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ABSTRACT

We prove in this thesis that the Schwarzschild family of black holes are linearly stable
as solutions to the Einstein vacuum equations as expressed in a generalised wave gauge:
all sufficiently regular solutions to the system of equations that result from linearising
the Einstein vacuum equations, as expressed in a generalised wave gauge, about a fixed
Schwarzschild solution remain uniformly bounded on the Schwarzschild exterior region
and in fact decay to a member of the linearised Kerr family. The dispersion is at an inverse
polynomial rate and therefore in principle sufficient for future nonlinear applications. The
result thus fits into the wider goal of establishing the full nonlinear stability of the exterior
Kerr family as solutions to the Einstein vacuum equations by employing a generalised

wave gauge.
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INTRODUCTION

The celebrated Kerr family!® of spacetimes, discovered in 1963, comprise a 2-parameter

family of solutions to the Einstein vacuum equations of general relativity,
Riclg] = 0. (1.1)

They putatively describe isolated gravitating systems that contain a rotating black hole
— a region of spacetime which cannot communicate with distant observers. The two

parameters thus determine the mass and angular momentum of the black hole.

The physical reality of such objects, as opposed to being mere mathematical fiction,
requires at the very least a positive resolution to the conjectured stability of their exterior!

regions as solutions to the Einstein vacuum equations:

Conjecture. The sub-extremal® Kerr exterior family is stable as a family of solutions to
(1.1).

A precise mathematical formulation of this conjecture can be found in® where it is
posed in the context of general relativity as a hyperbolic Cauchy initial value problem,
a correspondence first identified in the pioneering!'!! of Choquet-Bruhat. Observe in
particular that it is the exterior Kerr family itself which is posited to be stable, as opposed
to a single member of this family, for it is expected that a general perturbation contributes

both mass and angular momentum to the final state of the black hole.

!The region of spacetime that lies outside the black hole. For the interior region, the situation is
drastically different — see the recent *9!.

2Kerr solutions for which the absolute value of the angular momentum parameter is smaller than the
mass parameter. Kerr solutions for which the two parameters are equal are known as extremal Kerr
black holes and stability is not expected in this case — see!®!.



This conjecture remains open. Indeed, to even attempt to give a positive resolution one
must first address the issue of gauge. For in the theory of general relativity one can
only distinguish between spacetimes up to an equivalence class that is determined by
diffeomorphisms. In fact, the Einstein vacuum equations as formulated in (1.1) impose
an underdetermined system on the spacetime metric g, with this degenerancy arising
from the diffeomorphism invariance of the theory. It follows that any attempt to resolve

the conjecture must necesarily specify a gauge.

In regards to questions pertaining to the issue of stability, particular success has been
achieved via the specification of a wave gauge in which g and its first order derivatives
are constrained in such a way as to reduce the equation (1.1) to a a quasilinear wave
equation on ¢, thereby making the hyperbolicity of the Einstein equations manifest.

11 to demonstrate

Indeed, such a gauge was originally employed by Choquet-Bruhat in
local well-posedness of the Einstein equations. That this gauge could in fact be utilised to
understand the global dynamics of solutions to the Einstein equations was exhibited by

%l in which they established the nonlinear

Lindblad and Rodnianski in their pioneering!
stability of the Minkowski space as the trivial (Riemann-flat) solution to the equation
that results from expressing (1.1) in a wave gauge. This gave an alternative proof of the
fact that Minkowski space is stable as a solution to (1.1), a result which was originally
established in the monumental work!¥ of Christodoulou and Klainerman by imposing
a so-called maximal-null gauge. The novelty of this approach due to Lindblad and
Rodnianski however, is not only that the proof is dramatically simpler (although one
has the caveat of obtaining less detailed asymptotics on the spacetimes constructed) but
moreover that it succeeds despite the fact that the Einstein equations as expressed in a
wave gauge do not verify the so-called!'® null condition®. We note that various authors
have since extended this result of Lindblad and Rodnianski by either allowing for matter

models in (1.1) (seel®l, 171 18] 1161 1191y o different asymptotics (seel®)). See also?’l and %,

Motivated by this success, it is the intention of this thesis to lend credence to the notion
that the specification of a generalised wave gauge (14,1'2) will be sufficient to resolve
the above conjecture in the affirmative. The advantage of imposing a generalised wave
gauge is that it allows for cancellations in the lower order terms that arise in the equation
that results from expressing (1.1) in such a gauge as compared to that which results from
expressing (1.1) in a wave gauge. A more precise definition of the generalised wave gauge

can be found in section 2.1.1 of the overview of this thesis.

Indeed, in this thesis we shall establish the linear stability of the Schwarzschild exterior
subfamily of the Kerr exterior family with vanishing angular momentum parameter as

solutions to (1.1) under the imposition of a judicious generalised wave gauge:

3This is a sufficient (' and[*]) condition on the non-linearities present in a system of quasilinear
wave equations under which one has global existence of solutions for small data. It was long believed
until the work of Lindblad and Rodnianski that this was in fact also necessary.



Theorem. All sufficiently reqular solutions to the equations of linearised gravity around
Schwarzschild i.e. the equations that result from linearising the Finstein vacuum equations
(1.1), as expressed in a (particular and explicit) generalised wave gauge, about a fized

member of the Schwarzschild exterior family

i) are uniformly bounded and asymptotically flat on the Schwarzschild exterior

ii) decay to a member of the linearised Kerr family.

Note that the dynamic convergence to a member of the linearised Kerr family is to be
understood within the wider context of the stability of the Kerr exterior family. In terms
of resolving the conjectured stability of the Kerr family, the generalised wave gauge thus

passes the first test put to it by the (less elaborate) Schwarzschild exterior subfamily.

A more comprehensive version of the above theorem is to be found in section 2.4 of the
overview. However, already at this stage it is proper to discuss the issue surrounding
residual gauge freedom. This freedom arises from the fact that imposing the generalised
wave gauge on a spacetime does not fully specify the gauge. This is directly manifested
in the linear theory by the existence of a residual class of infinitesimal diffeomorphisms
on the Schwarzschild exterior spacetime which preserve the generalised wave gauge, thus
generating an explicit class of solutions to the equations of linearised gravity known as
pure gauge solutions. The existence of such solutions, along with the presence of the
linearised Kerr family, implies that one can only prove a decay statement for solutions
to the equations of linearised gravity up to the addition of some pure gauge solution and
some member of the linearised Kerr family. Indeed, even part i) of our theorem requires a
quantitative gauge-normalisation of initial data. However, this ‘initial-data-normalisation’
is in fact sufficient to obtain part i) of our theorem. In addition, we emphasise that part
i) should be considered as a boundedness statement at the level of certain natural energy

fluxes that does not lose derivatives.

The linear stability of the Schwarzschild exterior family was originally proven by Dafermos,
Holzegel and Rodnianski in["! via the imposition of a double null gauge. More specifically,
their analysis focused on the null decomposed linearised Bianchi equations for the Weyl
curvature, coupled to the linearised null structure equations. This approach is therefore in
keeping with that of Christodoulou and Klainerman in!*. In particular, the body of work
presented here complements that of Dafermos, Holzegel and Rodnianski in a similar vein
as to how the result?’! of Lindblad and Rodnianski complemented that of Christodoulou
and Klainerman. However, we highlight the fact that inl" decay is obtained only after
the addition of a dynamically determined residual pure gauge solution. We also note our
recent [’} where a version of the above theorem was obtained under the imposition of a
different generalised wave gauge than that considered in this thesis and for which the

asymptotic flatness criterion of part ¢) was absent.



The proof of the theorem stated above relies crucially on the fact that one can extract two
fully decoupled scalar wave equations from the equations of linearised gravity. That this
is possible is well-known in the literature and corresponds to the remarkable discovery by
Regge-Wheeler % and Zerilli®¥ that certain gauge-invariant quantities decouple from the
full system of linearised Einstein equations into the celebrated Regge-Wheeler and Zerilli
equations. Indeed, by combining this decoupling with a sagacious choice of generalised
wave gauge one can in fact ‘gauge-normalise’ initial data in such a way as to cause all
linearised metric quantities in this gauge to be fully determined by those two quantities
that satisfy the Regge-Wheeler and Zerilli equations respectively. This has the effect
of essentially reducing the above theorem to a boundedness and decay statement for
solutions to said equations. Key to this of course is identifying the correct generalised
wave gauge and this identification is inspired by certain classical insights (1*?!) into
the linearised Einstein equations about Schwarzschild. We emphasize that making this
identification, and then developing the corresponding well-posedness theory for the

linearised Einstein equations around Schwarzschild in such a gauge, perhaps comprises

the key content of this thesis in regards to potential future nonlinear applications.

A decay statement for solutions to the Regge-Wheeler equation was established by
Holzegel in*"| with earlier results of ?”! due to Blue and Soffer, whereas a decay statement
for solutions to the Zerilli was obtained independently by the author!® and

301 We also note[®?. We shall in fact reprove these results in this

Hung-Keller-Wang in
thesis for reasons of completeness. We note that in doing so we rely heavily upon the
fundamental techniques developed by Dafermos-Rodnianski in*Y and®! by which one
establishes a quantitative rate of dispersion for solutions to the scalar wave equation on

the Schwarzschild exterior.

We now discuss other results that are related to the work contained within this thesis.
We first note that the recent remarkable result® of Hintz and Vasy whereby the global
nonlinear stability of the Kerr-De Sitter family* (¥ [*1]) of black holes was established,
for small rotation parameter, proceeded by employing a generalised wave gauge. This
was later extended by Hintz inl*?! to the Kerr-Newman-De Sitter family (8,41 [43]),
A particular feature of this problem however is the presence of a positive cosmological
constant which has the effect of making it fundamentally different in nature than one

which concerns the nonlinear stability of the Kerr family®.

Moreover, for a result towards establishing the linear stability of the exterior Schwarzschild
family which employs a so-called Chandrasekhar gauge, seel*”). Conversely, for a partial
result regarding the linear stability of the exterior Schwarzschild family in a wave gauge,
see 31 (see also our upcoming(™). Finally, for further references pertaining to the linearised

Einstein equations about the Schwarzschild exterior family, seel?®) 26l and[#4-158],

4These are a family of solutions to Ric[g] = Ag with A > 0.
5In particular, one expects the rate of dispersion to be exponentially fast.



We end the introduction with a brief discussion towards nonlinear applications and future
work. Indeed, in view of the fact that one must in effect linearise about the solution one
expects to approach, providing a positive resolution to the conjectured stability of the
Kerr exterior family by utilising a generalised wave gauge, even for the Schwarzschild
exterior subfamily, would require upgrading the linear theory established here to the full
subextremal Kerr exterior family. Nevertheless, in!!! Dafermos, Holzegel and Rodnianski
formulated a restricted nonlinear stability conjecture regarding the Schwarzschild exterior
family for which the improved rate of dispersion embodied in part ii) of our Theorem is in
principle sufficient, when coupled with the understanding gained by Lindblad—Rodnianski
inBl, to treat the nonlinearities present in the system of equations that results from
expressing (1.1) in a generalised wave gauge, thus paving the way for a resolution of this
conjecture by means of a generalised wave gauge. A precise formulation of the conjecture
can be found in section B of the Appendix. Remarkably, a proof of said conjecture in the
symmetry class of axially symmetric and polarised perturations has very recently been

announced by Klainerman and Szeftel over a series of three papers, the first of which can
be found in?.



THE LINEAR STABILITY OF THE
SCHWARZSCHILD SOLUTION TO
GRAVITATIONAL PERTURBATIONS IN THE
GENERALISED WAVE GAUGE: AN
OVERVIEW

We shall now give a complete overview of the thesis. The overview (and indeed the thesis)

is to be divided into five parts.

In the first part, section 2.1, we describe the process behind which one arrives at the
equations of linearised gravity around Schwarzschild. In addition, two special classes of
solutions to the equations of linearised gravity are discussed, namely the pure gauge and
linearised Kerr solutions.

In the second part, section 2.2, we discuss how, motivated by the existence of the special
solutions discussed in section 2.1, one extracts the two scalar wave equations described

by the Regge—Wheeler and Zerilli equations from the equations of linearised gravity.

In the third part, section 2.3, we discuss both the Cauchy problem for the equations of
linearised gravity and solutions to the equations of linearised gravity the Cauchy data of

which has been ‘gauge-normalised’.

