomenon we discuss in Chapter 2. Finally, we point out that the

coefficient of the angular derivative, ¢, vanishes at the the photon sphere, an inevitable

loss again due to trapping. This will be discussed in greater detail in the subsequent
chapters. Here we point out that the quadratic loss can be improved to a logarithmic

loss, giving the stronger estimate

Theorem 1.2. Let ¢ satisfy the inhomogeneous wave equation Oy¢ = F on the (d +
4)-dimensional hyperspherical Schwarzschild manifold. Then for d > 1, we have that

estimate (1.2) holds, where the coefficients ¢, 0 and ¢% are now given by

—2
(1-2=) -
0 __ 1 T—Tps
5, C, = ;(1—log| . >
rd+3 (1—10g<r7r5))
T

ria(r5rs ) (1-1og (7554 ) )
(1_10g’ T—Tps )—2

1Upon submission of this thesis, we learned V. Schlue independently proved result (1.1) which later
appeared in ArXiv:1012.5963v1
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This thesis is divided as follows. In Chapter 2 we provide a condensed introduction
to the relevant aspects of General Relativity. We discuss the geometry of the Minkowski,
Schwarzschild and briefly, Kerr spacetimes, to establish the setting on which we consider
the localized energy estimates. In Chapter 3 we provide an overview of the known
localized energy estimates of the the wave equation in the (3 + 1)-dimensional case and
in Chapter 4 we prove the main result of the dissertation. In Chapter 5 we show how
the techniques in [34] can directly be applied to the higher dimensional case in order to

obtain the improved estimate.



CHAPTER 2

General Relativity

General Relativity, or Einstein’s theory of relativity, is the discipline describing grav-
itational influences via geometry. The theory is formulated on a Lorentzian manifold
(M, g) called spacetime, and describes how the movement of particles is affected as a
consequence of gravitational forces. A distinguishing feature from classical Newtonian
physics is the fact that gravity is no longer considered a force, but instead an intrinsic
feature of the spacetime. Induced by mass, gravity causes the space-time to bend and
this bending is measured by curvature. The relationship between these two entities is
governed by Einstein’s Field Equations

1
(21) RNV — §gNVR = 87TTMV,

where R, is the Ricci tensor, R is the Ricci scalar, and T}, is the stress energy-momentum
tensor of the surrounding matter distribution. The left hand side of (2.1), often denoted
G = R, — % g R, is termed the Einstein tensor and enjoys the divergence free property
V,G" = 0. Moreover, conservation of energy-momentum implies that V, 7" = 0. The
field equations are inspired by this relation, ie.V,G* = V,T" thus proposing the
tensors G, and T}, to be proportional.

In this exposition, the localized energy estimates considered are described on certain
solutions to the (n+1)- dimensional vacuum equations, T}, = 0. Equivalently, from (2.1)
this amounts to determining the metric such that R,, = 0. By imposing constraints on
the geometry of the spacetime, we discuss three different solutions, ordered by increasing
generality. In addition to the metric, we will also analyze particularly relevant properties

of the spacetimes including the structure of the geodesics and the notion of geodesic



trapped rays. The geodesic equations are given by

A2zt dx? dx°
9.9 s ~0
(2:2) D2 e an T

where A represents an affine parameter. Geodesics represent the natural, unaccelerated
course of a particle and hence are a fundamental tool in understanding the geometry of
the spacetime.

In regards to the metric, we will choose coordinates so that we may represent the
causal structure of events via a conformal diagram, as certain features of the geometry
will be more discernible in this case. However, in the estimates discussed in Chapters
3, 4 and 5, Cartesian and polar coordinates will be the systems of choice. Elaborating
slightly on the notion of causality, on a Lorentzian manifold (M, g), a tangent vector V'
can be classified as being either time-like if g(V, V') < 0, light-like or null if g(V, V') = 0,
or space-like if g(V,; V) > 0. A curve z(\) on M is said to be time-like, null or space-like,
if the tangent vector at each point of the curve is respectively, time-like, null or space-
like. At any given event P in spacetime, we define the set of all null vectors at P as the
light cone of P. This divides spacetime in to three regions and illustrates the fact that
physical particles can not move faster than the speed of light. The set of events that can
be reached via a time-like curve passing through P is said to describe the future light cone
of P, whereas those points which pass through P via a time like curve comprise of the
past light cone of P. In our study of waves, we consider causal curves, that is geodesics
that are either time-like or light-like. Finally, we denote i*, i~, and i® as future timelike
infinity, past timelike infinity and spatial infinity, respectively, and ZT, respectively, Z~
as future, respectively, past null infinity.

We now describe the solutions to the vacuum equations considered in this exposition.

2.1. Minkowski Spacetime

The Minkowski spacetime (R""! g,/) is the trivial solution to the vacuum equa-

tions. In terms of Cartesian co-ordinates, the metric has matrix representation g,; =



diag(—1,1,...,1), or re-written in polar coordinates, ds? = —dt? + dr? + r?dw? where dw
is the surface element on S"~!. The spacetime is described as being flat and thus, as

expected, solving the geodesics equations (2.2) yields straight lines,
() = (ag + Abo, ag + by, .., an + Aby),

where a;, b; € R. The cartesian coordinate representation of Minkowski space does in fact
produce light-like curves at 45° so that the causal structure of events is easy to determine.
It is favourable, however, to compactify the space so that infinity is represented by a finite
value and thus geodesics can be represented in their entirety. A series of co-ordinate

transformations are conducted to achieve both properties. Define

1. v = t—r, v o= t+r
2. U = arctanu, V = arctanv

3. T = V+U R = V-=-U

The end result is the metric ds?> = (cosT + cos R)(—dT? + dR? + sin® Rdw?) where
R e [0,7),and T € (R—m, R+ 7), [15]. The spacetime is compactified with finite time
and radial co-ordinates, and maintains the original 45° light cones that clearly describe

the causal structure of events. This is shown in Figure 2.1. below.

null cone r = constant

\

worldline oi/

timelike particle

i t = constant

FI1GURE 2.1. Penrose diagram of the Minkowski spacetime.



Observe that all geodesics escape to infinity or minus infinity. That is, the Minkowski
space-time does not exhibit any trapped rays, a distinguishing feature from the spacetimes

described below.

2.2. Schwarzschild Spacetime:

It is on this setting for which the results of this dissertation are based, and hence
we provide greater details in formulating the solution. The Schwarzschild spacetime,
(M, g) is the non trivial spherically symmetric, static solution to the vacuum equations.
The term static refers to a spacetime which is stationary, that is, it admits a time-like
Killing vector field, and that this Killing vector field is orthogonal to a family of space-
like hypersurfaces. In terms of the metric in the traditional (¢,x) coordinate system,
stationary implies the metric is time-independent, and the static condition imposes that
gt; = 0, where j = 1,....,n, ie. there are no cross-terms in the matrix representation of
the metric. We point out that Birkhoff’s theorem states that any spherically symmetric
vacuum solution is necessarily static, and hence the Schwarzschild metric is the unique

solution under radial symmetry.

2.2.1. Metric derivation: We begin the derivation of the solution with the initial claim

that any spherically symmetric spacetime has line element of the form

(2.3) ds® = gaa(a,b)da* + gar(a,b)(dadb + dbda) + gydb® + r*(a, b)dw?,

where

dw® = [db7 + (sin®61)d03 + (sin® 6y sin® 0,)d03 + ... + (sin® 6y sin® 6, - - - sin’ 6,,_5)d6"_,]

is the line element of the S"~! sphere. This is not obvious and the choice of the variable r
is merely suggestive notation. Several texts describe the solution, [15], [25], [40], [56], as
well the articles [43], [49]; we refer the reader to say, [15], for a more elaborate account

and from which this derivation is based. A simple change of coordinates allows us to



consider b = b(a, ) so that (2.3) becomes
(2.4) ds® = gaala,7)da® + go(a,7)(dadr + drda) + g..(a,r)dr? + r*dw’.
To eliminate the cross terms, we look for a function ¢(a,r) and note that ¢ then satisfies
(2.5) dt* = ot 2 da* + 9N (o (dadr + drda) + ot 2 dr?
' ~ \Oa da ) \Or or '
We wish to write (2.4) in the form
(2.6) ds* = m(t,r)dt* + n(t,r)dr* + r*dw?

for some functions m,n. Thus substituting (2.5) in to this equation and comparing

with (2.4) imposes the conditions that g,, = m (%)Q,gar =m (%) (%), and g¢,, =
m (%)2, a system of three equations to solve three unknowns t(a,r), m(a,r), n(a,r).

The assumption that our spacetime is Lorentzian forces either m or n to be negative
and the other positive. The choice is not arbitrary and we refer the reader to general
relativity texts, [15], [40], [56] for more detail. For our purposes, as the Schwarzschild
solution approaches the Minkowski spacetime for large r, we choose m to be negative

and write (2.6) as
(2.7) ds® = = q? 4 2PN qr? 4 22,

To solve the vacuum equations, we require determining «(t, ) and (¢, ) so that R, = 0.
This in turn requires a calculation of the non-vanishing Christofell symbols and compo-

nents of the Riemann Tensor and Ricci Tensor. Denoting I, = {k,...,n — 1}, we have:



Christofell symbols:

rt, = oa(t,r) It =0o.alt,r)

7, =e2ePo.al(t,r) Iy, =0p6(tr)

Iy, =096t ) I =0.8(tr)

% =liel, To = Sogti € 1oj <i

[y =-—re [ = —re I sin®0;,i € I
Fzzg; = —sinb;,_y cosb_i,i € I, FZZGZ_ = —sinf; cos QjHZ;IjH sin? 0,

1€l <1—1
Riemann Tensor components:

Rt = 2= [023 + (9,8)? — 0,a0:8] + [0,00,8 — O*a — (0,0)?]
Rgloy, = (1— e ) sin’ b, RZZejei = — (e + cos® ;1) I, sin® Oy,
i €1 i€l j<i
Riige =1—e2 i€l RZfojei =1— (7% + cos? 0, )i}, sin® Oy,
1€ 1,5 >0
R 9. = —re 280,a Rp6, = —re*w&«aﬂg;ll sin6;,i € I
Ry o, = —re?0,p Rl 5 = —re 9B} sin® 0;i € I
Ry 0 =1 2P0, Ry =re PP  sin0;,i € I

Ricci tensor components:
Ry =078+ (0:8)* — 0id,f] + 2 P2 + (8,0)* — 0,00, 3 + 20,q]
R = —[0fa+ (@a) - 8,00,0 — 20,5
Ry, = e *[r(0,8 — D) — (n—2)] + (n - 2)
Row, = Roo,TIZ)sin® 65,0 € I

Rtr =2 atﬁ

The condition that R, = 0 in particular implies that R, = %@ﬁ = 0, so that

B = B(r). Moreover using Ry,9, = 0 and differentiating with respect to ¢, we may deduce

that 0;0,a(t,r) = 0. Thus « takes the form «a(t,r) = f(r) 4+ ¢g(¢). Choosing ¢ such that

10



g(t) = 0, and substituting these in to (2.7) yields
(2.8) ds? = —e> M at? + 2P0 dr? 4 r?dw?

With our choice of coordinates and initial claim, we have shown that the spherically
symmetric assumption on the solution necessarily implies the metric is static.

Next, we consider the other components of the Ricci tensor. With «, £ independent of
time, and both Ry, R, = 0, we obtain e 2R, + R,, = %(8Ta+87n/3) = 0. This shows
the sum of o and 3 is a constant ¢, and (2.8) becomes ds? = —e~2Pe2dt? +e?Pdr? +r2dw?.

Changing variables so that ¢ — e~ “t, the metric takes the form
(2.9) ds? = —e 2Pdt? + *dr® + r?dw?,

and we are left to determine the function . The equation Ry, = 0 reduces to solving
e 2(2rd.8 — (n —2)) = —(n — 2), or equivalently
(2.10) O, (r"2e7?) = (n — 2)r" 3,

Denoting the constant of integration as r"~2, we deduce that =2 = <1 — :Sj), thus

completing the derivation. Note that we have an overdetermined system for « and g. It
can be readily verified that the other components of the Ricci tensor do in fact vanish
with 8 defined above.

The physical interpretation of the constant of integration can be determined by the
fact that in the limit » — oo, the Schwarzschild solution approaches the Minkowski
spacetime and must coincide with Newtonian theory. In the weak field limit, ie. slight

perturbations of the Minkowski solution, the g;; component of the metric is found to be

— (1 — (n_l‘l”)% T% 2) , where M describes the relativistic mass of the body, ws»-1 denotes

the area of S"™!, and G is the gravitational constant, [43]. A direct correspondence with

our solution above implies r?~2 = (nlfi\f—:Gl, and thus we may interpret the constant r;

as the mass of the rotating object. In particular, setting G = 1 we obtain the well known

11



feature that ry = 2M in the (3 4 1)-dimensional case . We emphasize that this mass
parameter alone describes the family of Schwarzschild solutions.

In the remainder of this exposition it will be convenient to use the notation d =
n — 3 to represent the spatial dimension. In Schwarzschild coordinates, the Schwarzschild

manifold (M, g) is then given by the space M = R x (r4,00) x S¥*2 with line element

pd+l pd+1 -1
(2.11) ds® = — (1— s >dt2+ <1— £ ) dr® + r*dw?.

Td-‘rl rd+1

Before performing a series of coordinate transformations so as to obtain a representation
that easily depicts the causal structure of the spacetime, we highlight a few key points
described by the metric at hand. The surface r = r,, termed the Schwarzschild radius, or
event horizon, represents the distance from the centre of the mass to the radius at which
the gravitational escape velocity is the speed of light. As photons can not escape the
gravitational pull once inside this radius, the region r < r, forms a black hole. Also note
that from (2.11), the metric appears undefined at r = r,. This turns out to merely be a
consequence of the chosen coordinates and we will shortly see that many other coordinate
systems do not exhibit this singularity. Finally, observe that the metric is also singular
at r = 0. This is in fact a true singular point in the spacetime and represents the point

of infinite curvature.

2.2.2. Geodesic equations/Trapped rays: To determine the geodesics of this space-
time, we choose the coordinate system (r,t, 61, 0s,...0442), and seek curves z(\) satisfying
(2.2). This set of coupled equations is greatly reduced once considering the symmetries
of the spacetime. Since the metric components are independent of ¢, 0y, ....0,,2 we deduce
that d;, 0g,, ...0p,,, are Killing vector fields. Moreover, rotational symmetries, correlating
to conservation of angular momentum, imply that particles traverse in a plane. Thus,

we may assume without loss of generality that ¢; = 0y = - -+ = 04,1 = w/2. This gives

12



the Killing vector fields

T;Hl
(2.12) K:8t<—>Ku:<— (1_rd+1)’0"“’0>

(2.13) R =0y, < R,=(0,..,0,r’TI{* sin’ Oily,_rjp) = (0,...,0,77).

Next, we claim that Killing vectors fields are constant along geodesic flows. Indeed, by
definition, if £ is Killing then V,§, + V,§, = 0. Furthermore, if we let v be a geodesic
with tangent vector u* then by defintion V,u* = 0 and hence vV, u* = 0. Consider
then

U5V(5(g(f, u)) = uévé(fuu#) = Uéu#vég,u + fuuévziuu-

The first term vanishes by the defining property of Killing vector fields, and the sec-
ond vanishes since v is a geodesic. Thus along geodesics, {,u" = constant as claimed.

Applying this to the vectors K and R above, we have the conserved quantities

dzt rdtiN\ dt
2.14 E=-r% _(1-5_ )%
(2.14) "IN < rd“) ar
At dfg,
(2.15) Li= R, =i,

Physically, the time translation and rotational symmetry respectively correspond to con-

servation of energy and angular momentum. In addition to these conserved quantities,

D dx*

the geodesic equations <= = 0 imply

dz* dx¥

(2.16) Iy O

for null geodesics. Expanding (2.16) for z(\) yields,

P\ 7 dt rd N dr\? (dfas )\’
(-5) (&) +0-5) (&) () -

13



or equivalently

(TN AN (AN Y (a2
rd+1 d\ d\ rdt+l dA '

We substitute (2.14) and (2.15) in to the above equation to obtain

dr\? rd+l L?
(2.17) —E* + (5> - (1 — TdH) (r_2) = 0.

Let V(r) = %L—j (1 — :Zi) denote the effective potential of the geodesic. We may then

interpret (2.17) as describing the trajectory of a particle with energy %EQ in a one di-
mensional potential, V', [55]. Specifically, this relationship can be written as
(2.18) L(dr 2+V() L g2
: = | 5% r)==-FE".
2 \ d\ 2
As the angular momentum varies we obtain different trajectories governed by V' (r). Con-
sider first the case where the angular momentum identically vanishes, L = 0. This corre-
dr r?“

2
sponds to radial null geodesics and equation (2.18) becomes (—)2 = (1 — 7T+1> (

dA dt)Q

X

By scaling A we may assume E = 1 so that g—f\ = 41, and hence r = £A\. In particular,
% =+ (1 — :Z—i)l so that as r — ry we have that % — +oo. That is, the slope of
the light cones in the r — ¢ coordinate system become vertical. This suggests that null
geodesics tangent to the surface at r = r, are trapped, neither escaping to infinity or
the singularity, but instead are moving “vertically”. However, due to the red shift effect,
energy loss is exhibited, in fact, exponentially. This phenomenon essentially asserts that
the stronger the gravitational influence, proper time of an object slows down. Thus fre-
quency of waves radiated by objects near prominent gravitational fields lowers, shifting
to the red end of the electromagnetic spectrum. The proportionality between energy
and frequency thus implies energy loss. The red shift effect is apparent in the above
situation. The fact that % — 400 suggests that it is not possible for objects to reach,

let alone, surpass the surface » = r,. Objects falling in to the black hole do in fact cross

r = r,, however to an observer at infinity, it appears as if the object only asymptotically

14



approaches this surface. This misleading observation can be rectified by choosing an
alternate coordinate system.
Next consider the case where L is not identically 0. As above, we may set £ = 1,

and seek () satisfying

dr\> L2 rd+l
(2.19) (5) + = (1 - rd+1> ~1.

The behaviour of the particle is determined by the potential. At non-extreme points,

the photons move along the potential until possibly reaching a turning point ie. (g—f\)g =
0, and then traverse in the opposite direction. Of our interest is when the potential
attains extrema values, as this corresponds to particles moving in a circular orbit. Local

maxima (resp. local minima) correspond to unstable (resp. stable) orbits. We calculate
v = —% (rd“ — %) = 0 and find this occurs at r = 1, = 74 (%)Udﬂ,
easily classified as a maximum of the function. The surface r = rp, is called the photon
sphere, and like r = r,, it is a trapped surface. It is of particular importance as null
geodesics initially tangent to this surface will remain in a circular orbit, necessitating a
loss in energy estimates. Nonetheless, as a maximum of the potential, the photons will be
unstable here and hence slight perturbations will cause them to deviate from the orbit.

The above calculations classify the null geodesics of the Schwarzchild spacetime and

in particular, reveal the trapping phenomenon that is absent in Minkowski. In the last

section on Schwarzschild we re-write (2.11) and determine the Penrose representation.

2.2.3. Causal representation of Schwarzschild: We determine a suitable coordinate
system to represent the causal structure of geodesics and compactify the Schwarzschild
space-time. We write the sequence of coordinate transformations and refer the reader to
say, [15], [40], [56] for a more detailed account on the motivation of each step. We begin

by defining the Regge-Wheeler Tortoise co-ordinates, r*,

T pd+1\ 71
(2.20) r*(r):/T (1_p2“) dp,

15




with corresponding Schwarzschild line element,

d+1
(2.21) ds® = — (1 — Tfm) (dt* — dr*®) + r’dw?.
r

We highlight that in these coordinates as r — r,, r* & In(r — r,); thus, r* — —oo as

r — rs. We then define the Eddington-Finkelstein coordinates

so that now

d+1
2 _ [+ _ s SR S
(2.22) ds® = 1 — —— | dudv + r*dw”.
r
Let
_u__ w -0 r*—t
u = ezrngl _ 62T§l+1 : o = —eQT?H _ —62’"g+1
with line element
d
2 2(d+1) i 7"5+1 T AT 170 2 )
(2.23) ds* = 4r; 1= == )e = du'dv + ridw”.
r

Defining the higher dimensional analog of the Kruskal-Szekres coordinates, we have
L, / 57:—1 t 1, ' % . t
(2.24) uzi(u +v') = e cosh 5 ) vzé(u — ') =es" sinh ST )

where now the line element becomes

*

d+1 ,

(2.25) ds? = 4r2d+D (1 — TZH) e T (du? — dv?) + ridw?.
r

7.*
d+1
2 — e’"s+

Observe that r* and u, v satisfy u? — v — 0 as r — 74 so that the event horizon

is described by the lines v = +u. The relationship between t and wu, v is given by the
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worldline of
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7 = constant < 1y t=
it Rr =0 i+ r = constant > rg
11
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.0 / ,n

t = constant

=00

null cone

FIGURE 2.2. Penrose diagram of the Schwarzschild spacetime.

equation ¥ = tanh <27ﬁ%) . To obtain a closed form of the space, define

!/ /
(2.26) u" = arctan “ , v" = arctan v
[rd+ [yl

where u”, 0" € (—g, g) and —7 < u” +v” < 7. Then

r* " t
T tan u T
Ts = Ts

" "o
(2.27) tanu” tan v __7"‘8”16 R w—

and the Penrose diagram is shown in Figure 2.2.

Regions I and II depict the exterior and interior of the blackhole, respectively. Re-

gions I and 11’ constitute the symmetric universe, and are physically unrealistic. Region

11" is the so called white hole, representing a region in which objects can enter our uni-

verse but not the reverse whereas Region I’ depicts the trajectories of space like, hence

unphysical particles. The estimates presented in this dissertation are carried through

solely in Region I.

2.3. Kerr Spacetime

We provide a very brief description of the higher dimensional Kerr solution to the

vacuum equations, as this is the setting to which we hope to extend the results of this

dissertation. The Kerr spacetime is an axial-symmetric, rotating black-hole, with angular

17



momentum a. The solution to Einstein’s equations in the Boyer-Lindquist coordinate

system is given by

) ’I“d+1 ) 2Td+1 Ly p2 ) 5 o
ds® = — (1 — Td_—1p2> dt + rd_—1pQCLSIIl Qldtdeg + Zd?“ + P d‘gl

d+1

,
+ (r2 +a®+ dfl 5 a? sin® 91> sin® 91d9§ + 72 cos? Hldwgd,
rd=1p

d+1

where, p* = r’+a® cos® 6 and A = r*+a* —Z—, [24]. The apparent singularity at A = 0

is merely due to the chosen coordinates whereas the surface defined by p = 0 is actually
a true singularity, evidenced by the diverging Ricci scalar R, [R"7*" at this point. Both
r =0 and #; = 7 are singular points so that unlike the Schwarzschild spacetime, the
“point” of infinite curvature is now a ring. The Kerr metric is also undefined at the roots

of the equation A = 0. It is precisely these surfaces that determine the event horizon of

a black hole and can be found by solving
(2.28) y(r) = ri+t 4 g2pd-l _pdtl g

rst4/r2—4a?
2

For d = 0, there are precisely two horizons, r4 = ; however for d > 1, y(r) has
only one positive root and thus the black hole necessarily has exactly one horizon [24].
A conformal representation of the (3 4+ 1)-dimensional (d = 0) Kerr spacetime is shown
in Figure 2.3. Region I depicts the physical universe, while Region I denotes the region
between the two horizons. Note that upon passing the first horizon (the boundary of the
black hole and the equivalent of r = 7, in Schwarzschild), the radial coordinate reverts
from being spacelike to timelike thus causing the particle to move in the direction of
decreasing r. Particles are then necessarily forced to pass the second horizon where r
switches back to being spacelike. It is therefore possible to avoid the singularity p? = 0,

and enter another universe (Region I), or pass the singularity to enter a so called negative

space, Region I11.
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r = constant

— t = constant

\ r=r,

null cone

FIGURE 2.3. Conformal diagram of the (3 4 1)-dimensional Kerr spacetime.

Determining the trapped null geodesics of Kerr is far more complicated than in the
Schwarzschild solution. It is now necessary to adhere to microlocal analysis, as char-
acterizing these regions requires both space and frequency components. For d = 0, we
refer the reader to [53] and references therein, where it is shown that all trapped null

geodesics lie within O(a) of the surface » = 3M, the photon sphere for d = 0.
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CHAPTER 3

Localized Energy Estimates for the Wave Equation in

(3 + 1)-dimensions

The localized energy estimates under consideration are the so-called Morwatez type
estimates. In this section we summarize a few known results on the (3 + 1)-dimensional

Minkowski, Schwarzschild and Kerr spacetimes.