In the fourth part, section 2.4, we give rough statements of the main two theorems of this
thesis, the first of which concerns a decay statement for solutions to the Regge—Wheeler

and Zerilli equations and the second of which concerns a decay statement for the



‘gauge-normalised’ solutions to the equations of linearised gravity discussed in second 2.3.
We note this latter statement comprises the quantitative statement of linear stability
of the Schwarzschild exterior family in the generalised wave gauge discussed in the

introduction.

In the fifth part, section 2.5, we make an aside to discuss the problem of the scalar
wave equation on the Schwarzschild exterior spacetime with the insights gained from this

problem motivating the proofs of the theorems of section 2.4.

Finally in the sixth part, section 2.5.5, we give an outline of the proofs of said theorems.

2.1 THE EQUATIONS OF LINEARISED GRAVITY AROUND SCHWARZSCHILD

We commence the overview with a discussion regarding the derivation of the equations of
interest in this thesis, namely the equations of linearised gravity around Schwarzschild.

Special classes of solutions to the latter are also discussed.

This section of the overview corresponds to Chapter 3 in the main body of the thesis.

2.1.1 THE EINSTEIN EQUATIONS IN A GENERALISED WAVE GAUGE

We begin by describing the notion of a generalised wave gauge for an abstract Lorentzian
manifold, giving then a description of the vacuum Einstein equations when expressed in

this gauge.

This section of the overview corresponds to section 3.1 in the main body of the thesis.

Let (M, g) and (M,g) be 3 + 1 globally hyperbolic Lorentzian manifolds with! f :
T*(M) — TH(M) a map.

[12]

Then following!' <) g is said to be in a generalised f-wave gauge with respect to g iff the

identity map
- (M.g) > (M.g)

is an f(g)-wave map. Denoting by C,5 the connection tensor? between g and g, this

amounts to

97" Cyg=flg) (2.1)

Here we recall the notation 7%(M) for the space of k-covariant tensor fields on M.
o 1 — Ot(s — —
Q(Cg,ﬁ)g'y = 5(9 1) (QV(397)5 - Vtsg/a»,)




where § is the (raising) musical isomorphism associated to g.

We note that if f(g) is sufficiently regular® then the condition (2.1) is equivalent to
solving a system of semilinear wave equations on M and thus under sufficient regularity
one can always find an open set U C M such that

i (v.g),) ~ (U],

is an f-wave map. The generalised wave gauge is thus locally well-posed if the map f is

defined appropriately. Moreover, if one sets
f=0, M =R! and g=n,

with 1 the Minkowski metric, then choosing a globally inertial system of coordinates on
R* one recovers the wave gauge employed so successfully by Lindblad and Rodnianski

inf,
If one assumes that g is a generalised f-wave gauge with respect to g then the Einstein
vacuum equations for the metric g,

Ric[g] = 0,

reduce to a quasilinear tensorial wave equation on g. A schematic description® is as

follows:

(g_l . V2>g + ng . ng + Riem - g = Lf(g)ag, (22)

9" Coz = flg). (2:3)

Here, Riem and V are the Riemann tensor and Levi-Civita connection of g respectively.

In particular, if the expression f(g) is sufficiently regular®, then under sufficient regularity
the system of equations given by (2.2) coupled with (2.3), which correspond to the
FEinstein vacuum equations as expressed in a generalised f-wave gauge with respect to
g, are always locally well-posed as a hyperbolic initial value problem with constrained®
initial data. The generalised wave gauge thus captures the essential hyperbolicity of the
Einstein equations. See the book!'? of Choquet-Bruhat for details.

In the introduction, we discussed the conjecture relating to the stability of the Kerr

exterior family and how one might seek to resolve it in the affirmative by utilising a

3For instance, if f(g) is at the same level of regularity as g.

4The wave-like nature of this system is a consequence of the Lorentzian character of g.
SFor instance, if f(g) is at the same level of regularity as g.

6The constraints arise as a consequence of the Gauss-Codazzi equations.



generalised wave gauge. Omne can now make this aim slightly more precise with the
statement that one wishes to establish an appropriate notion of stability for solutions
to (2.2) and (2.3) for which (M,g) is set to be any fixed member of the
subextremal exterior Kerr family. This strategy was employed successfully by
Hint-Vasy and Hintz in® and[*? respectively for the case of the Kerr-De Sitter and
Kerr-Newman—De Sitter family of black holes with small angular momentum parameter

(see alsol')).

In this thesis, we shall concern ourselves with the instance for which this member resides
within the Schwarzschild exterior subfamily. Of course, that still leaves the freedom in

specifying the map f!

For a non-schematic description of the Einstein vacuum equations as expressed in a

generalised wave gauge, see section 3.1.2.

2.1.2 THE EXTERIOR SCHWARZSCHILD SPACETIME

The Schwarzschild family (S , gM), with M € R*, constitute the unique family of spherically
symmetric solutions to the Einstein vacuum equations. A particularly relevant local
description of this family is motivated by the notion that the Einstein equations, as
expressed in a generalised wave gauge, are most naturally formulated in terms of a

7

Cauchy problem’. This suggests describing g, in a system of coordinates on S which

adequately captures the fact that one can foliate (S , gM) by Cauchy hypersurfaces. A
natural candidate which also describes the event horizon in a regular fashion are the

so-called Schwarzschild-star coordinates.

In this coordinate system the metric takes the form

2M AM 2M
gy = — <1 - ) dt*? + —— dt*dr + (1 + ) dr? 4 72(d6? + sin® 0 dp®)  (24)
T

T T

where the coordinates take values
(t*,7) € (—00,00) x (0,00),  (0,¢) € 5*
Restricting now the coordinate r to the range r € [2M, 00), with the null hypersurface

H = {(t",2M,0,9)|(t",0,9) € R x $?}

"In particular, note that the generalised wave gauge condition (2.1) is a condition on the first order
derivatives of the metric.



describing the so-called future event horizon, one thus has the Schwarzschild-star coordinate
system on the Schwarzschild exterior spacetime viewed now as a submanifold with boundary
(/\/l, gM) of (8 , gM>. Since moreover t* is now a globally regular function on M whose
gradient is everywhere time-like, it follows that the hypersurfaces of constant ¢*, which
we denote by X+, describe a foliation of (/\/l, gM) by Cauchy hypersurfaces. In addition,

observe that the causal vector field
T - 8t*

is manifestly Killing. The Schwarzschild exterior spacetime is thus static. Moreover, this

same vector field determines a global time orientation on (J\/l, gM).

A Penrose diagram of the spacetime (./\/l, gM) is given in Figure 1.

_’Z'-i-

S

Figure 2.1: A Penrose diagram of (./\/l,gM) depicting the Cauchy hypersurfaces ;= and 3.

In the main body of the thesis, we will actually use the above Schwarzschild-star coordinates
to define the Schwarzschild exterior spacetime, modulo the standard degeneration of the
coordinates on S?, without reference to the ambient spacetime (S , gM). See section 3.2.1

for details.

Moreover, the limit along future-directed outgoing null cones as constructed in the spacetime
(M, gM) will informally be referred to as future null infinity, depicted in Figure 1 as Z+.
See section 3.2.4.1 for details.
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2.1.3 THE EQUATIONS OF LINEARISED GRAVITY

The equations of interest in this thesis are those that result from linearising the Einstein
vacuum equations, as expressed in a generalised f-wave gauge defined with respect
to a fixed Schwarzschild exterior solution and a fixed map f, about the very same
Schwarzschild exterior solution. To that end, we now describe the linearisation process

and present, following!!, the so-called equations of linearised gravity.

This section of the overview corresponds to section 3.3 of the main body of the thesis.

One first identifies the abstract Lorentzian manifold (M, §) of section 2.1.1 with that of

a fired member of the Schwarzschild exterior family (/\/l, gM). Next we define the linear
map® f: 77, (M) = T (M) defined as in section 3.3.1 in the bulk of the thesis, noting

that f(ga) = 0°.

The schematic description of the Einstein vaccum equations as expressed in the generalised
f-wave gauge with respect to gy, the system (2.2) and (2.3), then translates to to the

following;:

(g‘l : Vﬁ4>g +Cggy - Cygy + Riemys - g = Lygrg, (2.5)

g_l ) Cg,gM = f(g>ﬁ' (2'6)

In particular, V;; is now the Levi-Civita connection of gp; with g assumed to be a
Lorentzian metric.

In order to formally linearise, we consider a smooth 1-parameter family of solutions g(€)
to the Einstein vacuum equations, defined on M, with g(0) = gp;. We will also demand

that each solution g(e) is in a generalised f-wave gauge with respect to gys.

Observing thus that since f(gys) = 0 then gy, is indeed a solution to the Einstein vacuum
equations as expressed in a generalised f-wave gauge with respect to gy, to linearise we

consider a formal power series expansion of g(¢) in terms of e:

g(e) = gu +e-g+o(e).

Here, ¢ is a symmetric 2-covariant tensor field on M denoting the linearised metric.

Thus, in keeping with!!, linearised quantities are denoted by a superscript (1). We also

8Here we denote by Z%(M) the space of k-covariant tensors on M with J2 (M) the space of
smooth, symmetric 2-covariant tensors. Note that restricting the domain of the map f (when compared
to section 2.1.1) will be natural in its application to the equations of linearised gravity in the sequel.

Tt would not be appropriate (and indeed unnecessary) to define the map f precisely at this point in

the overview.
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write
f(g(e) = - Df| (4)+o(e)

where D f ‘ Tzm(M) = T1(M) is a smooth linear map denoting the linearisation of
the map f ( ) at gys. In particular, as the map f defined in section 3.3.1 is already linear,
we have Df‘ =f.

gmMm

One then arrives at the linearised equations by inserting this formal power series expansion
into the system of equations defined by Einstein vacuum equations, as expressed in the
generalised f-wave gauge with respect to gy, and discarding those terms that appear to
higher than linear order in €. Proceeding in this manner leads to the following!? system

of equations:

Og — 2Riem - g = EugM, (2.7)

(1)

divg — = dtrg =f. (2.8)

Here, div and [J are the spacetime divergence and Laplacian of g, respectlvely, with d

the exterior derivative on M. Moreover, we have defined the 1-form f according to

The linearisation of the Einstein vacuum equations, as expressed in a generalised wave
gauge, around Schwarzschild thus comprise of the tensorial system of linear wave equations
(2.7) coupled with the divergence relation (2.8) on the Schwarzschild exterior spacetime.
We remark that these are nothing but the linearised Einstein equations in a generalised
Lorentz gauge. See the book of Wald[?2.

Now, although the system (2.7)-(2.8) appears fairly innocuous, the fact that it corresponds
to a tensorial system defined with respect to the Lorentzian metric g); means the ‘norm’
one would most readily use to measure the solution g (2.7)-(2.8) is non positive-definite.
The tensorial structure of (2.7)-(2.8) thus renders them a highly complicated system of
equations.

However, the structure of the system of equations (2.7)-(2.8) is made more transparent
by employing the so called 2+ 2 formalism. In utilising this 2+ 2 formalism, a formalism
which was first adopted in!*”), one exploits the fact that the topology of M has the product
structure @ x S? where Q is a 2-dimensional manifold with boundary. Informally, this
allows a decomposition of objects on M into their parts ‘tangent’ to Q and S?. In

particular, one can decompose tensor fields on M into what we term as Q-tensor fields

ONote we have dropped the subscript M notation.
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and S-tensor fields respectively (see section 3.2.2.1 in the bulk of the paper for a precise
definition).

Indeed, applying this decomposition to the linearised metric ¢ yields

o (ORI

9= 9.9 9

(1) @)

~ . . . . . . (1)
where g is a symmetric 2-covariant Q-tensor, ¢ is a symmetric 2-covariant S-tensor and ¢

isa Q® S 1-form. Conversely, the decomposition applied to the 1-form f on M returns

W O

f=17

@ m

where f is Q 1-form and f is an S 1-form.
Decomposed quantities in hand, the system of equations (2.7)-(2.8) for

(1)

9

will now reduce to a system of coupled wave equations for the tuple

(g,é‘%g)

Before we present a sample of the reduced equations however, it will behoove us to
(1) 1)

perform a further decomposition upon g and ¢ into a symmetric, traceless 2-covariant

O-tensor field and a symmetric, traceless 2-covariant S-tensor field respectively:

(1

@ 2 1~ @ 1) (/‘\) ]_ 1)
9=9+59m W49, ¢:g+§gM't/rg

with gy and ¢, the Lorentzian Q-metric and the Riemannian S-metric resulting from
applying the 2 4+ 2 decomposition to g, accordingly. In particular, the scalar functions

trg,, 3 and t/f% on M correspond to the respective traces of g and :é with gy and ¢ .