3.1. Minkowski Spacetime

Estimates of this type were first introduced by Morwatez in studying the decay prop-
erties of the Klein-Gordon equation [41]. As a consequence, if ¢ solves the flat homoge-
neous wave equation O¢ 1= Jj¢ — A¢ = Jj¢ — > 7 03,6 = 0, with initial conditions

®o = ¢(0) and ¢; = 0,6(0), then for n > 3, the estimate

T
1
) | [ vt s Vol +

can be used to show that the solution and the local energy decay to zero as T tends to
infinity. Here, the implicit constant is independent of T', r = |x| is the radial component

of z and ¥¢ denotes the angular derivative of ¢, defined as ¥, = 0; — 2£9,. This can

J
be proved via the positive commutator method, although we remark that Morawetz’s
original proof relied on clever energy identities. The commutator technique essentially
requires determining an appropriate differential multiplier X = f(r)0, + %1@ and
analyzing the space-time integral fUT S (B X ¢)dadt, [47). Upon integrating by parts
we determine conditions imposed on f(r) necessary to obtain a meaningful estimate. In

particular, the decay estimate (3.1) can be determined by choosing f(r) = 1. By altering

the multiplier, that is, choosing appropriate functions f(r), we may generate other such



.
r+27

estimates. For example, considering the function f(r) = and integrating over dyadic

annuli A; = 2971 < |z] < 27, gives

(32) &)V Viad [ + 1) 2 ¢ll7z

ta([0,T]xA}) ([0, T]x A

S IVeollze + llonllze,

where (x) denotes the Japanese bracket 1/|z|? + 1. An estimate over all of R" is achieved
by including a summability factor, and hence comes at the cost of replacing the terms
(z)~2 and (x)7%/2 by the weights (z)~/27% and (z)73/27% respectively. Otherwise,

allowing for a logarithmic blow up in time, we obtain

(3.3) (log(2+1))™" (II(x) V.0 |12 @0l )

1V éol[Z2 + [lén]]7:-

([0, T]xXR™)

By introducing an appropriate dual norm we may generalize the hypothesis and consider
solutions to the inhomogeneous wave equation, O¢ = F. A more detailed account is
provided in the proof of the dissertation result.

Variations of the above estimates can be found in [27], [29], [28], [35], [45],(47], [48].
For the variable coefficient wave equation, see for example [1], [37], [38], [39], and [13],
[14], for time-dependent and independent perturbations, respectively.

The applications of localized energy estimates have been widespread, having played a
role in establishing long-time existence to the semi- and quasi-linear wave equations, e.g.
(28], [37], in proving global Strichartz estimates e.g. [14], [36], [45] and in scattering
theory e.g. [42], [48].

3.2. Schwarzschild spactime

In developing the same type of theory for the black hole setting, localized energy
estimates have also been studied on the (3 + 1)-dimensional Schwarzschild spacetime.
Such estimates were originally established for the Schrodinger equation with radially
symmetric data, [32], and thereafter for the wave equation, [6] -[8], [18], [20], [34].

Conformal Morawetz type estimates are shown in [12] and [17]; these are estimates
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analogous to Morawetz conformal estimates on Minkowski space-time, obtained by using
the multiplier (2 4 r2)d; + 2tro,.

The approach used in establishing localized energy estimates in [6], [7], [17], [16],
[32] is to decompose the wave equation into spherical harmonics, determine a multiplier
on each harmonic, [, and then sum over all [. In contrast, the technique exploited in
[20] and [34] refrains from a spherical harmonic decomposition so as to avoid potential
summability issues. Consequently, only one multiplier is required.

Recall from Chapter 2 that the event horizon, r» = r,, and the photon sphere, r = 7,
a priori impose difficulties in measuring the dispersion of waves. Photons may potentially
remain on these surfaces and not propagate out to infinity. On the photon sphere, the
instability of the rays here does permit energy decay, albeit with a loss. Specifically, in
[6] -[8] and [17], a quadratic polynomial loss is established at this region. However, it is
shown in [34] that the estimate near the photon sphere can be improved to a logarithmic
loss. By using Regge-Wheeler coordinates, decomposing the solution into spherical har-
monics and performing the Fourier transform in the time variable, one obtains an ODE
modeled by ¢” + \*(z% +¢e)¢ = f. A WKB approximation gives an asymptotic expansion
of solutions to this ODE which in turn leads to the logarithmic energy loss at the photon
sphere.

The trapped rays on the event horizon also pose a potential problem, however the
red shift effect renders this trapping as negligible [18]. The logarithmic loss here, shown
in [6] -[8] and [17], is improved in [34] whereby using a non-degenerate energy, changing
coordinates and exploiting gravitational redshift [17], the estimate is extended past the
event horizon, although not so far as to the singularity. These results are used in showing
global Strichartz estimates of solutions to the wave equation on Schwarzschild. More
recently, the localized energy estimates determined in [34] have been used in establishing
the conjectured Price’s Law, which states that solutions to the wave equation have a

pointwise decay rate of |¢|73, [51].
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3.3. Kerr spacetime

Dispersive estimates on Kerr are very much a newly developing theory. Estimates for
solutions with small angular momentum a < M have been established, as here the Kerr
spacetime is considered a small perturbation of Schwarzschild; see [3], [19]-[22], [52],
[53]. The increased difficulty in the problem is due to the fact that a single differential
multiplier is no longer sufficient to obtain an estimate, and one must resort to two tensors
or pseudodifferential operators [2], [3], [17]. Furthermore, recall from Chapter 2 that the
trapped sets are also more complicated; we must adhere to microlocal analysis, as both

spatial and frequency components are necessary to classify them.
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CHAPTER 4

Higher Dimensional Localized Energy Estimate for the Wave

Equation on the Schwarzschild Spacetime

Here we prove the main result of the dissertation, Theorem 1.1, stated in the Intro-
duction. The technique we pursue is the so called Positive Commutator method. Recall
that the wave equation can be considered as the critical point of the Lagrangian func-
tional fOT Jsara fTZTS L(¢, g)r?+2drdwdt, where L is the Lagrange density or Lagrangian
given by L = ¢*?0,¢03¢. Associated to L, we may define the stress-energy momentum

tensor, Qo = az—fﬁ — %gagL, which becomes

1
(4.1) Qapld] = 0a90p¢ — 5940760, ¢

for the specific choice of L defined above. One of the most important features of this
tensor is V*Qups = Jy¢0X ¢, and in particular, it is divergence free if O ¢ = 0, [50]. Con-
d+1

tracting (Q,s with the radial multiplier X = (1 — %) f(r)0,, we form the momentum
density P, [¢, X] = Qapl¢] X7, with divergence

VP[0, X] = V°Qupd)| X? + Qusld) VX7

= 0,6X¢ + Qapld]”

(4.2) dil 2 pdtl _pdtly
= 0,6X ¢ + f’(r)(l — :jm) (0,0)* + ( Td+1ps ) )

Vol*

r
d+1

_ %[(1 - S )0, £ (1) | 07 00,0,

Here 7,5 = 5(VaXs + V3X,) denotes the deformation tensor of X. The theorem will

follow by taking the space time integral of the divergence of appropriate momentum



density tensors. We will divide our analysis in to considering the spatial derivatives and

lower order terms separate from the time derivative term in the theorem.

4.0.1. (0,0)% |V ¢|?, ¢* terms:. In equation (4.2), we observe that the last term con-

sisting of the Lagrangian is unsigned. However, as the name of the technique suggests,

we ideally seek positive terms. Consequently we define

d+1
B0 X] = Pulo. X] L[ (1= B )r 20,642 () oo

2
_ i@a [(1 _ %)T(dﬁ)ar(rdﬂf(r))} 2.

and recompute the divergence

VP[0, X] = 0,0 [ X0+ 2{ (1= )90, (1)}

d+1 2 d+1

(4.3) +(1-53) f’(r)(ar¢)2+(r Tdﬂdﬂ)f ") wop

r

—Zvaaa (1- %)MM)@T( o)) ¢,

With an appropriate choice of the radial function f(r), the theorem follows by taking the
space-time integral of equation (4.3) and bounding the resulting expression by the initial
energy and dual localized energy norm. Specifically, upon integrating over the space-time

slab [0,T] x (75, 00) x S¥*2 and applying the divergence theorem, (4.3) becomes

T
/ F(r)0,00, 67942 dr dw‘ - / / () )p,6 12 dr dw‘
Sd+2 Jr>rg Sdt2 Jr>r, rd+2 0

/ / / o? <X¢ 3 ( Zi)r‘““)aT(f(r)rd“)qs) P2 dudt =
Sd+2 Jp>pg

rd d+1 _ d+1
[ o (=) rovaors () Kmot e

where we have set

1 d+1 1 d+1
U(f) =~ a0 (rd”(l - =50 (TM (1- :;H)ar(rd“f(r)))) .
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We remark that the above integration was conducted under the assumption that f(r)
is C*(R). Ideally, we would like to choose f(r) such that in addition to this regularity
condition, f(r) is bounded and all three terms in the integrand of the right hand side
of (4.4) are non-negative. It appears, however, that this is not possible and we sacrifice
the regularity of f(r). In doing so, we pick up boundary terms that must be controlled.
Moreover, with the choice of f(r) described below we find that I(f)¢? is not signed. We
instead show that [ [ [1(f)¢*r¢ 2drdwdt is bounded below by a positive term minus a
fraction of the (9,¢)? term and a small radial boundary term.

We naively begin our construction by defining
d+2 _ .d+2 d+1 _ .d+1
r rétt —r
_ ps _ S
g(r) = rd+2 and  h(r) = log ( %T?""l ) )
and setting the multiplier to equal

Ard+l
o)+ 22 ),

for a constant A > 0 to be determined. We find that in addition to h(r) being unbounded
at 75, ensuring the appropriate signs for f/(r) and I(f) leads to contradicting restrictions
on the choice of A. Despite these fallacies, we use this as a base in constructing the
multiplier. Note that the main source of the issues arise from the logarithmic term,
mh(r) at s and at infinity. Consequently, the idea we pursue is to smooth out h(r)

at these two regions.

We set
.
_ 1 ex+l 1 1
€ d(ex+1)—1 e’ T < €
x, —l<r <o
g
a(z) =
_ 2 .3, 1.5
T — 3507 + 5727, 0<zr<a
8a
[ 157 T
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for « =5— g, and 0 < dp, e < 1. Note that except for the discontinuity of a” at z = —%

a is C2?. We use this as a smoothing function and define the bounded function

Ard+t
(4.5) flr)=g(r)+ Wa(h(f)%
where A = 225 The choice of A and « will be described in the calculations be-

d+3

low. To simplify notation, we let 7y be the value of r such that h(ry) = 0, ie. 19 =

rs (e’ +1) T Thus f"(r) is discontinuous at 7_1 50 that in integrating (4.3), we must

2
add the positive term %% <1— 111) (f”( )=t 1 >f0 Joara @ (t,7_ 1, w)dwdt

or equivalently,

Ard?ti(d +1)% de
2

T
(4.6) / ¢*(t,r_1,w)dwdt
Sd+2 €

Tgl/s
to the right hand side of equation (4.4).
The choice of a lends itself in to dividing the analysis in to four cases:
Case 1. 1 € (rs,7_1]

Case 2. r € [T_é,rps]

Case 8. 1 € [rps, 7]

Case 4. r € [rq,00).
For each case, we readily show

of(r) >0 for r > r, and f(r) <0 for r < rpy,

of'(r) >0 for r > r,.
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The difficulty in our analysis comes primarily in the coefficient of the lower order term,

¢?. With additional effort, we prove

e in Cases 2-4,1(f) >0

e in Case 1, for 0 < Ky < 1,k2 > 0 and p(r) > 0,

d+1

///l(f)¢2rd+2drdwdt > ///p(r)¢2 —/<1<1 — %Yf/(?‘)(&qb)zrd“drdwdt
—“2//56¢2(7“1/5)dwdt,

where the radial boundary term above will be controlled by the commutator in Case 2.

This will show that the right hand side of (4.4) is non-negative as desired, and it will
remain to show the time boundary terms are dominated by the energy E[¢](t). The
latter will be proven in subsection 4.0.3. We proceed case by case:
Case 1: r € (rg,r_1/]
The multiplier in this region was so constructed to smooth out the logarithmic blowup
of f(r) at the event horizon. For r in this region, h(r) < —1 so that a(h(r)) < 0. Thus
f(r) <0 and
4 = T D) )

Ardtl (d+1)rd

2 (5(eh(r) + 1) — 1) (rd+t — rd+1) ~
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as desired. Next we consider [(f),

AdJrl ) d+2

(48) Ug(r) +1( =55 s (A (d 4 3t — (d 4 2)% )

Ard+1<d 1)(d+3) (! = r )

: e (40
Argtl(d+1)*d+5) 1,
v . s ()
arti@s® 1
- 4 rA(rdtl — rd+1)a/ (h(r)).

Given that a'(h(r)) = (8(eh(r) + 1) —1)72 > 0 and r < r_j/. < rp,, the second term
in the right is positive. The third term in the right of (4.8) also has the desired sign as
a’(h(r)) = —20e/(6(eh(r) + 1) — 1)? and h(r) < —1/e here. Observe that I(g) < 0 in
this range; however, we will use its boundedness property to show it can be controlled
for € sufficiently small. We thus concentrate our efforts on the last term. Beginning with
a straightforward application of the Fundamental Theorem of Calculus, we find

Tve o (2ArTtH de(d + 1) 2Art5e(d +1)?

—1/e

where we have introduced R(r) = (d(eh(r)+1)—1) and suppressed the ¢ and w dependence

of ¢, to simplify notation. Calculating the derivative of the integrand yields

T_1/e Ad+1 2.2 13 d
(4.10) / 6Aretty2e?(d + 1) r & dr

O I
T-1/c AA d+1 1 2 T-1/e 4 A d+1
:_/ 7 5E(d+)¢2d +/ re 58(d+)¢&¢d
. r3(R(r))? . r2(R(r))?
2ArT 1 5e(d 4+ 1)2
2T D e
T—l/s
We apply the Cauchy Schwarz inequality to the second term to obtain
"=1e 4 Ardtie(d + 1)? 4 [T Ardti(d + 1) (rdtt — pdth)
4.11 . pdr < s s .0)2d
ay [ S e <5 [ T
T-e Apdtls?e(d + 1)3 rd )
(o e
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In combining the results of (4.10) and (4.11), we find

e Ardti(d + 1)? 1 m
(4.12) /T 1 A r;i+1)a/ (h(r))p*rt2dr <
T_1/e QATSdJrl d—l— 1 Td+1 _ T;lJrl T_1/e AT?+1(d+ 1)2
/ 3( ) (rm T (7“))2) (0,0)dr + / S (b)) P
SeArdtl(d 4 1)?
+ 7"2 ( ¢2(T—1/8)’
—1/e

so that for v > 0,

1 e Ardtl(d 4 1)3
(4.13) (Z_l + fy) / P Td+1)a"’(h(r))¢2rd+2dr <

289\ [ AR D) (=gt
(5*?) / s ROz ooy

T-1e Ardti(d + 1), Ardtige(d 4 1)3
s [ e + (14 ) T )

Ts T—l/a

Dropping the positive a’(h(r)) term in (4.8) and applying the results of (4.13) we have,

T—1/¢
(4.14) / 1(f)d*r* 2 drdwdt >

T_1/e T_1/e Arg—f—l d+1 3
/ l(g)¢2rd+2drdwdt + fy/ r4(rd+1( — rd+)1) " (h(r))¢2ri2dr

S

T-1/e A d+1 d 1 2 d+5
v [ (S ) )

2 8\ [T AR @) (=)
-(5+%) [ e

SeArdti(d 4 1)?
—(1+4y) = (/ ) ¢*(r_1/e).
—1/e

We choose ~ such that (% + 8?7) <l=n~v< %. As %%5 > g, for d > 1, this choice of ~

automatically implies that the a” term yields a positive contribution. Moreover, observe

that a"”(h(r)) = % so that for e sufficiently small, the corresponding term can be

made large enough to control [(g). For concreteness, we choose € so that after absorbing

l(g), one half of the a”” term remains. That is,
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(4.15)

T_1/e -1/ /9 87 ATgH d+1 Td+1 _Tglﬂ
/T‘ 1(f)o*r T2 drdw > —/T <§ + §> rd(+2 ) ( Ok )(&gb)er

T—1/e d+1 3 o i
N 1/ ATS (d+ 1) a”’(h(r))¢zrd+2d7” i (1 +47)5€Ars (d+ 1) ¢2(7’_1/8>’

2 rd(rdtl — pdtl) 7“31/8

v was chosen such that the sum of the first term on the right of (4.4) with the first term
on the right of (4.15) is positive. Thus, in combining the boundary term above with

(4.6), it remains to control the term

1 Ardtée(d + 1)
(4.16) - (— +4”y) rioeld + / ¢*(r_1/e)dwdt.
2 T—l/e sd+2

Boundary term at r_,. :
We show that (4.16) can be dominated by the right hand side of (4.4) for r € [r_y /., 7],
whose positivity we confirm immediately afterwards. For € chosen in Case (i), we choose
a parameter ¢ sufficiently small so as to control (4.16).

L, re(rsroye
Define the smooth cut-off function 3(r) =

0, ,r>rps.

Then by the Fundamental Theorem of Calculus and applications of Cauchy Schwarz, the

following sequence of equations holds for r < r_;.:

_ ( /" 85(5(8)¢(8))d8>2 - ( | o [ wdsf
< ([T ([ \B’W(s)ds) "
2 ([ ) ([ st = 0uoas)

S / |8'|¢*ds — h(r) ﬁ(S)(S"l+1 r(0s0)d
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Applying this to r = r_; /. and using equation (4.3), we have

d+1 Tps ~
A0y <s [ veBs, Xdr

—1/6 T-1/e

T‘

where the implicit constant is independent of e. We will show next that the commutator
in the region [r_y/., 7 is in fact positive. Thus, integrating over [0, 7] x S2, we find
that the boundary term can be bootstrapped into the terms in Case 2 for § sufficiently
small.

Case 2: 7 € [r_1/z,7ps)

In this region, the smoothing function is the identity and we have

P2 pdi2 i | Pl gl ]
flr) = d+2 + pdvz M\ T an
S
) (d + 2)7“2?2 Ardti(d + 1) rd Ardti(d + 2) 1 pdtl — pd+l
r) = - n
3 T2 pdtT _ pdtl 3 T a1

The logarithmic term is non-positive for r < r,,, thus we easily see that f(r) < 0 and

f'(r) > 0. It remains to show that I(f) is positive. Evaluating this expression we find

d+2
I(f) = (470:;“5) (dr?¥*2 4 (d + 3)rdtipdtt — (d 4 2)2p20dHD)
Ard'H
— i S (d 1) (d+ 3) (2T — (d 4 3)rdth).

We apply r < rp, to the second term to give

1
I(f) = L2 ((d +2)(dr*? 4 (d 4 3)r? Tttt — (d 4 2)%2H)

(4.17) o

Tps

(d+1)(d +3)(2r™™ — (d + 3) d+1))

Let 8 € [rs,7ps) denote the positive root of dr?¢t2 4 (d + 3)r@t1rdtt — (d+2)%r24+2 Then

for r > 3, I(g) > 0. Moreover, if r € [ry, 8], the right hand side of (4.17) is non-negative
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if

—rps(d + 2) (dr2d+2 + (d + 3)rd+ipd+l — (d + 2)2r2d+2)
A > sup D s s
T Bl —(d+3)(d + 1)rd+L (2rdtl — (d + 3)rdt+t)

or equivalently,

(4.18)

A> su (d + 2)rps d ar (d+2)(d+3)r™t  (d+2)(d+ 1)%r2+2
o) (4 3)(d+ DrdT |2 4 4(2rdt — (d + 3)rd+t)

We find the derivative of the quantity in brackets to be (d+21 ) (d — 1 2(5:%11) ((Zz))rziz) ) < 0.

Thus the right hand side of (4.18) is decreasing so that the supremum occurs at r = r.
This implies A > Zj:g 7ps; the lower bound of this inequality is our choice of A.
Case 3: 1 € [1ps, Ta]

In this region, a(z) =z — Wx + = 4x and f and [’ are respectively,

rd+2 _ Td+2 Ard+t p(r)

_ s 4 2 2 4
(4.19)  f(r)= e + A2 5ol (3h(r)* — 10h(r)*a* 4+ 15a") and
. (d+ 2)rit? _A(d+2)rt! Ardtl(d+1) (h(r)? — a?)?
(4-20) / (T) - rd+3 rd+3 (h( r2(rd+1 _ 7"?“) al )

f(r) can easily seen to be non-negative when we view the quantity in parenthesis as a
non-negative polynomial in h(r). Moreover, the range of r corresponds to 0 < h(r) < a,

so that using that a has a maximum value of ?g, the sum of the first two terms in (4.20)

is bounded below by W (42 - %—‘5‘%) . It is straightforward to verify this is pos-
itive for « < 5 < }2 (def’Q . the last inequality follows from observing that e (ddfz)

smallest at d = 1. Hence the choice a = 5 — dg, for 0 < §p < 1.
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Finally we verify [(f) > 0. We begin by calculating

d+2

I(f) = A7-2d+5
(d+2)(d+ 1)7“?“7“175

4(d + 3)r2d+6(pd+l — pd+l)

+ (d + 1)(d + 5)rH (r — e (B(r))

S

(dr2d+2 F(d+ )ttt (g4 2>2r§d+2>

ps

<—2(d i 3)(7,d+1 _ Td—&-l)(rd—i-l _ Tf+1)a/(h(r))

— (d+ 1> 2" (h(r))).
Establishing positivity of the above expression is equivalent to showing
p(r) +ni(r) + na(r) + n3(r) >0
where,
p(r) = r(dr*®™™? 4 (d + 3)r&Trdtt — (d 4 2)%r272)

(h(r)? — a?)?

ny(r) = —rper@H(d + 1) (2r?t — (d + 3)rdth) :

a
d+1)%(d+5 4h(r)(h(r)? — a?
1) = L DES) 8000 —
B g (d+1)3  p2dt2 a? — 3h(r)?
na(r) = rpsrs” R e a—

The dominant term is p(r), and we shall show

(4.21) %p(r) +n4(r) > 0,
(1.2) Sp(r) + ma(r) 20,
(4.23) ép(r) + ng(r) > 0.

In all three cases we use that r > r,,, and for the first two inequalities, that |h(r)* — o?|

is maximized when h(r) = 0.
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Proof of (4.21):

1 1
gp(fr) +ny(r) > gr’ps(drm+2 (d 4 3)rdtipdtl — (d + 2)2p24+2)

—(d+ l)rpsrg“(%d“ — r‘fl(d +3))

1
= 37ps (erd“ (5d + 3)rdtrdtt 4 (2d” + 8d + 5)r§d+2)

1 a1 Dd+3 4 2 2d+2
—37“p3<d (r 54 e —|—4d(d+ 1)%(8d — 9)r?

This last quantity is easily seen to be positive for d > 1. For the case d =1,

S0 +m(r) 2

c,olr—~ wl»—t

r(r* + dr¥r? — 9rd) — 2\/57"?(27“2 — 47?)
(3\/_7‘ — 13ri(r — \/_7‘5) + 20\/_7’ (r — \/_rs) + 2472 (r — \/57“3)3—1—
5V2r,(r — V2r) + (r — \/§rs)5)

> %(3@“? — 13ri(r — V2r,) + 20V2r3(r — ﬁ”)z)

where we have done a Taylor expansion about the photon sphere, v/2rs, to the right hand

side of the first inequality. The above quadratic has no real roots thus proving the result

for d = 1.

Proof of (4.22):

(4.24)

2

1 1
SP() + ma(r) Z5rpe(dr 4 (d+ Britet — (d 4 2) 2 -

4rpsr® (d + 1)%(d + 5)
a? d+3

Tdﬂh(r)

1

=57ps (ol(rd+1 =g B(d A Dt = ) = (d 4 1)

2

8ritt (d+1)*(d+5) 411
- 713 r h(r)).
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Setting « = h(r), or equivalently, r¢t! — pdtl = Ltlpdler we have that for 0 < z < a,

the right hand side (4.24) becomes

1 nr o ld oy 3 4 (d+5)d+1) 8d+5_
- = d+1)2 | e B i A o i P Ll .
q(x) = grperd A+ 1) | e 4 et o2 d+3 ¢ T a2d+3”

Note that ¢(0) = rps7a’ (d;l) @+2) " thus it suffices to show that ¢/(z) > 0 for z € [0, al.