One thus reduces the system of equations (2.7)-(2.8) to the system of coupled tensorial

wave equations satisfied by the collection

I W oG W
(gatr!?Mg7§7gat/fg> .

Motivated by!!, we use the collective notation

y = (ﬁﬂtr§M§7g7§7%g>

to denote solutions to the equations of linearised gravity decomposed under this 2 + 2
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formalism. A sample of this system of gravitational perturbations is presented below —

see section 3.3.3 for the full presentation.

For the Q ® S 1-form ¢,

(1) )

Oy + 4&5‘)—*(1—) dr®s< p o+ divg + 5 SV />—77®9P_d7”y7®“wg

o) IS

+VR/ +Vof. (2.9)

(1)

For the symmetric, traceless 2-covariant S-tensor 7@,

R ( ®

D? - M - *Vpg - »g = »W@ +V&/. (2.10)

Finally, the S-component of the wave gauge condition

1
W (1)

—0¢ — WtrgMg + d;(vg + = /. (2.11)

Here, all geometric objects with a tilde above them relate to the Q-metric g, whereas all
geometric objects with a slashed through them relate to the S-metric ¢, . In particular,
—¢ is the divergence operator associated to gy, YRE is the trace-free part of the Lie
derivative of ¢ = with respect to the S-vector field  and we emphasize that O and A
are the wave operator and Laplacian associated to gy and ¢ " respectively. In addition,
= % is the mass aspect function, P is the vector field associated to the 1-form dr
under the musical isomorphism on (J\/l, gM), ®s denotes the symmetrised tensor product

and we use the notation
wy = w(X)

for w and X a 1-form and vector field on M respectively.

We can in addition use this 2 + 2 formalism to reveal a bit better how the map f of
section 3.3.1 in the bulk of the thesis is defined. Indeed, the map f is defined as the sum

o K o
of three constituent maps f, f and f the latter two of which we shall not explicitly state
in this overview (see sections 3.3.1.2 and 3.3.1.3 in the bulk of the thesis) but the former

of which is defined according to'*

F(X) = if(p + ixp — idr thX. (2.12)

Here, X, X and X are the projections of the smooth 2-covariant tensor X onto a

UNote this map first appeared in our recent [®.
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smooth 2-covariant O-tensor, a smooth Q ® S 1-form and a smooth 2-covariant S-tensor

respectively.

In particular, writing out the equations (2.9)-(2.11) more explicitly we have

~m o) 2~ o 1 o 2 W 2~ I = W i~ 2 (O]
O¢ + Ag — ;V@gp — ﬁ(l — g+ s dr®sgp = ;dr@sdfvg +VRf+VRf — - dr ®s/f,
(2.13)
N(/\\) (/‘\) 2/\/ (/l\) 4 (/\\) W
Of + &g — ~Vrg - ~Lg =&/ (2.14)
and
T 1 W by o
—0¢ — §Y7trgMg + divg = f (2.15)

(1) W

~ K o
where f and f are the @ 1-form and S 1-form associated to the 1-form (f + f)(g).

o

We thus see that the constituent part f of the map f that defines the generalised wave
gauge we imposed as part of our linearisation procedure in the above has the effect of
causing certain cancellations in the first order terms of the resulting equations of linearised
gravity when compared, for instance, to the linearised equations (2.9)-(2.11) with the map
f taken to be trivial. This will prove important later, as will the additional terms arising

H o
from the remaining constituent parts f and f of f.

We further emphasize that a considerable advantage of employing a generalised wave
gauge with respect to gy, i.e. with respect to the metric one is to linearise about, is
the absence of any explict first order derivatives of ¢ in the linearisation of the Einstein
vacuum equations as expressed in this gauge, the system of equations given by (2.7),
and the absence of any explicit zero’th order terms of ¢ in the linearisation of the
generalised wave gauge condition itself, the system of equations given by (2.8). For
instance, returning to the schematic description of the Einstein vacuum equations (2.5),
one sees that under linearisation'? the terms quadratic in the connection tensor vanish.
This would be patently false if one instead linearises the Einstein vacuum equations, as
expressed in wave coordinates, about the solution'® g5, unless M = 0, that is, one is
linearising about the trivial solution Minkowski space. Indeed, in this latter case the

linearised equations actually completely decouple — see the book of Wald %2,

12Since Cy,, g1 = 0.
13Since, in a system of wave coordinates on (./\/l,gM)7 Ty #0.
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As to the significance of the terms quadratic in the Christoffel symbols vanishing, see the
non-schematic description of the Einstein vacuum equations as expressed in a generalised

wave gauge presented in section 3.3.2.2.

Finally, see section 3.2.2.2 in the bulk of the paper for a precise definition of the various
operations and differential operations on (/\/l7 gM> that follow naturally from this 2 + 2

formalism and which shall appear frequently in the remainder of the overview.

2.1.4 SPECIAL SOLUTIONS TO THE EQUATIONS OF LINEARISED GRAVITY: PURE
GAUGE AND LINEARISED KERR

We end this first part of the overview by discussing two special classes of solutions to the

equations of linearised gravity, namely the pure gauge and linearised Kerr solutions.

This section of the overview corresponds to section 3.4 in the main body of the thesis.

The first such class of solutions arises from the fact that, on an abstract Lorentzian
manifold M, there exists a residual class of diffeomorphisms on M under which the

generalised wave gauge is preserved.

Indeed, suppose that the smooth, globally hyperbolic Lorentzian manifolds (M, g) and
(M,g) are solutions to the Einstein vacuum equations for which g is in a generalised
f-wave gauge with respect to g where f : T*(M) — T (M) is a (sufficiently regular)
map. Then there exists a non-trivial class of diffeomorphisms ¢ on M for which ¢*g is
in a generalised f-wave gauge with respect to g. In particular, ¢*g and g thus reside

within the same equivalence class of solutions to the Einstein vacuum equations.

This phenomenon is manifested in the linear theory by the existence of a 1-parameter
family of diffeomorphisms on M for which each of the 1-parameter family of Lorentzian
metrics given as the pullback of gy, under this 1-parameter family of diffeomorphisms
are in a generalised f-wave gauge with respect to gjs to first order. This yields, upon
linearisation, a family of solutions to the equations of linearised gravity corresponding to
residual gauge freedom in the non-linear theory. Following!!, we shall denote this special

class of pure gauge solutions by ¢ .

Indeed, let v be a smooth 1-form M satisfying

Lo = f(ﬁng)

Then the following

§=Logu (2.16)
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is a smooth solution to the equations of linearised gravity arising from the linearisation
of the 1-parameter family of Lorentzian metrics given as the pullback of gj; under the
1-parameter family of diffeomorphisms generated by v. That the above solve the equations

of linearised gravity can indeed by verified from equations (2.7) and (2.8).

The second such class of solutions arises from suitably expressing members of the

2-parameter Kerr exterior family in the generalised wave gauge identified in the previous
section and then linearising about the fixed Schwarzschild exterior solution gp;. This
yields an explicit 4-parameter'* family of solutions to the equations of linearised gravity
corresponding to the fact that gy, actually sits within a family of solutions to the Einstein

vacuum equations.

Indeed, consider the following 1-parameter family of Schwarzschild exterior metrics with

mass M + em as expressed in Schwarzschild-star coordinates on M:

2(M 4(M
( +Em)>dt*2+ ( +Em) d7'2+7"2§

oM
dt*dr+<1+<+€m)>
T T

T

(2.17)

where ¢ is the metric of the unit round sphere. Then in section 3.4.2 in the bulk of
the thesis we compute explicitly that each gp;i.m is in a generalised f-wave gauge with
respect to gps to first order in e. Linearising the thus yields the following 1-parameter

family of solutions to the equations of linearised gravity:

® 2m dm 2m
G = — At + — dt*dr + — dr®.
T T T

For the full linearised Kerr family, see section 3.4.2 in the bulk of the thesis. Following,
we shall denote this special class of linearised Kerr solutions by J¢,, where m € R
and a is a smooth function on S? supported only on the classical | = 1 spherical

15

harmonics Consequently, we note two key properties of this family — stationarity!'6

and being supported entirely on the [ = 0,1 spherical harmonics (see section 3.2.5 for a
precise definition). In addition, we stress that the reason for introducing the map J]% as
a constituent component of the map f of section 2.1.3 is to realise the Kerr family, as
expressed in the Schwarzschild-star coordinate system, as being in a generalised f-wave

gauge with respect to gy, at least to first order (cf. Remark 13 in the bulk of the thesis).

A consequence of the existence of these solutions is the expectation that, at best, a general

solution to the equations of linearised gravity decays to a member of the linearised Kerr

140ne indeed has a 4-parameter family of solutions since the Schwarzschild exterior background around
which ones linearises has no preferred axis of rotation — see Remark 12.

15The coefficients of the ¥;! modes thus yield 3 parameters.

16That is, L7g = ET](”U: 0 where T is the causal Killing field introduced in section 2.1.2.
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family, after the addition of some pure gauge solution.

2.2 PURE GAUGE AND LINEARISED KERR INVARIANT QUANTITIES: THE
REGGE-WHEELER AND ZERILLI EQUATIONS

In this second part of the overview we discuss how one extracts from the equations
of linearised gravity the two fully decoupled scalar wave equations described by the

Regge—Wheeler and Zerilli equations respectively.

This decoupling will prove key to unlocking the tensorial structure of the equations of

linearised gravity.

This section of the overview corresponds to Chapter 4 of the main body of the thesis.

Owing to the potential complications arising from the existence of the linearised Kerr
and pure gauge solutions of section 2.1.4, it is natural to consider those quantities which

vanish for all such solutions.

(1) (1)

Two such quantities are the smooth scalars ® and ¥ constructed from a smooth solution
< to the equations of linearised gravity as in Proposition 4.1 in the bulk of the thesis.
Remarkably, the linearised Einstein equations i.e. the system of equations that result
from linearising the Einstein vacuum equations (1.1) about (/\/l, gM) without imposing
any gauge, and therefore in particular the equations of linearised gravity, actually force
these two scalars to decouple from the full system of gravitational perturbations into the

Regge-Wheeler and Zerilli equations respectively:

~ O W M o
O¢ 4+ AP = —%—@, (2.18)
rer
~ W (1) 6 Mo 24 M ) 72 M M )
— (1] 2]

Here, ¢ Pl is the inverse of the elliptic operator r?A + 2 — % applied p-times — this is
well defined over the space of smooth functions on M supported on the [ > 2 spherical
harmonics (see section 3.2.5 in the bulk of the thesis for a precise definition of tensor
fields on M having support on the [ > 2 spherical harmonics). Subsequently, that v
(and indeed ((I;) are supported on the [ > 2 spherical harmonics is a consequence of the
fact they were constructed so as to vanish for all linearised Kerr solutions. To see that o

and ¥ do indeed decouple in such a manner, see Theorem 4.3 in the bulk of the thesis.

This remarkable decoupling was originally discovered by Regge-Wheeler **l and Zerilli 4

in the context of a full mode and spherical harmonic decomposition of the linearised
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Einstein equations although it took the later work of Moncrief in?® to clarify the

gauge-invariance of these quantities in that they vanish for all solutions to (1.1) of the
form L,gy where v is a smooth vector field on M. On the other hand the non-mode
decomposed version of these equations presented above is ultimately!” due to Chaverra,

Ortiz and Sarbach in#,

Whilst this decoupling is indeed remarkable given the algebraic complexity of the system
of gravitational perturbations in question (and indeed the full system of linearised Einstein
equations), the key point behind this decoupling at the level of an analysis of the equations
of linearised gravity is that the two equations (2.18) and (2.19) can be understood
using the techniques developed for studying the scalar wave equation [,,,9 = 0 on
M, techniques that shall be discussed in section 2.5 of the overview. Indeed, it is by
establishing a decay statement for solutions to the Regge-Wheeler and Zerilli equations
that we shall ultimately establish a decay statement for solutions to the equations of

linearised gravity.