Calculating this quantity for a = 5, we find

—e®(3 + de”) — 4 (j 1 ? (2 + (d+1)e"(1+ f>>]

1
/(@) = S 12 ]
1 2d+2 2 1 x x 6 2z
> —rpers o (d 4 1) 3¢ (3+de”) — 2¢° 4+ (d+1)e

2

e
o

2 I 25
i 1 o T e -~ x )
5SS (d+1) _ 20 e+ 55 >0

where the inequality follows from using jig < % ford > 1 and 1+ x < e”. By continuity,

the inequality also holds for a = 5 — §y for some 9y > 0, thus completing the proof.
Proof of (4.23):
(4.25)

1 1
ép(r) +nz(r) > ol {erd“ (d + 3)rdTpdtl — (d 4 2)%r2d2) 1

24 d+1 d 1 3 2d+2
T (1= 200 e
« d-+3 o2 rdtl — pdtl

1
= érps |:d(7,d+1 d+1) + 3(d—|— 1) d+1( d+1 T;Hl) (d+ )2 2d+2+

24r&tt (d+1)3 3 d+1  d+1 d+1 20t
Lo ( —@hm)((r ) o +—_)}

1
> o' (d(rdJrl rT2 4 3(d + et (r — ) — (d 4 1)2r202

247’?“ (d+ 1)3 3 2 d+1 d+1 d+1 1447’3(”2 (d+ 1)2 2
+ i (1——h(r)>((r+ —rs+)+2rs+)— " 53 h(r)? |,
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where in the last inequality we have used that

24rTt (d +1)3 (1 B i(h( ))2> p2dt2 S _721“‘?rl (d+ 1)3( (r))? p2dt2
o2 d+3 o? pdtl — pdtl = ot d+3 pd+l — pdt+l
144 5, ,(d+1)?
> 2d+2 hir))2
— O[4 Ts d _|_ 3 ( (T)) ?

as 1rd — is minimized at the photon sphere.

T ot
We proceed as above and use the change variables x = h(r), where x € [0, . Then

the last line of (4.25) can be re-written as

s(x) =

TpsT242(d + 1)? {giezx N <3 N 12 (d + 1)2)695 36 (d+ 1)2x2€m

6 4 2 " a? d+3 at d+3
(4.26)
44d+2 ,  (48d+1
- — — = :
at d+3 a?d+3
Then s(O)zW(d—I—Z—F%) > 0 and a calculation of §'(x) gives
Lo adre 2[4 o 3 12(d+1)%\ .
S/(Q?) = ETPSTS + (d+ 1) 56 + 5 + @ d—|— 3 e
288d+2  36(d+1)?
il Ml Sl AP 9
atd+3" ot d+3 " (z+2)
1 d 3 12(d+1)?
> = 2d+2 d+1 22 2z e -~ x
> 7wl (d+1) 5¢ + 2+a2 713 e

288d+2 . 36(d+1)?
00T e DT 59
oz4d—|—3e ot d+3 e*(5+2)

1 oo J/d 252(d+1)2\
= — 1 - X
67“p87"8 (d+1) 5" o2 d+3 e

. (; L 12(0%(d 41 —24(d+2))) el,}

2 ot d+3

It is rather straight forward to verify the coefficients of the exponential terms are positive
for d > 1 and a = 5. Again by continuity, the positivity remains for « = 5 — d, for some
dp > 0.

Case 4: 7 € [ry, )

The calculations in this case are quite simple. The smoothing function is constant, and

37



d+2 d+2
rdt? — pat Ardtl 8q

_ ps
f(r) = d+2 ICEEES and
£(r) (d+2)rdt*  ABardt' (d+2) (d+2)rpr™! (d+3 Sad+2
r) = — = - — :
rd+3 15 rd+3 rd+3 2 15d+3

f is easily seen to be positive, and as was described in Case 3, a was precisely chosen so

that f' > 0. Finally,

2
1) = ) = 22D (@20 (4 3y (4 o)

where the quadratic term in parenthesis has one root 5 € (rs,7,s); thus I(f) is indeed
positive.

In the cases above, we have shown that the multiplier with f(r) defined in (4.5)
satisfies the criteria we imposed. It can also be readily verified that the coefficients of
the (0,¢)?, |¥¢|? and ¢* terms are respectively bounded below by c,(r), ¢, (r) and co(r).
Thus to show Theorem 1.1, we require bounding the (9;¢)? term in the localized energy
norm, the time boundary terms and the forcing term. These are proved in section 4.0.2,

section 4.0.3, and section 4.0.4, respectively.

4.0.2. (0;¢)? term:. Here we define an alternate one tensor, P,[¢, X], to obtain (9,¢)?

terms in the divergence. We set
Pl X] = c(r)0u6 — 5 (ucc(r))7.
whose divergence is
(4.27) VP, [, X] = ci(r)0°¢0ad + ci(1)dV  Outp — %V“(@act(r))gbz.

Analogous to the case in controlling the spatial derivatives and lower order terms, we

integrate (4.27) over the space time block [0, 7] x (r,, 00) x S4*2 and apply the divergence
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theorem. This gives

/ /Sd+2 /T>TS( ::) ) ¢ (r)(0,0)*r® 2 drdwdt =
/Sd+2 /Drs ( ZE) : c(r) 90 T

0

Aa@u/;Jé”“W%” (( TiD(@@?ﬂvw%>Mﬂ
bt (4 (1 2) )

Using that ¢;(r) is bounded, the first term on the right can be controlled by E[¢](t) via

r 2 drdw +

(4.28)

Cauchy Schwarz and a Hardy inequality which we describe in the next section. Moreover,
ci(r) < ¢.(r), c,(r) by construction, so that we may apply the bounds of the radial and
angular derivative terms in the previous section to the second expression. In calculating

the coefficient of the lower order term, we find

(4.29) #GT( ( ;Zi)ar(ct(r))):

s (4 D) 4 (@4 207 = 70) + 5 (1= B )

1

c(r) = e A(r) =~ =

Given that as r — 7y, (r=rs)(1-log(*52)) and as r — 00, ' e
17 ~ 1 /! ~ 1

“ (r) - (T—’/‘s)Q(l—log(r;m ))5 Gt <T) ~ pd+s

d+1

we may conclude that W%ar (7“‘”2 (1 — :im) ar(ct(r))) < ¢o(r) thus controlling the

lower order term.

4.0.3. A Hardy Inequality and Time Boundary Terms: In this section we control
the time boundary terms of equations (4.4) and (4.28) by the energy quantity. The

bound on the first time boundary term of (4.4) follows quite readily by exploiting the
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boundedness of f(r) and via an application of the Cauchy-Schwarz inequality. Indeed,

/ / f(r)0,00,¢r T 2drdw <

Sd+2r>rg
/ / [( Tii) 1(8tcz5)2+ (1 - Tzi)( 9,9) ] r*2drdw < E[g)(t).

Sd+2 r>rg

To control the second time-boundary term, we again apply Cauchy-Schwarz so that

(4.30)
a2 d+2 ret! a2
/ / opd+2 0, @0, (r ™ f (1)) or®drdw S / / at¢ < d+1) drdw
Sd+2 r>rg Sd+2 r>rg
d+2 ’ rett o d+2
+/ / (mﬁ( f(r))) (1 d+1) O r T drdw.
Sd+2 r>rs

The first term on the right of (4.30) is trivially bounded by E|[¢](t). For the second term

we claim

(4.31)

2
/7“>r < d+28 ( d+2f(r>>> <1 rjil) ¢2 d+2d7" S /r>7” ( TZ:1> (87«¢)27’d+2d7’

and point out that the coefficient of ¢? in the left integrand is

1 1
O ((log(rd+1—rd+1))4(rd+1—rd+1)) asr — rg and O (7"2) as r — oo.

It will be convenient to revert to the (d + 2)-dimensional Regge-Wheeler coordinates,

(4.32)

r*(r) = [’ (1 — p;i) dp. Of particular relevance is that as r — rg, 7* &~ log(r — ry),

Tps

while as 7 — oo, 7* & r. Then the theorem will follow via the Hardy-type inequality

OO r’ 7"?“ o 2 d+2 OO Td“ 2, .d+2
(4.33) /T (1+|r*])4(1_rd+1) o°r drg/r < Tdﬂ)(@@)r dr,
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and verifying the left hand side of (4.33) is bounded below by the left hand side of (4.31)
at the event horizon and at infinity, (since it is bounded elsewhere). This last fact is an
immediate consequence of (4.32).
We now set out to prove (4.33), or equivalently
(4.34) /OO Lgb%d”dr* < /00 (0= )29+ 2dr*.

oo (LA [r]) VAN
We follow the proof of estimate (52) in [17].

2 —rd+2 and t(—o0) = 0. That is, set

Proof (4.34): Define t(r*) such that ¢'(r*) = T

(4.35) t(r*) = /_ ' %r(p)d”dp.

Observe that the coefficient of the left integrand of (4.34) is exactly ¢'(r*). Thus we

calculate
/t’(r*)¢2rd+2dr* = —2/t(r*)¢&«*¢rd+2dr*
t(r*)Q 2 d+2 7 % V2 1(oR\ 22 d42 7 % V2
<2 m(@,ﬂb) r¢Tidr t'(r*)o” r*dr
r

= 2( / SRl |T*D4t(r*)2(8r*¢)2Td+2d7"*)1/2< / £(r*)¢? rd+2dr*>l/2.

r2

Dividing through by the term ([ ¢ (r*)¢? r¢t2dr*)'/? gives

(4.36) ( / t'(r*)¢? Td+2dr*)1/2 < 2< / (Sl Vs |r*’>4t(r*)2(6T*¢)2rd+2dr*)1/2.

2
Moreover, as r* — —o0, t(r*) ~ ﬁ, and as r* — oo, t(r*) ~ ﬁ so that in both cases

(1+7|4+‘)4t(r*)2 < r4+2. Thus,

00 2 oe)
| s [ @eorear

proving (4.34) as desired.
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Finally, we show the boundary terms in (4.28) are bounded above by E[¢](t). Another

application of Cauchy Schwarz yields

pd+1 -1
(457) /d 2/ < rd+1) (1) pOypr® P drdw <
Sd+ r>Ts

pd+1\ 71 pd+1
/ / ( ;H) (0,0)2r* 2 drdu + / & (r d+1> e dnde,
Sdt2 Jr>rg r Sit2 Jr>rg r

where the first term on the right is clearly bounded by E[¢](t) and the integrand of the

second satisfies (4.32). We can then use (4.33) and the energy inequality to complete the

proof.

4.0.4. Inhomogeneous term. Recall that the energy inequality gives

(4.38) E[¢)(t) < E[#](0) + /0 /S » /> 0,00;¢r 2 drdwdt.

Moreover, in combining the results of the previous three sections, we find

439) Ilells, < 12O~ 2O+ [ [ [ (Imselixe+ et
4 (% <1 _ d—H) =25 (F(r)r d+2>> ¢y) P2 st

We thus require showing the integrals on the right of (4.38) and (4.39) are controlled
by the dual localized energy norm. Combining the two integrals and applying Cauchy

Schwarz yields the upper bound

1, 1 _1
(4.40) / ZHC}}FH%zdt—i-/ el X6+ eu(r)o + crdhd

t>0 t>0

1 7‘?“ —(d+2) d+2 2
toll—ra)r O (f(r)r7) ||| 12dL.

42



The second term is then controlled by

pd+142
(4.41) e / O /S B / ) it (1 25) 0:0) + 7' eid? + 7' (010)?
t> r>rs

1 rd+i ?
+ ¢t ( . (1 — r;l)@r(rd”f(r))) P*r 2 drdwdt.

r s\ 2
Observe that cp'c? = ,«3d+9(r—r(s)(r1_1)og(r—rs))6 < co(r). Moreover, (W% <1 - :gi)@r(rd“f(r)))

satisfies (4.32) so that
. 2
o < : (1 e )@(rd“f(r))) < ¢o(r). Finally, the weighted factor c¢p(r) was con-

Cr \ gpar2 FdF1

1 < ¢, cy, ¢, thus we may bootstrap the second term in to

veniently chosen to satisty cj
the localized energy norm by choosing e sufficiently small.

This now completes the proof of Theorem 1.1.
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CHAPTER 5

Logarithmic Loss at the Photon Sphere

In this section we show the improved estimate, Theorem 1.2, whereby the second
degree polynomial loss at the photon sphere is replaced by a logarithmic loss. The proof
of the theorem follows almost directly from the corresponding theorem in [34], ie. the
(3 + 1)-dimensional case.

To prove the theorem we localize near the photon sphere and define the smooth cutoff
function x,s(r) supported in a neighbourhood of r = r,,. We strengthen the LEj norm

and weaken the dual norm LE], and define the LE and LE* spaces such that

(5.1) 16llZe = 181115, + |1Xps?ll L,

(5.2) 101[e- = N10llLg; + |1Xps®llLEs, -

Postponing the definition of the LE), and LE} spaces, the estimate we then wish to

prove is

Theorem 5.1. Let ¢ satisfy the inhomogeneous wave equation Oy = F on the (d +4)-

dimensional hyperspherical Schwarzschild manifold. Then for d > 1, we have

(5.3 sup B[6)(t) + 1613 < El6)(0) +[|Flf -

However, given the results of Chapter 4, it suffices to show

Theorem 5.2. Let ¢ and F be functions supported in a neighbourhood of r,s such that
040 = F. Then for d > 1,

(5:4) 0I5, < [1F12s,,-



In the analysis to follow we will determine the inequalities

-1
ollzE,. 2 [l[In|r*||~ Viadl| 22

(5.5)
1FlLe;, S [ fr|| e,
where r* refers to the Regge-Wheeler coordinate defined in Chapter 2. Consequently,

pending the proof of Theorem 5.2, we deduce the desired result:

Corollary 5.3. Let ¢ satisfy the inhomogeneous wave equation Oy,¢ = F on the (d+4)-
dimensional Schwarzschild manifold. Then for d > 1, the conclusion of Theorem 1.2

holds.

We begin by setting up the necessary background to establish (5.5) so that Corolloary
5.3 is indeed validated.

It is convenient to convert to Regge-Wheeler coordinates where the photon sphere
is now translated to r* = 0. Observe that the spherically symmetric nature of the
trapped set, and the fact that losses are only an issue in the high frequency limit makes
it favourable to appeal to pseudo-differential operators and to decompose Agit2 into
spherical harmonics. With this we introduce some notation that will be used below.
Let X be the eigenvalue associated to the A-th harmonic in the expansion of v/—Agd+2,
and I, the projection of the operator v/—Agd+2 on the A-th eigenspace. Due to spherical
symmetry, our desired pseudo-differential operator, A, is independent of w € S%2 so that
we may fix A and consider estimates on each A\-th harmonic. Specifically, to the symbol

aps(r*, €, N), we fix A\ and denote the corresponding one dimensional weyl operator as

a,(N), where a,(\)(f) = [ [a (552, & X) €€ f(y)dydE,. We can then write

ps

Ay = Z A (ML,
A

and by Plancherel’s theorem, determine the estimates in question on individual projec-

tions.
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To construct the desired symbol, we begin with defining the smooth increasing func-

tions v, 71, such that

Y% : R — RT, 7 i RT — R,

1, y<l1, VU, Yy <1/2,
Y(y) = N(y) =

Yy, y=2 1, y>1

and the smooth function v : R? — R, satisfying

.

1, z< C
'Y(y,z) - 70(y>7 Yy<v 2/272 > Cv
(Ven?/z), y=/z/2,22C

where C' is a fixed large constant. We then define the symbol a,,

aps (17, &, N) = y(— In(r*? + A72¢2),In \)

(
1, In\ < C

;

1, 2 4 NT22 > et
—In(r*2 + X\72¢%), eV o2 g A2 <2 InA>C

Vin )\, P2 4 AT2E2 < e~ VInA

(
with reciprocal a;sl = 1/ay,. Denote the corresponding Weyl operator, A, = 3, ay. (M1,
and approximate inverse A-l = 37 (a; 1) (M), With this definition we record a few
boundedness properties of the symbols and operators as they are frequently used in the
analysis below.

Observe that for A sufficiently small, In A < C' so that a,s = a;sl =1 and for A large, the

following inequalities hold

(5.6) 1 < aps(r*, 6, 0) < aps(r,0,2) < (In \)Y/2

(5.7) (In /\)_1/2 < a;sl(r*,(), A) < a;sl(r*,f, A) <1
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Moreover, a calculation of the derivatives of the symbols leads to the bounds

05 0¢ 0 apu (1, € V)| < Capu AT 4 NP eI T

(5.8) »

02000 an 1 (1 € W] < g d P ap (€ W) (P 4 AT 4 VIR

where a+8+v > 0, and we have used the fact that y? > z = r*24 X262 < e=VIRA_ Tt fol-
lows from the equations in (5.8) that for A fixed, |8"i8ﬂ8”a(r*, EN)| < Cu o (J€]Y0-UBHID,

A similar estimate holds for a, ! and we can then conclude both a,, a o les? 0, for & > 0.

It follows that

(5.9) I, () (g "(N) = T]]ze € A e

ps

With this setup, we define the LE,, norm

(5.10) 16l1L6,. = A5 Ollay, ~ 1AL Vit 22
with respective dual norm

(5.11) F||LEz, = [[ApsF'l| 12

From the bounds in (5.6) and (5.7), we respectively have, |[a;. (A F[|z2 S [|aps(r*, 0, A) F|| 2
and |[(a,)"(N)ollr2 2 |lags (r*,0, A)¢|| 2. Moreoever, combining these with the defini-

tions of a,(r*,0,\) and a;sl(r*, 0, ), we can deduce the bounds

(5.12) llapa (N Fllz2 Sllaps(r*, 0, ) Fllz2 < [l In

(5.13) [1(ap )" N éllz2 Zllayd (7,0, M) llz 2 [l ||| 2.

These imply (5.5) and we are now ready to prove Theorem 5.2.

Proof of Theorem 5.2:
We begin by setting u = r%& g = <1 - i—i) 7“3 F and by re-writing the d’Alembertian
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in terms of r*, which we denote by Ogy. This yields

d+2 TdJrl u
(5.14) d+1 g\ —zz ) = Urwu
T ro2

where Opy = —0F + 0% + 5 <1 — d+1> Aga+2 +V (1), and V (r) is the potential given by,

rd+l d+2 1 [d rd+l gl . dtl
Vir) = (1_7ﬂd+1) ( 9 )Td+3 {5 (1_Td+1)r +rg(d+1)

We then have that u solves Ogyu = g.

It will also be convenient to simplify the energy expressions. In a compact neighbour-

hood of r* = 0, observe that

(5.15) Bl ~ [ [@0) + (007 + |9 ofdrde
and the initial localized energy norms, LE,, LE] can be expressed as

60, = [ [ [0 + 5200 + 190 +

||F||%E5z///r*_QFerdwdt.

Moroever, for ¢ and F supported in a neighbourhood of r* = 0,

(5.16)

0l LE,, = ullLE,, and [|F||ze;, =~ [|9lrEs,
so that instead of (5.4) we may prove the bound
(5.17) lullis,. < |9llie;,-

The approach taken by [34] and [54] is to do a Fourier transform in time and to decompose
the solution u in to spherical harmonics. That is, let Y{ be an orthonormal basis for the

space {Y)\|Agar2Yy = —A?Yy}, and let u = D oni uy; Yy, where uy;(7,7) € R. Then we
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have

(518) Z T2U)\,1'Y)f + 83*10,\,2-3/} + V(T)U)\,iy)f - —QU)\,Z‘Y)? = Z g)\’iY;.
Mg At

r

We restrict the analysis to each harmonic, A and each component ¢, and by an abuse of

notation, set uy,;, = u and g,; = g. This yields

(5.19) Zu+ Vi, (ru=g

where V3 . (r*) = 72 — T% (1 — :Zi) A2+ V.

By Plancherel’s theorem and (5.19), estimate (5.17) will follow from showing
(5.20) [10r-ullz2 + (I7] + [AD I (aps )" (Nullz2 S Hags (Mgl 2.

The analysis is broken down in to four cases depending on the relative sizes of |A| and

|7]. For the first three, it will suffice to prove

(5.21) 1|6,u

|2 4 (I + [ADIull2 < Mgl e

Indeed, this estimate has no loss at the photon sphere and hence is stronger than (5.4).
We proceed case by case. In what follows, we let the support of u and wu,« be contained
in the interval [r_,r,]

Case 1: \,7 < 1.

In this case note that |V} -(r*)| < 1, thus we wish to show

(5.22) 10u

|2+ [[ullr2 < (lgllze-
Define the positive definite energy functional

(5.23) Eu)(r*) = (0p-u)? +u?
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and observe that

O Elu](r) S |0r-ullg — Varul + |Op-u]
(5.24)
< Elul(r) + ¢°

where in the last bound we have used that V) -(r*)| < 1. This gives
T4 9
(5.25) Bl() = [ Ear+ gl

so that by Gronwall’s Inequality, E'/2 < ||g||;2, and hence (5.22) follows.

Case 2: AL T.

Here we wish to show ||u||zz+|7||[0mul|r2 < ||g]|z2. We define the positive definite energy

functional
(5.26) Elul(r*) = (GT*u)Q + V,\,T(T*)uQ,
and as above calculate the derivative to obtain

O+ E[u)(r*) < 10-ugl + 10+ Var (r*)u’|
S E[u(r) + ¢°
where we have used that V) ,(r*) ~ 9,~ V3 ,(r*) = 7% and hence 9, V) . (r*)u® < Efu](r*).

An application of Gronwall’s Inequality gives the desired bound for A < 7.
Case 3: T <\

In this case, we consider the Dirichlet boundary value problem

Pu+ Vi (ru=yg
(5.27)

Upon multiplying equation (5.27) by u and integrating by parts we obtain

Ty e i
—/ (ar*u)zdr*+/ V)\J(T*)UQC[?”*:/ gudr®.
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Observe that in this case Vi, ~ —A? so that an application of Cauchy Schwarz to the
right side yields the desired result.

Case 4: N~1> 1.

We prove (5.20) as (5.21) is no longer true. That is, we wish to show
(5.28) [10r-ul |2 + All(ap ) (Mullz2 < [lapa(N)gllzz,

which will follow through a series of reductions. The nature of the trapped rays arise in
high frequencies so that in is this case, we consider A and || large. The goal will be to
control the second term on the left in the above inequality, as ||0,.u||z2 does not exhibit a
loss near the photon sphere. In fact, we have already shown in the previous section that
it satisfies the desired bound. However, it will be advantageous to retain this term in
proving (5.28) as it will be used to control Al|(a,.)”(AN)ul|z> for ] > X. When [£] < A,
the second term dominates and we need to show Al|(a,)*(Nulz2 < [lag(N)gl| 2.

In the first reduction we re-characterize (5.19). First note that in this case we may

~ d
consider V' a small perturbation and thus write Vj ; ~ Vy, =72 — % (1 — :311))\2 with

1 d+1
+ —Tps

derivative % (TdTT) A2 Tt immediately follows that ‘7477(7“1,3) =0, and f//\':T('rps) > 0.
Thus for a smooth function W (r*) with nondegenerate minimum at r* = 0, and for

le] < 1 we may write (5.19) as
(5.29) OZu+ (W(r*) + e)\)u = g.

Then we claim:

Theorem 5.4. Let W be a smooth function satisfying W(0) = W’(0) = 0, W”(0) > 0

and let |e|] < 1. Suppose w and g are supported near r* = 0 and satisfy
(5.30) (0% + (W (r*) + ))u(r*) = g.

Then (5.28) holds. i.e. ||Opu

|22+ All(ap )" (Mullz2 S [lagi (Mgl ze-
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We would like to replace the norm |[|ay,(X)g||z2 with [[ay(r*,0,\)g||z2 as this would
allow us to avoid weyl calculus analysis. However recall from (5.12), the latter norm
is larger, and in fact Theorem 5.4 is no longer true. Instead, we claim that we can
decompose ¢ into two functions, one of which will allow us to use the low frequency norm

l|aps(r*,0, X)g||r2. Specifically we have,

Lemma 5.5. For each function g € L? supported near the photon sphere, there exists

functions g, and go supported near the photon sphere such that g = g, + A\"202%.g> and
(5:31)  laps(r", 0, Ngullpz + |72 + "800 |2 4+ X720y 00|12 S [ (Mgl 12

The proof will be presented following the proof of Proposition 5.8. With the Lemma

at hand, it will then suffice to show

(5.32) ||0mu

|12+ All(ays (V) ul|2 S
[laps (7 0, M) ga|z2 + || + e A g, ]| 2 + A72|0- ga | 2.
We continue to reduce the problem further. Let g; and g, be described as above, and

define

u = )\7292 + ﬂ,

with derivative

Opett = N"20,. g5 + O, 1.