Before we end this section of the overview we note the interesting result of Corollary 5.9
in the bulk of the thesis which states that a sufficiently regular solution to the equations
of linearised gravity for which both ® and U vanish is in fact the sum of a linearised Kerr
and pure gauge solution. We further remark that, as discovered by Chandrasekhar, there
exists a remarkable transformation theory mapping solutions of the Zerilli equation to
solutions of the Regge-Wheeler equation, although we will not make use of this in this

thesis. See®Y for details.

Lastly, we further note that the Regge—Wheeler equation appears and plays a major
role in the work of Dafermos, Holzegel and Rodnianski in[". It is remarkable that
the same equation appears in these two different contexts. Note that the linearised
Robinson-Trautman[%l solutions that appear in their work as solutions with vanishing
‘Regge-Wheeler quantities’ are related to the aforementioned transformation mapping
solutions of the Zerilli equation to the Regge—Wheeler equation, which has non-trivial

kernel consisting of the so-called algebraically special modes.

2.3 THE CAUCHY PROBLEM FOR THE EQUATIONS OF LINEARISED GRAVITY AND
GAUGE-NORMALISATION OF INITIAL DATA

In this third part of the overview we discuss a well-posedness result for the equations
of linearised gravity as a Cauchy problem, thereby initiating their formal analysis. In

addition, we discuss a class of solutions to the equations of linearised gravity the Cauchy

"Earlier works of!*9) and[*¥ established a covariant derivation of the Regge-Wheeler and Zerilli
equations. On the other hand, in®" a non-covariant, non-modal derivation was given, albeit via a
Hamiltonian formulation of the problem.
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data of which has been gauge-normalised via the addition of a pure gauge solution of

section 2.1.4.

This section of the overview corresponds to Chapter 5 in the main body of the thesis.

2.3.1 THE CAUCHY PROBLEM FOR THE EQUATIONS OF LINEARISED GRAVITY

We begin with a discussion towards establishing the well-posedness of the equations of

linearised gravity as a Cauchy problem.

This part of the overview corresponds to section 5.1 in the bulk of the thesis.

It is well known that the Einstein equations (1.1) must satisfy certain constraints which
arise as a consequence of the Gauss—Codazzi equations restricting the embedding of a
3-manifold as a hypersurface in a 4-manifold. These constraints are of course inherited by
the linearisation, although they can be understood purely within the context of the linear
theory. Moreover, in regards to the Cauchy problem for the equations of linearised gravity,
a further constraint is imposed by the generalised wave gauge condition (2.8). Therefore,
any well-posedness result for the equations of linearised gravity must neccesarily include a
procedure by which one generates admissible initial data. A definition of such admissible
initial data, along with the constraints it must satisfy, is to be found in section 5.1.1.1 in
the bulk of the thesis.

We confront this issue by introducing a notion of seed data for the equations of linearised
gravity. Indeed, it is from this freely prescribed seed data that we are able to generate,

uniquely, an admissible initial data set for the system of gravitational perturbations.

Fixing an initial Cauchy hypersurface 3, corresponding to a level set of the time function
t* introduced in section 2.1.2, this seed data consists of a collection of freely prescribed
quantities on X. We denote this collection of seed by &, with corresponding admissible

initial data denoted by .«7. An example of the seed quantities are

1) It

e the two smooth functions ® and ® on ¥ that are supported on the [ > 2 spherical

harmonics

See section 5.1.1.2 in the bulk of the paper for a full description of the seed data Z.

The procedure by which we extend this seed data to a full admissible initial data set
exploits the existence of three explicit classes of solutions to the equations of linearised
gravity. Two have been discussed already, namely the linearised Kerr and pure gauge
solutions. The third class, which are parametrised by two scalar quantities satisfying
the Regge-Wheeler and Zerilli equations respectively, are the class of solutions to the

equations of linearised gravity that are in the modified Regge-Wheeler gauge of section

20



2.3.1.1 of the overview. Consequently, by (appropriately) projecting these three classes
of solutions onto X one generates three explicit classes of solutions to the linearised
constraint equations and thus prescribing seed data in such a way as to generate said
solutions determines, by linearity, an admissible initial data set given as their sum.

&) o

For instance, the seed quantities ® and ® introduced above are to determine Cauchy
data for the gauge-invariant quantity ® of section 2.2 which satisfies the Regge-Wheeler
equation. This part of the seed data thus explicitly generates a solution to the linearised
constraint equations corresponding to the third class of explicit solutions. Moreover
since, once certain ‘gauge-considerations’ are taken into account, the freely prescribed
seed data contains four'® functional degrees of freedom, the full prescription of seed data
generates a class of solutions to the linearised constraint equations which agrees with the
full functional degrees of freedom one associates to the equations of linearised gravity by

a crude function counting arguement (see the book of Wald??)).

In order to evolve this admissible initial data into a full solution to the equations of
linearised gravity we appeal to the argument employed by Choquet-Bruhat in her

celebrated'). Indeed, it is now a classical’ result that solutions to the equation (2.7)
arising from Cauchy data that is admissible automatically satisfy the gauge condition
(2.8). Well-posedness of the equations of linearised gravity thus reduces to well-posedness
of the system (2.7) in light of our previous discussion regarding the construction of

admissible initial data.

Now, the well-posedess of the system (2.7) of course depends upon the regularity of the
map f introduced in section 2.1.3 of the overview. Recalling therefore that f had the
three constituent components f ,7‘{ and ;” we first observe from the definition of the map
f given explicitly at the end of section 2.1.3 that the expression f (9) is a local expression

in ¢ at the same level of regularity of g. The same in fact holds true?® for the expression

9}’@)) Conversely, the map f when applied to ¢ returns a non-local expression in the
gauge-invariant quantities @ and U associated to q (see section 3.3.1.3 and Proposition
4.1 in the bulk of the thesis). To construct a solutlon g to (2.7) we therefore first invoke
the fact that the corresponding quantities & and U associated to ¢ must then necessarily
satisfy, by the discussion in section 2.2 of the overview, the (decoupled) Regge Wheeler
and Zerilli equations (2.18) and (2.19). We thus construct the quantities ¢ and U by
virtue of the well-posedness of these respective equations (see Proposition 4.2 in the bulk
of the thesis) with Cauchy data in fact determined from the seed 2. One then constructs

the solution g to (2.7) by writing (2.7) as a system of inhomogeneous wave equations

(1) 1)
18Corresponding exactly to Cauchy data for the gauge-invariant quantities ® and W.

19Gee the book 12l of Choquet-Bruhat.

K
20 Although we note the application of the map f to ¢ returns an expression in the [ = 0,1 spherical
harmonic modes of ¢ (see section 3.2.5 in the bulk of the thesis for a precise definition). However, by the
spherical symmetry of (/\/l, gM), the [ = 0,1 modes propagate orthogonally to the rest under evolution.
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with inhomogeneities given by ® and U and with the first order terms arising from the

o K
expressions (f + f)(g) ‘absorbed’ into the left hand side of (2.7).

This leads to the well-posedness theorem of section 5.1.2 in the bulk of the paper, which

we summarise here as:

Theorem 0. The smooth seed data set 9 prescribed on ¥ gives rise to a unique, smooth

solution . to the equations of linearised gravity on M N DT (X).

The boundedness and decay statements we discuss in section 2.4.1 for solutions to the
equations of linearised gravity will require that the initial data from which they arise
satisfy in addition a notion of asymptotic flatness. Importantly, we are able to provide
such a notion on the freely prescribed seed data alone, which we then show propagates
under the above well-posedness theorem. See Proposition 5.3 in the bulk of the thesis.
Moreover, the precise definition of asymptotic flatness we require can be found in section
5.1.3 in the bulk of the thesis?!

2.3.1.1 GAUGE-NORMALISATION OF INITIAL DATA

We end this section of the overview by discussing a certain class of solutions to the
equations of linearised gravity the initial data of which has been gauge-normalised via
the addition of a pure gauge solution. It is these ‘gauge-normalised’ solutions that will

be subject to the decay statement discussed in section 2.4.2 in the overview.

This part of the overview corresponds to section 5.2 in the main body of the thesis.

The class of solutions under consideration are defined as follows. Indeed, given a constant
m € R and a smooth function a on S? lying in the span of the [ = 1 spherical harmonics
then we say that a smooth solution . to the equations of linearised gravity is in the
modified Regge-Wheeler gauge with parameters m and a iff the following conditions on
D+(2)22

i) ¢ — <r> +2dr ¥ =0

ii) - rW®ﬁ>1< B )

iii) —01 — Hma =10

2In fact, we actually impose a notion of compact support on the seed data 2 and one advantage of
our method of generating the admissible initial data set 7 from & is that this notion of compact support
is preserved.

2ZNote we define the modified Regge-Wheeler gauge differently in the bulk of the thesis but the
proceeding discussion will show that both definitions are equivalent.
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Here, the subscripts [ = 0,1 denote a projection onto the [ = 0,1 spherical harmonics
whereas the superscript  denotes a projection away from the [ = 0, 1 spherical harmonics,
each of which are to be made precise in section 5.2.1.1 in the bulk of the thesis, and we
recall that J7, ., is a member of the linearised Kerr family introduced in section 2.1.4.
In addition, ® and U are the gauge-invariant quantities of section 2.2 associated to the
solution ., dZ is the first order derivative operator defined in section 3.2.4.2 in the bulk

of the thesis and P} is the operator
D (q}, 612) = -Y§ — Y

where # is the Hodge dual associated to the S-metric ¢ - Finally, f}e is the unique Q
1-form associated to the Q® S 1-form ¢ under the Hodge decomposition of section 3.2.5.3
in the bulk of the thesis:

§=i(4.4,).

We denote such solutions by .7, ..

Indeed, it is smooth solutions to the equations of linearised gravity satisfying the above,
when supplemented with an appropriate asymptotic flatness condition, that will be
subject to our quantitative boundedness and decay statement to be discussed in section
2.4.2 of the overview. This will follow as a consequence of the quantitative boundedness
and decay bounds we are able to derive for the gauge-invariant quantities ® and U
satisfying the Regge—Wheeler and Zerilli equations respectively which shall in addition
be discussed in section 2.4.1 of the overview. For if a solution 3” m.a 1O the equations of
linearised gravity satisfies conditions i)-iii) then the projection solution 50” = 50/ ma— K

in fact must obey on DT (X) the relations

§ = Vod (rb) + 6udrég"dv, (2.20)
q=0, (2.21)
¢ =1 (617- (1) — 2dr . d" (rd) — 2dr &5), (2.22)
j= TVQ?ZDT({I;, <(I;>, (2.23)
thy = 45T + 1201 (1 — )¢, (2.24)

Here, ¢ "'is the operator introduced in section 2.2 of the overview.

Of course, the question remains as to whether there exist solutions that satisfy conditions
i)-iii) which moreover verify the required conditions on asymptotic regularity. That such
a gauge can indeed be realised is the content of Theorem 5.5 in the bulk of the thesis

which states that, given the solution . to the equations of linearised gravity arising
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from the seed data set & courtesy of T heorem 0, one can add to it a pure gauge solution
% for which the resulting solution Yma is in the modified Regge—Wheeler gauge, the
parameters of which are to be determined explicitly from the seed data &, part of which

contains

e a smooth function a on the horizon sphere H* N Y lying in the span of the [ = 1

spherical harmonics

e a constant m

The theorem further implies that if the seed data, which we now explicitly denote by
..., moreover satisfies an appropriate notion of asymptotic flatness then this property

is inherited by the pure gauge solution E?m,a and hence the solution .7, ,.

An important property of the pure gauge solution foﬁmﬁa that one can conclude from the
proof of Theorem 5.5 is that the initial data from which it arises is actually constructed
explicitly from the seed data of the solution .# alone. In particular, the addition of the
pure gauge solution ? to the solution . simply serves to ensure that the Cauchy data for
all quantities on the left hand side of the conditions i)-iii), associated now to the solution
k7% mas 18 trivial. Indeed, the equations of linearised gravity then force the conditions i)-iii)
to propagate under evolution by Theorem 0 — see section 5.2.3 in the bulk of the thesis
for details. We note that this in fact entirely analogous to the propagation of the gauge

condition (2.8) under evolution by (2.7) as discussed in section 2.3.1 of the overview.

Consequently, a modified Regge-Wheeler gauge is in fact realisable purely from seed data

Do alone and the solution .7, , is thus said to be initial-data-normalised.