By (5.32) we require showing

IA"20rgall12 + AN (ape (M) gll2 + |0,

|22 + All(aps (\) "2

S Hlaps (7,0, Ngallzz + [1Ir> + e go| |12 + A0, o |2

The bounds in (5.13) imply A||A~2(a; (X)) ?gal|z2 S MIA 2022 S [|[r2+e= YA Y3g, || 12,

so that Lemma 5.5 gives the desired bound for go. We thus need to show the appropriate

bounds for [|0,+a|z2 and A[(a,,(X))“@||r2. First note that if u satisfies (5.30), then @
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solves
(5.33) 2+ NWHeu=g where g= g1 — (W +€)ga.

For @ then, we claim that

Lemma 5.6. For each \™' < o < 1 and each function @ with compact support,
(5:34) Mg ) Nallze S (o + W+ e)) ™10l |1 + [ (o + W + e)) 4o
Furthermore, for the g term described in (5.33) we claim that
(5.35) [+ (W el ™ Darllor + |+ [W 4+ e D)W +€)gol[1 S llapa(Mgll 2.
Indeed, observe that
IO W e W+ gal 11 < Ml e gl 12

where we have used ||(A™L + [W +¢| V4 (W + €)|r*2 + ¢~V 71/8|| 1. < oo for a compact
region about 7* = 0. Applying Lemma 5.5 then gives equation (5.35) for g,. For g; we

will show

Lemma 5.7. For g, g1 defined above, the following weighted L* bound holds for g,
(5.36) AT+ W+ e ™ gl S Haps (7,0, X)g] |2

In this case, using (5.12), the right side of equation (5.36) is bounded above by
|ay,(r*,0,A)g1||z2, and again, appealing to Lemma 5.5, equation (5.35) follows. The
proof of above two lemmas follows the proof of Lemma 5.5 at the end of the section.
Summarizing the above reductions, we find that in proving (5.20) it will suffice to show

the following proposition:
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Proposition 5.8. Given functions u, g supported in a neighbourhood of r* = 0, and

le| < 1 satisfying
(5.37) (D2 + (W +e)u=g,

there exists \™' < o < 1 such that

(5.38)
(o + W + )70l | oo + All(0 + W + ) ul oo ST+ [W + ) 4g] |10

The first term on the left gives the L? bound for u,, in (5.20). Indeed,

(5.30) / g2 < (0 4 [W 4+ el) 40,0l B / (lo+ W + ) 2dr",

where over a compactly supported region, (o+|W +¢|) is integrable. We thus concentrate

on the remainder of (5.20) and proceed with the proof of Proposition 5.8.

Proof of Proposition 5.8:

We are in the midst of proving Case 4 of (5.17), so that A ~ 7 > 1. We consider three
subcases depending on the size of e. The method of proof follows in the spirit of Cases 1-
3, where we consider an energy functional, determine bounds on its derivative and apply
Gronwall’s inequality. Using that W has a non-degenerate minimum at r* = 0, in what

follows we write |W + €| & |r*? + ¢|. We define the energy functional
1
5.40 Elu(r9)] = 2(W + )Y2u> + (W + ) Y22 + W (W + € _3/2uur*,
( 2+

determined by doing a WKB analysis on (5.30). This will be slightly modified in each of
the cases below.

Case (i): e > \71:

Here we choose o = ¢ and show:

(5.41) e+ )Y 4| 4 (e 4+ r*2) V4 0u| < ||(e + 772 VAg|| 1.
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We define the energy as in (5.40) and claim that E is in fact positive. Indeed,

(W2 W+ 7202).

=]

1
(5.42) §WT*(W+€) 32000, > —@(W—i—e) 1/2 ul —

For 6 > 0 chosen appropriately, ie. > ;11, the first term on the right can be absorbed in
to the second summand of the energy functional, (5.40). For the second term, choosing

= 1 we assert that JW2|W + ¢]>/2u® < X2W + €|'/?u? or equivalently,

(5.43) W+ ¢l

Since W ~ 12 = |W,,| =~ |[W|"/? it is sufficient to show
(5.44) (W] < N|W + €,

however this follows trivially since € > A~!. Thus the second term of (5.42) can also be
bootstrapped in to (5.40) and validates positivity.

A computation of the derivative of Efu(r*)] yields

d
dr*

1
(545) [U(T*>] = §uur* (Wr*r* (W + 6)73/2 - ;WE*(W + 6)5/2) +

1
(W +¢) Mg (2(W + ) VU, + 5 (W + 6)5/4WT*U).

Using the bound |W,«,«| < 1, the first and second cross terms respectively satisfy

1
—Ulys Wisers (W + €) —3/2 <

: (W+e)_3/2()\2(W+6)1/2 24 (WHe)” 1/2uf*)

>/I'— > =

(W + )2 Eu(r)],

WE(W + )" Puu,. S Wl (N2 (W + )2 4 a2 (W 4 €)7H?)

S AW + )2
(W + &) Eu(r)).

>/I>—‘
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Furthermore, the second term of (5.45) is bounded above by
0V )70 (200 4+ 7+ 51+ 2 4|l
S 4 e gl (I 7+ O 4+ AW+
<IW + VB lg,

~ |[W|"? and A\7HW + ¢/7' < 1. Combining these gives

where we have used that |W,.

the estimate

d

4
(5.46) dr*

Efu(r)] S AW +e) 2B+ EY2(W +¢) 74 g].

We apply this to -% (E'/?) to give

d CEY? _ _
\%(EW)\ < — (Wt SPE+ EVA(W 4 €)1 g])
C .. . -

=5 (W BV 4 (W 4 ) ig]).

It follows that B2 < £ ([ A"HW + €)"*2EY2dr* + [(W + €)~"/4gdr*), so that we may

apply Gronwall’s inequality to obtain

(5.47) EYV2 < ||(W + ) Y4g|| 11 exp (/ g)\l(W + 6)3/2d8> .

This establishes (5.41) as [ SA™!(W + €)73/2ds < oo on a compact region.
Case (i1): |e] S A1

Here we choose 0 = A™!, thus o + |[W + €| & A™! + r*2. Then we show:
(5.48) AT+ )Y ul 4+ (2 O] S NI )T g

The analysis is divided in to two subcases: (a) |r*| > A~Y2 and (b) |r*| < A7V2.
Case (ii)(a): |r*] > A~Y2. We consider the energy functional (5.40) but note that E
is now positive for W > A7, A proof of this is analogous to Case (i) with W now

dominating A~! as opposed to € > \7L.
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We again compute the derivative of E, show the bound akin to (5.46), apply Gron-
wall’s Inequality and hence obtain (5.48) for |r*| > A\~1/2,
Case (ii) (b): |r*] < A~Y/2. Using this relation, showing (5.48) reduces to establishing

(5.49) Al + A ] S 1IN g1

In the given region, (9% + A2(W + €))u = g is a small perturbation of (0%, + \)u = g.

Via the multiplier method, we can then derive the energy functional
Elu(r)] = A2 [uf® + X [u,.?,

whose derivative is given by

d

(5.50) ph

Elu(r*)] = 2% utty, + 23" ?tpng — 2 (W + €)u,.

Since we are in a region where both [W|, |¢] < AL, equation (5.50) satisfies

d
dr*

E[U(?‘*)]’ S NP ] + A gl S 2Jul? + M) + X2 Jurg)

S AEu(r)] + V2N g).

As above E'/2 < % (f MPZ2E[u(r)|YV2dr + [ AV4g dr*) so that by Gronwall’s Inequality

*

T C
B S I gl oo ([, Saas).
-\ 2

This completes the proof of Case (ii)(b).

Case (ii1): —e > \71.

Let o = |e[Y3A72/3. We must show the pointwise bound

(5:51) (W + e + e[ PAT2E) ] + (W + e + [ 2A7%) 740,

SNAW + el + [e2A72%) Vg .
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The analysis is divided in to three regions:

(a) W +¢>> A 3|e|s

(b) W + ¢ S A~F|ef3

(¢) ' 1" ] = {W 4+ e < —CA 3es},

We remark that the technique to prove the first two cases closely resembles Cases (i) and
(7i) whereas Case (iii)(c) uses a slightly different approach.

Beginning with Case (iii)(a), we define the energy functional from (5.40)
1
(5.52) Elu(r®)] = X2(W 4+ )2 + (W + )22 + §WT(W + €) 73,

and claim it is positive definite, ie. (5.44) is satisfied. Indeed,

(W] < W +€l” (W + €| 7%+ |e]|[W + €] 7?)

W+ P31 723 4 e N2 e ™) < MW + €,

where in the second inequality we applied the region of consideration and in the last

inequality, we used —e > A~!. Applying (5.46) and Gronwall’s inequality then gives

*

(5.53) EYV2 < ||(W + €)~Y4g|| 1 exp (/ %Al(W + 6)3/%) :

Since W + € > A72/3|¢|Y/3, (5.51) immediately follows.

Next we prove the estimate for Case (iii) (b), a symmetric region about the zeroes of
W +e. Asin Case (i) (b), since |[W + €| < A72/3|¢|'/3, (5.37) is a small perturbation of
(02, + A\3|€e|'3)u = g. We can therefore define a corresponding energy functional to the

latter and obtain

Efu(r)] = XA Y0)u? + (A2l V0w,
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We proceed via arguments similar to Case (i) (b):

d

S Elul(r) < A3 el iy | + 2l gAY 2|
r

W+ €| \T/3|¢| /6

5 )\5/3|6|1/6|Uur*| + 2|U7~*g )\1/3|5|—1/6

where we have used |W + ¢| < A72/3|¢|'/3. Then

d
dr*

E[u](r*) 5 )\2/3|€|1/6E+)\1/6|€|_1/12E1/2g.

Applying Gronwall’s inequality, and noting that fIW+e\<C/\—2/3|e|1/3 A3e|V6dr* < oo for
an arbitrary constant C, gives the desired bound.

Finally we consider Case (iii) (c). Let w = |W +¢| + |e|"/*A=%/% and consider the bounds

for |u| and |0,«u| separately. For |u|, we require showing

Nl S llw™gll7.

Multiplying equation (5.37) by —Au and integrating by parts yields

/ !
!

T4 L r
(5.54) / (N Opu? + N3 |W + €||u]?) dr* = / —Xugdr” + Xutiy.|

where the positivity of the second term on the left follows since W + ¢ < 0. Note that

the integral on the right satisfies the bound

(5.55)

"
/ Aug dr* < )\||w1/4u||Loo(rr’rl+)/

/

,,,I

+
w™ M gldrt S Mlw ™z eyl lw™ gl L1 0 ),

and that the boundary terms fall in to the region considered in Case (i) (b). Thus we

have,
Tﬁr 2 3 2
(5.56) / (AByauf2 + N|W + el [uf2)dr| <
)‘le/4u|’Loo(r’,m;)HwilMg"Ll(r’_,rg_) + Hwil/4gH%1(r’7,rjr)'
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To complete the proof for |u| it remains to show

T+
22wy 2. 5/ Gt + N + elluf2)dr

We proceed via the Fundamental Theorem of Calculus and write

(5.57)

*

A2 |w/ A = N2 / Opu (W PuP)dr| = N2

/ (%wlﬂ&*wu2 + 2w1/2uur*) dr*

Using that 0w = |Wp| < AW 4 ¢€|*/? and w2 < |W + ¢|71/2, for the first term on the

right of (5.57) we have

*

"1
/ (Ew_l/Q&*w)uzdr*

/

<

~

)\2

* *

/)\Q\W—i—e]_l/z()\\W+e!3/2)]u\2dr*:/ MW + e [ul*dr,

while the second integral satisfies the following bound

*

/ 2w 2, dr*

/

* *

§A3/ w\u!er*—i-)\/ |y |2dr*

. r’

)\2

*

T T+
5/ )\3]W+6||u]2dr*+/\/ |y |2 dr*.

/ /

where we have used that |e|'/3A=%3 < |W + ¢|. Combining the above two inequalities
gives

* *

(5.58) 2w 2 5/ )\3\W+6Hu\2dr*+/ N Opu|dr*.

r_

We thus have

—-1/4 —1/4

NNt Zull T oy S Ml ull ooy o™ gl + [lw™ g7

Tt
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2
We use the fact that a? < ab + > < da? + # +b? = a? < b? to obtain the desired

bound on |u|
(5.59) At Hul < flw™ g1
Finally we show the pointwise bound on .,

(5.60) o™ e[ e S [lw™ gl 1.