We stress that the fact that one can ensure that conditions i)-iii) (and consequently
the relations (2.20)) hold simply by normalising the Cauchy data of the solution . is a
consequence of how we defined the map f that subsequently defined the generalised wave
gauge we imposed in order to define the equations of linearised gravity in section 2.1.3%.

The motivation behind choosing the map f therefore deserves further elaboration.

Indeed, the Regge-Wheeler gauge was originally a gauge discovered by Regge and Wheeler

3] of the linearised Einstein equations about Schwarzschild, i.e.

in their pioneering study
the linearisation of the equations (1.1) about (/\/l, gM). There they showed that given

a solution to the linearised equations then one can add to it a ‘pure gauge solution’ (cf.

23Tn particular, this statement does not hold true if one were to, for example, set f to be the trivial
map and then define the equations of linearised gravity as those that result from linearising the Einstein
vacuum equations (1.1), as expressed in a generalised 0-wave gauge with respect to gs, around (./\/l, gM).
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section 2.2) such that the resulting solution g satisfies

(=33
Il

6@&(7’&1‘) + 64 dr@ﬁ[l]a\(ﬁ,
tI'gMg = 0,
) <0,;a(r€13)),
g=0,
t/r;z‘f = —27’4&\(1} + 4&]3\(1; +12ur (1 — ,u)g[l]\(ll)

where ® and ¥ satisfy the Regge-Wheeler and Zerilli equations respectively. Now, in
our recent!” | we showed that one can in fact realise the above ‘gauge’ as a residual gauge
choice associated to the linearisation of the Einstein vacuum equations (1.1), as expressed
in a generalised f—wave gauge with respect to g,s, about (/\/l, gM). Here, f is the map
defined as in section 2.1.3 of the overview and by residual gauge we mean an analogous
construction to the one discussed above for the initial-data-normalised solutions to the
equations of linearised gravity. In particular, in”! the Regge-Wheeler gauge was identified
as a gauge choice at the level of initial data. We remark that this identification of the
Regge—Wheeler gauge is perhaps more natural in light of the dynamical formulation of

the Einstein equations afforded to us by the work of Choquet-Bruaht !,

However, the Regge-Wheeler gauge is not asymptotically flat in the sense that the

1)

collection of quantities ﬁ, trg,, E{, g, éj and t/fjg) defined as above do not satisfy the r-weighted

pointwise bounds satisfied by the initial-data-normalised solution } na 0O the equations
of linearised gravity as in Theorem 2 in section 2.4.2 of the overview. Thus, whereas
the definition of the map f was motivated by the classical insights of Regge and Wheeler
regarding the Regge-Wheeler gauge, the map } of section 2.1.3 of the overview was chosen
so as to modify the map f in such a way as to allow for the modified Regge-Wheeler
gauge (the nomenclature now clear) to be realised as a residual gauge choice within the

generalised wave gauge defined by the map f.

Finally, we emphasize that we expect that the identification of the (modified)
Regge-Wheeler gauge as a residual gauge choice, at the level of initial data, within a
well-posed formulation of the linearised Einstein equations around (/\/l, g M) will potentially
prove key to future nonlinear applications. In particular, we stress that the linearised
equations studied by Regge and Wheeler in** are not well-posed and thus it is not
possible to make the connection between the Regge-Wheeler gauge and a normalisation
of initial data within that formulation of the linearised Einstein equations about (M, g M).
For this reason we actually include the result of our!” regarding the Regge-Wheeler gauge
as an appendix to this thesis where the connection with the modified Regge—Wheeler

gauge is in addition made manifest.
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2.4 'THE MAIN THEOREMS

In this fourth part of the overview we give rough statements of the main theorems of this

thesis.

This part of the overview corresponds to Chapter 6 in the main body of the thesis.

2.4.1 THEOREM 1: BOUNDEDNESS AND DECAY FOR SOLUTIONS TO THE
REGGE-WHEELER AND ZERILLI EQUATIONS

We begin with a rough version of our first theorem which concerns a boundedness and
decay statement for solutions to the Regge-Wheeler and Zerilli equations on (M, gM>.
Such a statement will have application to the equations of linearised gravity in light of

the initial-data-normalised solution discussed in section 2.3.1.1 of the overview.

The precise statement of the theorem can be found in section 6.1.3 in the main body of
the thesis.

The statement in question involves both certain natural r-weighted energy norms on
hypersurfaces which penetrate both the future event horizon and future null infinity and
are given as the level set of a function 7* on M and certain bulk norms over the region

foliated by these hypersurfaces as depicted in the following Penrose diagram:

?&

Figure 2.2: A Penrose diagram of (M,gM) depicting the hypersurfaces =+ which penetrate both H
and ZT. Here, the hypersurfaces ¥;« are level sets of the time function t*.

However, we postpone giving a more precise description of both the foliation and the

norms until we come to discuss the scalar wave equation on (M, gM) in section 2.5 of
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the overview.

A rough formulation of Theorem 1 is then as follows.

Theorem 1. Let @ be a smooth solution to the Regge—Wheeler equation (2.18) on (./\/l, gM)
supported on the | > 2 spherical harmonics.

We assume that Cauchy data for ® is compactly supported on the initial Cauchy
hypersurface 3.

Then for any integer n > 0 the following estimates hold:
i) the higher order flur and weighted bulk estimates
F'lr—' @] +I"[r'®] < D" [r ']
ii) the higher order integrated decay estimate
M"[r~ @] < D" r ]

Here, D is an energy norm acting on Cauchy data for ® on 3.

Let now ¥ be a smooth solution to the Zerilli equation (2.19) on (./\/l,gM) supported on
the | > 2 spherical harmonics.

We assume that Cauchy data for V is compactly supported on the initial Cauchy hypersurface
Y.

Then for any integer n > 0 the following estimates hold:
i) the higher order flur and weighted bulk estimates
F*r= 0] + 1"~ '] < D" [r 1]
i) the higher order integrated decay estimate

Mn[rfl\m S Dn+1[r71\p]
We note that the necessity of the r-weights in the above norms is a consequence of how

the norms are defined for solutions to the scalar wave equation on (./\/l, gM).

Moreover, the norms in i) and i7) are such that now via a hierarchy of r-weighted estimates

(see section 2.5) and an application of Sobolev embedding one can derive as a corollary

to Theorem 1 the following pointwise decay bounds:
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Corollary. Let ® be as in Theorem 1. Then on D (X)* one has the pointwise decay

bound

1
1B < — -DYr'9].
~Y 7_*

Let now ¥ be as in Theorem 1. Then on DT (X) one has the pointwise decay bound

1
U] < — D r 1.
~Y 7_*

We make the following remarks regarding Theorem 1.

The flux estimate associated to the norm F in both parts i) of Theorem 1 should be
considered as a boundedness statement that does not lose derivatives. Conversely, the
derivative loss in parts ii) is unavoidable and relates to the trapping effect on (M, gM).
Lastly, one can obtain higher pointwise bounds courtesy of Theorem 1 — see section 2.5

of the overview for a discussion towards each of these statements.

In addition, the assumption of compact support is merely a convenience for this thesis

and can be readily removed — see Remark 31 in the bulk of the thesis.

Finally, we note a version of Theorem 1 regarding solutions to the Regge—Wheeler
equation was originally given by Holzegel in 7] (see alsom). Conversely, a version of
Theorem 1 regarding solutions to the Zerilli equation was originally given in the independent
works of the author!® and Hung-Keller-Wang®".

2.4.2 'THEOREM 2: BOUNDEDNESS, DECAY AND PROPAGATION OF ASYMPTOTIC
FLATNESS FOR SOLUTIONS TO THE EQUATIONS OF LINEARISED GRAVITY IN
THE MODIFIED REGGE-WHEELER GAUGE

We continue with a rough statement of our second theorem which concerns a boundedness
and decay statement for the initial-data-normalised solutions .7, discussed in section
2.3.1.1 of the overview and which is a more precise version of the Theorem discussed in

the introduction.

The precise statement of the theorem can be found in section 6.2 in the main body of
the thesis.

The statement in question once again involves certain natural r-weighted energy norms
on hypersurfaces which penetrate both the future event horizon and future null infinity

and certain integrated decay norms over the region foliated by these hypersurfaces which

*Here we recall that DT () denotes the domain of dependence of ¥ in (M, gas).
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are generalisations of the norms introduced in section 2.5 for scalar waves to solutions to
the equations of linearised gravity (in particular, tensor fields on M). See section 6.1 in
the bulk of the paper for the full description.

A rough formulation of Theorem 2 is as follows.

In what follows, we shall employ the schematic notation of an estimate for a norm on the
solution . to denote that said estimate holds, in that norm, for any quantity contained
within the collection ..

Theorem 2. Let .77, . be a smooth solution to the equations of linearised gravity that is

in the modified Regge—Wheeler gauge with parameters m and a.

We consider the projection
S =S e — K

and assume that Cauchy data for the . pure gauge and linearised Kerr invariant quantities

(1)

® and U associated to the solution 5” are compactly supported on .

Then for any n > 0 the following estimates hold:

i) the higher order flux and weighted bulk estimates

)

F'[.7] + I'[.7] < D213, 1],

i) the higher order integrated decay estimate

(1) (1)

M"[.#] < D" 310, 7).

Moreover, the norms in ) and i7) are such that now via a hierarchy of r-weighted estimates
and an application of Sobolev embedding one can derive as a corollary to Theorem 2 the

following pointwise decay bounds and statement of asymptotic flatness:

Corollary. Let 450” be as in Theorem 2. Then on DY (X) one has the r-weighted pointwise
decay bound

In particular, the solution ., . of Theorem 2 decays inverse polynomially to the linearised
Kerr solution %, ,.

We make the following remarks regarding Theorem 2.
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The flux estimate associated to the norm F in part i) of Theorem 2 should be considered
as a boundedness statement that does not lose derivatives?®. Conversely, the derivative
loss in parts #4) is unavoidable and relates once more to the trapping effect on (M, gM).
Lastly, one can obtain higher pointwise bounds courtesy of Theorem 2 although we shall

not state them explicitly in this thesis.

In addition, we note that if one is given a smooth solution .¥ to the equations of linearised
gravity arising from the smooth seed data set &, ., all quantities of which are compactly
supported on 3, then the initial-data-normalised solution constructed from it via the
addition of the pure gauge solution §0¢ as discussed in section 2.3.1.1 of the overview will
satisfy the assumptions and hence the conclusions of Theorem 2. In particular, in light
of the geometrical interpretation of pure gauge solutions given in section 2.1.4 of the
overview, it follows that Theorem 2 indeed comprises the quantitative statement of linear
stability for (./\/l, gM> as a solution to the Einstein vacuum equations (1.1) as expressed
in a generalised f-wave gauge with respect to gy;. Here, f is the map discussed in section
2.1.3.

Moreover, we note that the assumption of compact support is merely a convenience for

this thesis and can be readily removed.

Finally, we note a version of Theorem 2 regarding solutions to the system of equations
that result from linearising the Einstein vacuum equations, as they are expressed in a
generalised f—wave gauge with respect to gps, around (/\/l, gM) was given by the author
inl. Here, f is the map of section 2.1.3. In particular, we note the analogous version
of Theorem 2 proved inl®) had weaker r-weights in the norms of parts i) and i) and
as a consequence the r-weight in the pointwise norm of the above Corollary had to be

1
weakened to r~ 2.

2.5 ASIDE: THE SCALAR WAVE EQUATION ON THE SCHWARZSCHILD EXTERIOR
SPACETIME

In this section of the overview we make an aside to discuss the scalar wave equation
gy ¥ = 0 on (/\/l7 gM) and the methods by which one establishes a decay statement for
solutions thereof. Indeed, insights gained for this simpler problem will prove fundamental

in establishing Theorems 1 and 2 of section 2.4 in the overview.