Define the energy functional

W+ e| = uu,

3 1
561 Bl(rt) = ~XW 4 22 4 W+ e 2 (0)? - S0
where Efu] + 2X2|W + ¢|'/?u? = E[u] and

1
Elu] = W + ¢|"2u® + |[W + |20 + W,

5 W+ e| 7 uu,-,

similar to the energy defined in (5.40). Note the negative coefficient of u? prevents F
from being positive definite; however, this will not affect obtaining the desired bound for

u,~. As in the previous cases, we calculate the derivative of E|u],

d - 1 3
(5:62) —Blul(r*) = Sutee (W + €/ Wyere + SWEW +¢75/%)—

1
W+ €| (g — N2|W + e|u) (|W + €]~ e + §\W + €| AW, ew),

using -+« — A2|W +¢|lu = g, and the analysis of Case (i) we obtain the derivative bound

d
dr*

(5.63) Elu](r*)| < )\71|W+€|73/2E+E1/2|W—|—6‘71/4g,

We point out that the energy used on the right hand side is that defined in (5.40) to

attain positivity. Integrating out the above equation and adding 2\2|W 4+ ¢|'/2u? to both
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sides yields
(5.64) Elu](r*) < /)\1|W + e|’3/2Edr* + /E1/2|W + 6‘fl/ﬁlgdr* +2NW + e|1/2u2.

We apply Gronwall’s Inequality to the first two terms and use that on the region under

consideration |W + ¢| & w on the third so that

(5.65) Eu](r*) S Nl ul [ 4oy + ™ gl

()"

This gives the desired estimate bound [|w™*u,||re < |lw™4g|11(r i)
With the exception of proving the technical lemmas involved in the reduction, this
completes the proof of Proposition 5.8 and hence demonstrates the logarithmic loss at

T = Tps.

Proof of Lemma 5.5: Recall that

.
1, Inh<C

. 1’ T’*2 + )\7252 > 671

aps(r agv )‘) = —

—In(r? £ A7), eV <A <o A C

Vo, P2 4 \7262 < emVinA

\ \

s0 that a,s(r*, £, \) & a,s(r*,0, \) if
(566) ln(r*Q + e*\/lni)\> ~ 1n<7,*2 + eim + )\7252).

In particular, (5.66) includes the case where A\=2¢2 < (r*2 4 ¢~ VIPM)1/8 We character-

ize this set as the region D = {ln(A_Zfz) <itln(r?+e” 1“’\)}. Define a smooth cut

1, z € (—o0,—1]
off function, y(x) = and a smooth characteristic function of D,

0, z€]0,00)
Xp(r*, & A) = x(In(A2€2) — $In(r*? + e=VInX)). Upon computing 9202 xp we find that
|8§8E*XD(T*,€)| < Cop(1+ [€])7*8 50 that for 6 > 0, xp € 5?75.
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Define the symbol

q(r*, 57 /\) = /\25_2(1 - XD>

and the components of g,

g1 = (1+A"D}q")g
(5.67)
92 :=q"g,

where D,» = 20,.. It follows immediately that g = g1 + A"?0%gs. As constructed, g

and gy are not necessarily supported near the photon sphere, r* = 0. We can define new

functions,

g1 = x1(r") g1

G2 = x1(") g2,

where x; is a smooth compactly supported cutoff function, identically equal to 1 on the
support of g. As will be evident below, lemma 5.5 still holds in this case. We thus
omit the latter construction and define g; and go as in (5.67). The analysis is divided
in showing the estimate for g; and g, separately. Beginning with g,, we are required to

show
(5.68) 172 + e300 12+ A7 |00 gl 22 S Ilal (M) gl 2.

However, using that (a,,')"()) is an approximate inverse for a,()), we can equivalently

let g = (a;1)¥(N\)f, and show

ps

(5:69) (17 + e MY (@) ) fllie + A0 (6% () (N Pz S 1112

ps ps

Consider the first term on the left hand side of (5.69). In calculating the operator
product (r*2 4 7V 18qw(a 1)*(X) it is sufficient to consider the principal symbol
since the remainder lies in the smoother space OPS| ;“. We show that the product of

the symbols is bounded as this would enable us to use L? — L? estimates. Note that a;sl
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is bounded by (5.7). For ¢(r*,&, \), if || = A than both 2—; and (1 — xp) are bounded.
For |¢] < X note that the support of ¢ corresponds to the region where xp # 1, or

equivalently, % > e~ ! so that ¢ < (r*2 + ef\/ln)\>71/8. It then follows that

1672 e g ) () e S N

For the second term, by Plancherel we consider [A\"2£qa™!| = %H —xplla™|. TEX S [¢]
all three terms of the product are trivially bounded. For A 2 [£|, we use that on the
support of xp, % > g% This then establishes (5.69).

Next we show the desired bound for g; in lemma 5.5,

[laps (%, 0, Mgl > < Tlags(A)gl] -

Again, as in the case of g we show an equivalent bound:
[laps (1™, 0, A)(1 + A72D7q") (apg ) (M) fllz2 S 111z

We have already shown that for & > 0, aps(r*,0,)), (a,;)"(\) are in S7,;. Moreoever
(1+A72D?%q") € S7; so that the product of the three lies in Sfé. As above, it suffices

to show that the principal symbol of the product, namely,

Y(—Inr*2In \)
Y(—=1In(r*2 4+ A72€2),In \)

(5.70) aps(r, 0, A)XDa;;(r*,g, A) = XD

is bounded. However, on the support of xp, (5.66) holds from which it easily follows that
(5.70) is bounded. This completes the proof of lemma 5.5.

Proof of Lemma 5.6: We must show for every o satisfying A™! < o < 1 and compactly

supported @, estimate (5.34) holds. Recall that we are assuming W (0) = W’(0) = 0 and
W”(0) > 0 so that for r* in a neighbourhood of the origin, W > 0. Thus if e + ¢ > 0,
o+ |W +¢€| =~ o+ |e] + W. This allows us to replace the pair (¢,0) with (0,0 + |e]). We

can then assume that either ¢ = 0 or ¢ < —o as the ¢ = 0 case implies € + 0 > 0. The
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proof is divided in to three cases.

Case 1: |e|, o < e”VI"*, Divide @ in to an almost orthogonal dyadic decomposition in
the spatial 7* variable. That is, we divide the interval (—1,1) and consider u on the
regions |r*| < sg and |r*| > s, for s¢ specified below. Specifically,

1
~ ~ E ~ —sVIn A
u:u<50+ Us, So=¢€ 2 " )

so<s<1

where u; is supported on the annulus I, and |I5| ~ s. For each ug, we fix r* in a;sl. The

pseudo-differential operator reduces to a Fourier multiplier and we can write

a2y ()il =~ [Jap (s, D, A1

ps

(5.71)
(a5 ) (N ticso| |22 2 [lag, (0, Dy Aty | 2

ps

We first consider the region s > sq, so that a ) &~ —(In(r** + XA72¢%))~". When A7%¢* <
s?, we have a,)! < Inls|™'. On the other hand, for A™26? > s*, we have that a,; < 1.

This gives

(5.72) Aa,) (5,6,0) S A Ins| ™t +s70¢], 6> 0.

It follows from (5.71) and Plancherel that

(5.73) Ml(apd )" (Vitsllze < Tns| ™ Al |z + 571040 | 2.

We next show that the right hand side of (5.73) is bounded above by the right hand side

of (5.34). In applying Cauchy Schwarz to each term, we respectively obtain,
(5.74)

1/2 1/2
( Idslgdr*> S (o + (W + e) V40| o (/ (o + |W+e|)—1/2dr*)
I 1.

1/2

1/2
( |8r*u~5]2dr*> < sl/QH(a +|W + 6‘)71/4(9,”*'LZSHL00 (/ s o+ |W + e])l/er*)
Is

Is
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Note that in the case under consideration, |e|, o < e™V"* and s > sg, thus o + |W +¢| ~
W. In particular, on the support of i, o + |W + €| &~ s?. Substituting this in to the

above integrals and using that |I;| = s gives

(5.75)
M@y Viillze S (s M0 + W+ €) V41| oe + 500 + [V + ¢]) /40,

’L"O?

where we have replaced u, with u on the right hand side. The almost L? orthogonal
nature of the functions (a,.')"(\)i, gives
2

SA > ey (Nl 2.
L

so<s<1

(5.76) M| D2 (a) (Vs

so<s<1

Indeed, in calculating the kernel of (agsl)w the cross terms exhibit rapid decay and can
therefore be bootstrapped in to the square terms as desired. We apply this to (5.75)
and note that both terms on the right are in fact summable. For the first term, letting
s~ 277 = |(In]s|)"!| &~ j~2 we have convergence as a p series, whereas in the second

—i21— . . . . . . .
term s ~ [2797|'7° so that convergence is established via a geometric series. This gives

the desired estimate

(5.77)  Allap)*NVllze S Mo+ W + )/ al | + [|(o + [W + e)) 7 0,a

| oo

To complete the proof for this case, we consider the region where |r*| < so. An analysis

identical to the one above yields the bound
(5.78) () (N aicsollz2 S [ sol ™ Allaicso |22 + 567|022+
In applying Cauchy-Schwarz as in (5.74) we obtain the bound

(5.79) / (o +|W +¢))"V2dr* <In )\,
|r*|<so
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so that we pick up the weaker estimate

(5.80)
() (N aicsol Iz S Al + W+ €)1 + 57| (0 + [W + )"0,

| oo

Despite losing the logarithmic weight the desired bound is obtained and hence completes
the proof of Case 1.
Case 2: € =0, 0 > e~ V" As before, we decompose u as

i=tlcs+ Y U s0=1/0.

so<s<1
The proof is analogous to Case I for r* > s5. For r* < sy, the integral on the left of
(5.79) is now integrable making the analysis easier.
Case 3: € < —e*m, o < —e. Again we decompose u,

U = Ucsg + E Us, So = V —€,

sp<s<1
and follow the analysis done in the previous cases for |r*| > so. As in Case 1, there is a
singularity in the weight (o + |W + €|)™%/2 in the region |r*| < so. However, here note
that (5.78) satisfies

(5.81)/ (0+]W+e|)_1/2dr*§/
‘7"*|<50

|T* ‘<So

W+ €|_1/2d7‘* < / 2|6|_1/2dr* < 1.

|T*‘<So

This completes the proof of Lemma 5.6.

Proof of lemma (5.7): We wish to show

(5.82) [T+ (W e gl S Hlaps(r*, 0, ) gl 2
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with g1, g defined above. Applying Cauchy-Schwarz to the left hand side, and denoting
I to be the support of g;, it would suffice to show

(5.83) / A 4 12 4 )22, 0, \)dr* < oo
I

Let G(e,r*) denote the integrand of (5.83) and consider the cases ¢ > 0 and € < 0,
separately. For ¢ > 0, we let

L= {r| <A1

I ={\2< || < e Vinny

Iy ={In{e VA < |r*|}}.
Then,

/ Gle,r*)dr* < / (ATH A < AV2RATV?) S 1

I I

Sdrt S 1, since aps = VIn A for Ir*| < em ViR,

1 1
; L P (Vi
1 1
G(E,T*>d7“* s/ dr*
/13 ]m{e—m<|r*|<e—1} |7"*2|1/2 (ln T*)z

+/ Gle,r")dr* S 1+ |11 <1
In{e~1<|r*[}

/ G(e,r*)dr* <

In|r*, {e VIR* < |r*| < 72}
where in this last case we have used that a,s(r*,0,\) ~

L {7t <|r}
and that G is bounded away from r* = 0.

For the case when € < 0, let
I, =|r* < |e|'/?

I =1n{|eV? < |r*]}
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Then,

1
G(e,r*)dr” ,S/ ——dr* < / le| 7 2dr* < 1,
/11 n (=24t | <[e[1/2
1
G(e,r™)dr” 5/ dr* +/ G(e,r*)dr”
/12 In{ve<irs<e-1} (IN77)2(r*2 — e 4 A71)1/2 In{e~1<|r*|}

1
5/ ————dr* +|I| <1
Je<lrt|<e—t (Inr*)2r

where again as above, we have used a,s(r*,0,\) ~ In|r*| in the first integral, and that
G(e,r*) is bounded in the second.

This completes the proof of Lemma (5.7) and hence the proof of Proposition (5.8).
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