25In particular, note from Proposition 4.1 in the bulk of the thesis that the linearised metric is at the
1) (1)
level of two derivatives of ® and V.
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2.5.1 BOUNDEDNESS AND DECAY FOR SOLUTIONS TO THE SCALAR WAVE EQUATION
ON (M, gu)

Let ¢ be a smooth solution to the scalar wave equation on Schwarzschild:
g = 0. (2.25)

We associate to ¢ the flux norms (for R >> 10M):

Fli=sup [ (1000 + 008 + U dré

* *
TF>T)

+ sup (PIDEO)E + ¥ (o)) dré (226)
T* 27—5 S ﬂ{T‘ZR}

Bl = [ r2(10e G0 +10,r0) + [V () ) dré (227

along with the integrated decay norms (for 1 > 5y >> 0):

Iy] = /°° Looon (FIDEO)E + 1)) dr* dr, (2.28)
M) = [ L (10 (OF + 120 P + Y0P+ P drtdre (229

Here, € is the volume form on the unit round sphere, D is the derivative operator

1+ 24
D = 1_727]\46,5* + 87»
and =+ is the level set of the function
. t* r<R
T =
u r>R,

where u is the optical function u := t* — r — 4M log(r — 2M) + R + 4M log(R — 2M).
In particular, D is the derivative operator associated to the null vector L := —(du)* and
thus the flux norms (2.26) and (2.27) denote energy norms containing all tangential and

normal derivatives to =.« and X.

We note that the above defined norms are the same that appear in the statement of
Theorem 1 whereas they are the scalar wave prototypes of those found in the statement
of Theorem 2. Indeed, one has the following theorem regarding solutions to (2.25), the
complete statement of which is due to Dafermos and Rodnianski and which we note is

the scalar wave analogue of Theorems 1 and 2 in section 2.4 of the overview.

Theorem (Dafermos-Rodnianski —B4 B BT, Let o) be a smooth solution to (2.25).
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Then for any n > 0 the following estimates hold, provided that the fluxes on the right

hand side are finite.
i) the higher order flur and weighted bulk estimates

F*[y] + I"[¢] < D"[¢]. (2.30)

ii) the higher order integrated decay estimate

M"[y] S D" [Y). (2.31)

iii) the higher order pointwise decay bounds for i+ j+k+1<n

910 (rY) ((r — 2M)D)' (ri))| £ —= D[y,

\/7__

Here, the above are natural higher order norms defined by replacing ¢ in (2.26)-(2.29)
with the appropriate derivatives (see section 6.1 in the bulk of the thesis for the precise
definition).

The proof of the n = 0 case of the above Theorem as given by Dafermos and Rodnianski

relies on the following two key estimates for solutions to (2.25) and for any 73 > 77
/ (10uP + |a,¢|2+|w|2)r2dré+/ (1Dl + Yol ) dr,
=5 N{r<R} =,sN{r>R}

s/ e o (000 + 0.0 + 70 )dre—i—/* o (100P s )

(2.32)
and
L L (0e 0P 0 ra) P+ Y o) + o)) dr* aré
( \at*a;;wu 0,0.|* + Wai*zm?) dré
= m{ <R}
+ . cnir> (\D&Z@D\Q + |V, )7“2 dré). (2.33)

Indeed, inP*® Dafermos and Rodnianski developed a very robust method which takes as
input the estimates (2.32)-(2.33) and returns, via a hierarchy of r-weighted estimates on
the r-weighted quantity r, the estimates ¢) —ii) of the Theorem statement, where for the
latter pointwise bounds one in addition appeals to a Sobolev embedding. Consequently,
we shall see in the following two sections that establishing the estimates (2.32) and (2.33)

requires an intimate understanding of the geometry of (./\/l, gM), in particular how the
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celebrated red-shift effect and the presence of trapped null geodesics (see??) effects the

propagation of waves.

The higher order estimates will then be discussed in section 2.5.4.

2.5.2 THE DEGENERATE ENERGY AND RED-SHIFT ESTIMATES

To investigate how one proves such estimates it is expedient to introduce the stress-energy

tensor

T[] = dg@,de — gar | A2,

where ®4 denotes the symmetrised tensor product, d is the exterior derivative on M and

| dy|?  denote the ‘norm’ of the 1-form d¢) with respect gy;. Then one has the following

9gMm

positivity properties at any p € M and for vector fields X,Y on M:

1) if g (X, Y)‘ < 0and X,Y are future-directed®® then T[] (X, Y)‘ bounds all derivatives
p p
of ¢ at p

2) if gu(X,Y)| <0 X,Y are future-directed then 0 < T[¢)](X,Y)|
p p
Moreover, if 9 in addition satisfies (2.25) then
div T[¢] = 0.

where div is the divergence operator associated to gy;.

Defining the 1-form J*[¢] := T[¢](X, ) where X is a causal vector field on M Stokes
Theorem (on a manifold with corners) therefore yields, for ¢ a solution to (2.25), the

inequality

S Jx W] (nET

ot

) AVol(Z.+) dr é (2.34)

where nz_, is a suitably interpreted normal to the hypersurface =;+ and we have discarded

the flux term on H* as this is positive-definite by property 2).

In particular, as the vector field Oy is causal and Killing we have from (2.34) the

26With respect to the time-orientation provided by 0.
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degenerate energy estimate

0+ (L= B0) 0, +|Ful ) dré

*ﬂ{T<R}

(
S (!lez + Yy )r2 dré,
(

0+ (1= 20|00 + ol ) dré

=, * ﬂ{’l’< R}

(!le2 + !le2>r2 dré (2.35)
ETl* ~{r>R}

where the degeneration in the transversal derivative 0, to H™ occurs due to the fact that
Oy is null there (cf. property 2)). The first estimate (2.32) thus follows from the estimate
(2.35) if the weights at H™ can be improved and this improvement was achieved by
Dafermos and Rodnianski in*”) where they established the existence of a time-like vector
field N which satisfies the following so-called red-shift estimate in a neighbourhood of

HT:
INW)(nz..) < Lygar - T[Y)] (2.36)

where we note that the existence of such a vector field N is intimately related to the
celebrated red-shift effect on (./\/l, gM) — seeB. Moreover, noting that the left hand
side of (2.36) controls all derivatives of 1) by property 2) (and the fact that =« and the
spacelike hypersurface Y.« coincide near H™1), the estimate (2.36) when combined with
the degenerate estimate (2.35) and the integral inequality (2.34) ultimately suffices to
establish the desired estimate (2.32).

2.5.3 INTEGRATED LOCAL ENERGY DECAY AND THE ROLE OF TRAPPING

In order to establish the estimate (2.33) it is convenient to exploit once more the formalism
of the previous section. Indeed, revisiting the integral inequality (2.34) one has the aim

of choosing a vector field X so as to generate a bulk term which controls all derivatives
of .

Now, it turns out (see*”) that one can use estimate (2.34) with X now being space-like?”
in conjunction with both the estimate (2.32) and the red-shift estimate (2.36), to estabhsh

2"The additional flux term this generates at H*' in the application of Stokes theorem is in fact
controllable by the flux term of HT associated to the X = Oy estimate of section 2.5.2 that was discarded
in the estimate (2.34).
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the bound

[ L0200k + o+ 19 00F) +100)R) artaré

*
1

T

N{r<R} R}

S (1000 + 0 + (PP )ares [ (1DU? +[Vul)rare

(2.37)

where the degeneration at r = 3M is a necessary consequence of the existence of trapped
null geodesics at » = 3M on (/\/l, gM) and a general result due to Shierskil!. However,
to provide a bulk estimate that does not degenerate at r = 3M it in fact suffices to obtain
the estimate

[ [ reaee) P drare

< <|at*at*¢\2 + 10,000 + Wat*w) dr é

N{r<R}

<|D8t*¢!2 + |W@t*¢]2>r2 dré
N{r>R}

which follows easily from (2.37) and the fact that 0, is Killing and therefore commutes

with the wave operator (J,,,. This consequently yields the estimate (2.33) and moreover

29

am -

explains the derivative loss in the statement of the Theorem

2.5.4 HIGHER ORDER ESTIMATES

With the key ingredients for the proving the n = 0 case of the Theorem understood we

turn now to the higher order cases.

Indeed, we first observe that since 0y« and §2; for i = 1, 2, 3 are Killing fields of (M, gM),
where €); denote a basis of SO(3), then 0 and each of the ; commute trivially with
the wave operator [J,,, and thus the n = 0 case of the Theorem holds replacing 1) by*
Ot (rV)71 for any positive integers i, j. In addition, by writing the wave equation for
as an ODE in r with inhomogeneities given by derivatives of ¢/ containing at least one t*

or angular derivative, then the previously derived bounds on 9. (rY)7+ in fact allows one

. j !
to replace 1 by JL. (( — 25«”)&) (rV)* ((1 — 27{”)D> 1 in the n = 0 case of the Theorem
statement, for any positive integers i, j, k,[. It thus remains to remove the degeneration
at H* for the derivative 9, and the degeneration towards Z+ for the derivative operator

rD (cf. the pointwise bounds in part éii) of the Theorem statement).

28Null geodesics which remain tangent to the hypersurface r = 3M for all ¢*.

29 Although this derivative loss can be improved 53] some degree of loss is required due to the result of
Shierski.
3Here we use that 5, [%(¥)2 < [rVe? < o [Qu(w) .
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Consequently, to remove the degeneration at H* one proceeds by first commuting the
wave equation (2.25) with the (time-like) vector field —0™ for any positive integer m, thus
generating additional lower order terms as the vector field —0, is not Killing. However,

these lower order terms are such that they are either controlled by the bounds derived on

. J L
the quantities 0. (( — 2%)&) (rv)k ((1 - W)D) 1 in the previous step for sufficiently
many i, j, k,l or they come with the correct sign. In particular, for any positive integer

j, one has the higher order red-shift estimate3!
IN@Y](n=..) < Lyngar - T[] — {controllable terms}.
Proceeding as in section 2.5.2 one thus removes the degeneration at H* for the derivative

9, — seel¥T for further details.

Similarly, to remove the degeneration towards Z* one proceeds by now considering the
wave equation satisfied by the r-weighted commuted quantity ((r —2M )D)m(rw) for
any positive integer m. The error terms this generates are lower order in the sense that
they are either controllable by the estimates derived on the quantities 909 (ry)* ((1 -

2M
T

)D)l¢ in the previous two steps for sufficiently many ¢, 7, k,l or they come with
favourable weights in the sense that the hierarchy of r-weighted estimates established
by Dafermos and Rodnianski for the scalar wave r¢ hold with equal validity for the
commuted quantity ((7’ —2M )D)m(rw) — seel7 (and alsol87) for further details.

2.5.5 OUTLINE OF THE PROOFS OF THE MAIN THEOREMS

In this final part of the overview we discuss the proofs of Theorems 1 and 2 of section

2.4 in the overview.

This part of the overview corresponds to Chapter 7 in the main body of the thesis.

2.5.5.1 OUTLINE OF THE PROOF OF THEOREM 1

We begin by discussing the proof of Theorem 1.

This section of the overview corresponds to section 7.1 in the main body of the thesis.

We start with the observation that one can write the Regge-Wheeler and Zerilli equations

31This presentation of the higher order red-shift estimate is borrowed from the overview of[!].
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(2.18) and (2.19) respectively as?

_ 8 M _
ngw(r 1@) = —7”7277" 1@ (238)
and
_ 8 M _ 24 M _ 2M M B
gy (r710) = =5 —r ™10 5 (r = M) P e U oM.

(2.39)

Thus, the Regge—Wheeler and Zerilli equations differ from the scalar wave equation (2.25)
by an r-weight and the presence of the lower order terms on the right hand side of (2.38)
and (2.39) respectively. Consequently, all insights gained for the scalar wave equation in
section 2.5 of the overview enter and it remains to understand the complications, if any,
provided by these additional lower order terms.

These complications can in fact be understood at the level of the 0j«-flux estimate of

section 2.5.2 in the overview. Indeed, introducing the stress-energy tensors associated to
r~1® and r~'V as

T[r'®] = d(r '®)®:d(r'®) — gps | d(r ' @)

am

and

T[r0] = d(r ' W)@, d(r ') — gy | d(r 1 0)|2

9mMm

then it follows from (2.38) and (2.39) that

M
divT[r—'®] = —%—7’_1@ d(r~'®) (2.40)
rTer
and
8 M 24 M
ivT[r 0] = [ — = 201+ =22 — 300 Mt
div T[r ] < rzrr +r3r(r 3M){
IM M
+73(r—2M)¢‘[2]r1xp> d(r=10). (2.41)
T T r

Applying Stokes theorem as in section 2.5.2 of the overview with X = J;+ (noting that
the positivity properties 1) and 2) hold for T[r~'®] and T[r~*¥] so that the flux term

32We remark that it is quite interesting that the Regge-Wheeler and Zerilli equations are so closely
related to the scalar wave equation.
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along H* can be ignored) we therefore find
/ (|at*q>|2 (11— 20) 9,01 + !WT<I>I2) dré
ETSQ{TSR}

+f . (|D<I>|2+ |WT@|2) dre,
Ersn{rz

< (|at*q>y‘2+ (1—20)[9,0 + ch\?) dré+ [ (|D<1>|2+ ch\?) dré
=+ {r<R} =+ {rzR}

(2.42)

2

DU \112>d :
# Ly (1PYP + Prig0F ) are

< (|at*\1:|2 (1 20))9,9 + |y7\1f|2> dré+ [ - (|D\If|2 + |W|2> dreé.

=, «N{r<R} R}
(2.43)

Here, we have defined

6 M

1
V@ = VO] — 5|0 — 5 —|®[?
T rer
and
1 6 M 24 M
V3P = [VOP = 5[0 — S — U5 —(r = 3M)[rv¢ o

T rer rer

24 M
+=2 (2(r — 3M)? + 3M(r — 2M)> (w2,

rer

In addition, we have integrated by parts to write the additional bulk terms generated
from (2.40) and (2.41) as a flux term. In particular, we note the integration by parts
formulae associated to the operator ¢ Pl of Lemma 3.14 in the bulk of thesis. Positivity of
the left hand side of the 0;--fluxes (2.42) and (2.43), which we recall was immediate for
the case of the scalar wave equation (cf. estimate (2.35)), thus rests upon whether one

can ensure positivity of the terms |V+®|? and |V ¥|2.

To see that this is indeed the case we invoke the fact that ® and ¥ are supported on
the [ > 2 spherical harmonics. One thus has on any 2-sphere Sf*m C M given as the
intersection of the level sets of the functions 7* and r the Poincare inequality (see Lemma
3.9 in the bulk of the thesis)

6 2. 2.

S, lePes [ Ivepe (2.44)

2 2
r2Js2, |
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and

6 o o
S wees /S V|2 e. (2.45)

T

The estimate (2.44) thus already suffices to establish positivity of the left hand side of
(2.42). In particular, one has the bound

L, Iveres [ (vroPe

For the positivity of (2.43) we first note the refined estimate of Corollary 3.13 in the bulk
of the thesis:

2
= (2(7" ~ MNP 4 (r 4+ 9M)|rw“1qf|2> ¢ < /
r2 Jsz2, 52

T, T

|W|?e.
This estimate combined with the estimate (2.45) thus ultimately yields positivity of the
left hand side of (2.43). In particular, one has the bound

2°<
L Ivures [

T

‘WT+3\IJ’2 é.

The degenerate energy estimate of section 2.5.2 for the scalar wave ¢ thus holds for the

r-weighted solutions to the Regge-Wheeler and Zerilli »~1® and »~'W respectively.

Consequently, arguing similarly as in the remainder of section 2.5.2 and sections 2.5.3-2.5.4
of the overview, in particular using the estimates (2.44)-(2.45) combined with the estimates
and integration by parts formulae of sections 3.2.6.3-3.2.6.4 in the bulk of the thesis to
control the lower order terms appearing in the Regge-Wheeler and Zerilli equations as
was done above for the 0,-flux estimate, ultimately yields the Theorem of section 2.5
with v replaced by r~'® and r~'U respectively. In particular, we emphasize that the
techniques developed by Dafermos and Rodnianski in[*! to derive the aforementioned
hierarchy of r-weighted estimates are indeed robust enough to allow for the lower order

terms appearing in the Regge-Wheeler and Zerilli equations respectively.

Indeed, the above procedure is explicitly carried out in section 7.1 in the bulk of the thesis
although we note that in carrying out the proof of Theorem 1 we prefer to analyse the
Regge-Wheeler and Zerilli equations directly as opposed to passing to the wave equation
by weighting in r. This is due to the fact that the operator O + A is actually more
symmetric than the operator [J and this makes some of the constructions involved in the

proof of Theorem 1 simpler33.

33In particular, one should compare the ‘multiplier’ used to establish the (degenerate) integrated local
energy decay estimate of Proposition 7.7 for solutions to the Regge—Wheeler and Zerilli equations in the
bulk of the thesis with the ‘multiplier’ used to establish the analogous estimate for solutions to the scalar
wave equation in37,
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2.5.5.2 OUTLINE OF THE PROOF OF THEOREM 2

We finish the overview by discussing the proof of Theorem 2.

This section of the overview corresponds to section 7.2 in the main body of the thesis.

We recall from section 2.3.1.1 that the solution . to the equations of linearised in the

statement of Theorem 2 satisfies

)

§ = V& (1) + 6udréad,
g=0,
§=P;((r0) - 200 0,8 (r0) ~ 20 ),
§ = rYep(,6),

thy = 44T + 1207 (1 — )W

(1) 1)

where ® and U satisfy the Regge-Wheeler and Zerilli equations respectively. Since in
addition i) and U were assumed to have compactly supported Cauchy data on ¥ then we
in fact see that Theorem 2 follows almost immediately from the higher order estimates of
Theorem 1. Indeed, it remains simply to verify that one obtains the correct r-weighted
bounds for the solution 450” as demanded by the theorem statement. However, this follows
as a consequence of the special property of the derivative operator d* which satisfies (see

Lemma 3.3 in the bulk of the thesis) for a smooth function f on M
A% f =29u(X,L) Df

for a X a vector field on M and L the unique null vector conjugate to the null vector L
of section 2.5.1 in the overview: gy;(L, L) = 2. In particular, recalling from section 2.5.4
in the overview (applied now to solutions of the Regge-Wheeler and Zerilli equations)
that commuting with the operator D gains a weight in r, the statement of Theorem 2

follows.

Finally, we emphasize that although the proof of Theorem 2 does indeed follow quite
readily from Theorem 1 this is precisely a consequence of what preceeded it. In particular,
we highlight the crucial role played by the choice of the map f that defined the equations

of linearised gravity in section 2.1.3 of the overview.

So ends our detailed overview regarding the linear stability of the Schwarzschild exterior
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family as solutions to the Einstein vacuum solutions when expressed in a generalised wave

gauge and thus the thesis shall now begin in earnest.
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THE EQUATIONS OF LINEARISED
GRAVITY AROUND SCHWARZSCHILD

This first chapter of the thesis is concerned with both the derivation of the equations
of linearised gravity around Schwarzschild and the identification of two special classes of

solutions to said equations.

We begin in section 3.1 by defining the notion of a generalised wave gauge on an abstract
Lorentzian manifold and then present the form of the Einstein vacuum equations as

expressed in such a gauge.

Then in section 3.2 we define the Schwarzschild exterior solution as well as introducing
various mathematical operations and objects that shall play an important role throughout
the thesis.

Then in section 3.3 we formally linearise the equations of section 3.1 about the Schwarzschild
exterior solution of section 3.2. Included in particular is the generalised wave gauge that

we are to impose in the equations of section 3.1.

Finally, in section 3.4 the two special classes of solutions to the equations of linearised

gravity corresponding to the pure gauge and linearised Kerr solutions are introduced.

3.1 THE EINSTEIN VACUUM EQUATIONS IN A GENERALISED WAVE GAUGE

In this section we introduce the notion of a generalised wave gauge on an abstract
Lorentzian manifold and then review the structure of the Einstein vacuum equations

when expressed in such a gauge.
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It is these equations that we shall linearise about a fixed Schwarzschild exterior solution

in section 3.3.

3.1.1 THE GENERALISED WAVE GAUGE

In this section we provide the definition of a generalised wave gauge on an abstract

Lorentzian manifold as it is found in*2.

We note that the specification of such a gauge plays a vital role in the works[*? and!*?.

Let (M,g) and (M,g) be 3 + 1 Lorentzian manifolds with f : T2(M) — T (M) a

operator.

Then we say that g is in a generalised f-wave gauge with respect to g iff the identity

map
Id : (M,g) — (M,§>

is an f(g)-wave map. Denoting by C, 5 the connection tensor of g and g,

(Cua)s, = ;(g_l)aé <2V(ﬁgv)6 - Vdgﬂv) (3.1)

with V the Levi-Civita connection associated to g, the imposition of such a gauge is

equivalent to the condition
—1 -
97" (Cog), = F(9) (3.2)

where b is the (lowering) musical isomorphism associated to g.

3.1.2 THE EINSTEIN VACUUM EQUATIONS

In this section we present the Einstein vacuum equations assuming that a generalised

wave has been imposed.

Indeed, if g is in a generalised f-wave gauge with respect to g the Einstein vacuum

equations for g,

Ric,4lg] =0,
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take the following form:
Vo — — de — ~8
(g_l) V'yvégaﬂ—'—QCge ' g’r(avﬂ) (g_l) N 4g5ecg[av'r] (g_1>
— 4G5, Cp5 + 2979, Riemy)
= 2g.,(avg) (g‘ye.fe(g))- (3-3)

Here, Riem is the Riemann tensor of g and C is defined as in (3.1).

3.2 THE EXTERIOR SCHWARZSCHILD BACKGROUND

In this section we define the Schwarzschild exterior spacetime as well as introducing
various background objects and operations that shall prove vital throughout the remainder
of the thesis.

3.2.1 THE DIFFERENTIAL STRUCTURE AND METRIC OF THE SCHWARZSCHILD EXTERIOR
SPACETIME

We begin in this section by defining the differential structure and metric of the Schwarzschild

exterior spacetime (/\/l, gM).

Let M > 0 be a fixed parameter.

We define the smooth manifold with boundary

M = (—00,00) x [2M, 0) x S?
and endow it with the coordinate system (t*, r,0, gp). Here S? is the 2-sphere with (6, ¢)
coordinates on S2. Equipping M with the smooth Ricci-flat Lorentzian metric

2M 4M 2M
g = — <1 - ) dt™? + — dt*dr + <1 + ) dr? +1%g, (34)
r r r
with ¢ the metric on the unit round sphere, thus defines the Schwarzschild exterior
spacetime (of mass M) as the Lorenztian manifold with boundary (/\/l,gM). It is
time-orientable, with time-orientation given by the hypersurface-orthogonal vector field
Op+. Moreover, the boundary of M, which we denote by

HY = (—00,00) x {2M} x S

is a null hypersurface termed the future event horizon. In addition, it is manifest that

the generators {§2;};=1.. 3 of the rotation group SO(3) and the causal vector field 9+ are
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Killing fields for gy;:
Lagu =0, Lrgm = 0.

The Schwarzschild exterior spacetime is thus both static and spherically symmetric.

A Penrose diagram of the exterior Schwarzschild spacetime can be found in section 3.2.4.

3.2.2 THE 2+2 FORMALISM

We continue in this section by detailing the so-called 2 + 2 formalism on M.

We shall make heavy use of the enlargened mathematical toolbox this formalism provides

throughout the paper.

3.2.2.1 THE 242 DECOMPOSITION OF TENSOR FIELDS ON M

We begin by employing this formalism to decompose tensor fields on M into what we

term as Q-tensors, S-tensors and Q ® S-tensors respectively.

Observe that one can express the manifold M as
M=Q x §?
where!
ORxH

is a manifold with boundary. This leads to the following definition.

Definition 3.1. Let T € T"(M) be a smooth n-covariant tensor field on M that is
symmetric in all its indices. Then we say that T is a smooth n-covariant Q-tensor field
that is symmetric in all its indices iff there exists n + 1 smooth functions { fij}itvj=n on
M such that

T= Y fuldt")'(dr).

i+j=n
We denote by T (M) the space of smooth n-covariant Q tensors.

Conversely, we say that T is a smooth n-covariant S-tensor field iff T vanishes when

'Here H is the half-space, not to be confused with the event horizon.
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acting on either of the vector fields Oy or O,.:
T(oes O o) = Ty Oy o) = 0.

We denote by F" (M) the space of smooth n-covariant Q tensors.

Finally, if T is now a smooth, symmetric 2-covariant tensor field on M then we say that
T is a smooth Q@ ® S 1-form iff there exists two smooth S 1-forms ¢ and p such that

(,Z — dt*®s¢ + dr@sp
where ®¢ denotes the symmetrised tensor product.
We denote by jl(./\/l)@)sfl(/\/l) the space of smooth Q ® S 1-forms.

Note by convention we set a 0-covariant Q-tensor field and a 0-covariant S-tensor field

to be simply a scalar field on M.

Given any tensor field on M one projects it onto a Q-tensor field and an S-tensor fields

as follows.

First we need the notion of an S-vector field and an associated projection of vector fields
on M onto S-vector fields.

Definition 3.2. Let V' be a smooth vector field on M. Then we say that V' is a smooth
S-vector field iff V' satisfies

Conversely, given a smooth vector field V' then we define its projection onto the smooth
S-vector field V according to

V=V — V()0 — V(r)0,.

This leads to the projection of n-covariant tensor fields..

Definition 3.3. Let T be a smooth n-covariant tensor field on M. Then we define its

projection onto the smooth n-covariant Q-tensor T according to
T(, @*, ceey ar, ) - T(, ﬁt*, ceey 3“ )

Conwversely, we define the projection of T onto the smooth n-covariant S-tensor & according

to
T(Vi Vo) = S(Vio o V),
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where Vi, ..., V,, are an n-tuple of vector fields on M with V1,...,V, the corresponding

projections onto S-vector fields.

Finally, if ¥ is now a symmetric 2-covariant tensor field on M then we define the

projection of ¥ onto the smooth Q ® S 1-form to according to
(0, V) = (0, V),
%(0,,v) =%(0.V)

where V is a smooth vector field on M with V' its corresponding projection onto a smooth

S-vector field.

Note that a symmetric 2-covariant tensor ¥ is completely specified by the projections

T, % and €.

A particularly useful application of this decomposition is to the Schwarzschild metric g,,.
Indeed

e gy is the smooth, symmetric 2-covariant Q-tensor

2M 4M 2M
g = —(1 - ) dt*? 4+ — dt* dr + <1+> dr?
T r

T
which we refer to as a Q-metric
® ¢, is trivial

® ¢,, is the smooth, symmetric 2-covariant S-tensor

I = g

which we refer to as an S-metric

3.2.2.2 TENSOR ANALYSIS

We now develop a series of natural operations and differential operators on tensor fields
on M that arise as a result of the 2 4+ 2 formalism of the previous section, in particular
the 2 + 2 decomposition of the metric gp;.

In what follows, §,; is the 2-contravariant tensor field on M defined by (with p := 2X)

o

ar = —(1+ ) Op @0y + p 0+ 2.0, + (1 = 1) 9,20,
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and gx} is the 2-contravariant tensor field on M that induces the inverse metric to ¢ "
on every 2-sphere given by the level sets of t* and r. In addition, € is the 2-form on
M defined by € := dt* A dr and ¢ is the 2-form on M which induces the volume form
associated to ¢, ~on every 2-sphere given by the level sets of t* and r. Moreover, ¥ and
T’ denote smooth n-covariant and m-covariant tensor fields on M respectively, p denotes
a smooth n-form on M, t and ¥ denote smooth 1-forms on M and f denotes a smooth

function on M. Finally, we shall employ abstract index notation.

e the index raising operators f and i are defined by

(iﬁ)al = (38)" Thasan (zﬂ)“l = (4:) " T

e the contraction operators ~ and / are defined by

T/ R ! ~—1a1b1 < _1ambm
(fz T )am+l--~an = Sal...ama7,L+1...an by..bm IM --9M ,

1a1b1 —1ambm

(‘S/I/)am+1...an L= Ial...amam+1...an 21.,,bmgg4 gM
e the operations |-|2 ~and H;M are defined by
2 T 2
T3, =T F, |T|¢M =% /%
e the trace operators try,, and #f are defined by

trg,, T = gm - %, =g, /%

e the traceless symmetrised product operators G% and (% acting on 1-forms are defined
by

o =@, — gy t7t, @t =t — gt/
e the Hodge star operators * and # are defined by
*t =T, Fi=¢/%

e the exterior derivative operators df and df acting on smooth vector fields V on
M are defined by

(A7) = (@) (Ve +Vna). (A (V) = (dr)(V)

with ¥ the S-vector field determined from V
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To continue we denote by V the derivative operator defined according to
(Fv3) V) (0 T 3 T Tar0, )
ai...an 7j=1
+V(t*) (at*‘zm...an - Z fb*rza1-~~b-~-an57?j>
j=1

n

—|—V(7“) (arzm...an - Z f‘b*rsal-“b'“a"(sgg)
=1

+V(T) (ar‘zay..an - Z ff”’gal"'bmanégj>
j=1

where V' is a smooth vector field, ¢ is the Kronecker delta symbol and ft*t*, [y, and T,
are defined by

= L L p
F**Z:**a* — 1— 8“
tt 57 t+2 ( 1)

r

~ 1
Ft*T’ = 7H(1 +,LL) at* + g%aTW

2r

~ 1p 1p

Iy i===(2+3u) 0 +=-(1—-3u)0,.
22( + 3u) O +2T< 1)

In addition, we denote by Y the derivative operator on M that induces the covariant

derivative associated to ¢, —on every 2-sphere given by the level sets of t* and r.

e the divergence operators 6 and div are defined by

0% 1= —trg,, (6(5), divg = %(W‘I)
e the curl operators *d and cifrl are defined by

= 1
*dT = —€-VE, cfrl = §¢/Y7‘I

e the wave operator O and the Laplace operator A are defined by
0% = —5(6(5» AT = div(W‘Z)
Lastly, we follow!! in introducing a family of angular on M?.

e the operator P, is defined by

DT = —(divT, il T)

2Note however the difference in sign convention for the operators 7, and @;
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e the operator ?; is defined by

Pi(T,T) = VT + 47T
Finally, in the sequel we shall employ the following notation.

° %@t and Y®t denote the operators

(6@3’() o Vot + Vit (W@)f) w = Vats + YVota
o V&t and Y&t denote the traceless Lie derivatives Lggas + Gas - 0t and Lod,, —4,,
divt respectively

e for an n-tuple of vector fields V3, ..., V,, we denote by Ty, v, the contraction (((¥ -

Vi) Va).) - Vi

3.2.2.3 THE Q-FRAME {0, 0,}

We end this section by introducing a O-frame on M, that is a frame in which one
can evaluate Q-tensors and Q ® S 1-forms. This moreover allows one to express the
‘Q-operations’ introduced in section 3.2.2.2 with respect to this frame. We will make

(implicit) use of this in section 7.2.

Proposition 3.1. The linearly independent vector fields O and O, determine a spherically

symmetric Q-frame on M such that
§M<8t*7 at*) = _(1 - M)v gM(at*, ar) - gM(afra ar) =1+ - (35)

In addition one has the (smooth) connection coefficients

— L 1p = 1p L
Op = == 0p + =—(1—p) Oy, L0 ==—(1 Opr — == O,
Vo, 0 5 t+2r( 1) Vo, 27°( + 1) O 9y
— — - 1 1p
Vo,0¢+ = —Va,. 0, Vo0 = ==(2+pu) 0y — ==(1+ p) 0.
22 2r
Proof. Computation. m

3.2.3 THE CAUCHY HYPERSURFACE X

In this section we consider a foliation of (/\/l, gM) by Cauchy hypersurfaces ¥+, thus
identifying an initial Cauchy hypersurface ¥. In addition, a restricted version of the 2+ 2

formalism to the hypersurface ¥ is detailed.
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Initial data for the equations of linearised gravity will be prescribed on ¥ in section 5.1.1

with the aid of this restricted formalism.

3.2.3.1 THE CAUCHY HYPERSURFACE Y
We define the manifolds with boundary
Y 1= {t*} x [2M, 00) x S°.

As the gradient of t* is globally time-like on M, the family ¥« describe a foliation of M
by Cauchy hypersurfaces. We henceforth fix an initial time ¢:

> = Zt{;'
The initial hypersurface > comes equipped with the Riemannian metric
har = (14 p)dr? + 1%
along with the associated second fundamental form

1
k:==L,hy =
o Lnfiae

S =

(24 p)dr® — %'r{j.

S| =

1
2
Here, n is the future-pointing unit normal to X

n="ho.—"2o,
h

where we have defined the lapse function

h =1+ p.

3.2.3.2 S,-TENSOR ANALYSIS

We consider now a foliation of 3 by the 2-spheres S? given as the level sets of the areal

function r. Associated to this foliation is the inward pointing unit normal

This leads to the following definition.

Definition 3.4. Let {v,eq1,e2} be a frame on X. Then we say that a smooth n-covariant
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tensor field H on ¥ is an n-covariant S, -tensor field if

Given a symmetric 2-covariant tensor field H on ¥ one projects it onto the function H

on X, the S, 1-form H# and the symmetric 2-covariant S,-tensor field as follows:

H:= H(v,v), (3.6)
H(es) == H(v,ey), (3.7)
H(€[,€J> = H((E],ej). (38)

It is natural to decompose the latter into its trace and trace-free parts with respect to

the induced metric ¢, on S7:
A ]
W=H+ 39 th .

A particularly useful application of this procedure is for the second fundamental form k.

First one decomposes k into its trace and tracefree parts with respect to hy:

~ 1
k:k‘l'gh'tl"k’, trk = ——=—

Decomposing k according to (3.6)-(3.8) then yields (supressing the hat notation):

S VERRR
S 3hr 14p]
%%:_%7
k=f=0

Lastly, one has a natural calculus on S, tensor fields induced from (X, hpy).

Indeed, the ‘angular’ operations introduced in section 3.2.2.2 have analagous definitions
for S, -tensor fields. In addition, for smooth S,-tensor fields we define the differential
operator Y, as corresponding to the action of covariant differentiation (with respect to

hyr) in the direction v:

WVH = EVﬁ7
11
WVH = EVH - jfﬂa
hr

Vol = L~ 22,
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3.2.4 THE 7*-FOLIATION

In this section we define a foliation of M by 2-spheres which foliate ¥;+ in a compact
region of spacetime but which foliate a null-hypersurface in the non-compact region. A
pointwise norm acting on tensor fields on M and a frame which are both adapted to this

foliation is then defined.

It is through this foliation that we will capture the dispersive properties of solutions to

the equations of linearised gravity — see the theorem statements of section 6.

3.2.4.1 A FOLIATION OF M THAT ‘PENETRATES’ BOTH HT AND Z' AND THE
SPACETIME REGION DT (XR)

To define this foliation we introduce the following optical function v on M — H*
u:=1t"—r—4Mlog(r —2M) + R+ 4M log(R — 2M)

where R >> 10M is a fixed constant. We note that u indeed solves the Eikonal equation
on (/\/l, gM). The function 7* is then defined according to

t* r<R
u r>R

T (t*, QA) =

where 4 is any coordinate chart on S2.
This subsequently defines the 2-sphere Sf*,r C M given as the intersection of the level

sets of 7 and r:

S2 = {tr} x {r} x S?

*
71,71

where ¢ is the unique value of ¢* such that 7*(¢f,71) = 77.

The desired foliation then arises as the union of these 2-spheres:

M= U s,

T*ER re[2M,00)

We shall informally refer to the limiting sphere as » — oo as a sphere on future null
infinity Z+. The function 7* thus serves to parametrise Z*. This yields the Penrose

diagram of Figure 3.

Finally, the region of interest in this paper will in fact be the spacetime region corresponding
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Figure 3.1: A Penrose diagram of (M, ga;) depicting the hypersurfaces ¥4« and 2.« given as the level
sets of t* and 7*.

to the intersection of the causal future of a compact subset of the initial hypersurface >:

DY (Sg) = U U S,

T*E[tf,00] r€[2M,00)

This yields the resulting Penrose diagram of Figure 4.

Ay

Figure 3.2: A Penrose diagram of M gM depicting the causal future of =;»
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3.2.4.2 A POINTWISE NORM ON Q-TENSORS, Q ® S 1-FORMS AND S-TENSORS AND
THE FRAME {L, L}

We now introduce a pointwise norm on Q-tensors, @ ® S 1-forms and S-tensors that is
adapted to the foliation of M by the 2-spheres of the previous section.

Definition 3.5. Let Q be a symmetric 2-covariant Q-tensor, let w be an Q ® S 1-form
and let © be an n-covariant S-tensor for n > 0 an integer. Then on any 2-sphere wa

we define the pointwise norm |-|%.  according to
T*,T‘

Q% = sup <|Qat*at* >+ 1Qo,.0,1* + |Qarar|2>,
T r S

T,

2 2
I + |tdar|gM>7

elfs, + = sup (o

T,

2 . 2
Olsz,, = sup Ol -

T,

Finally, we introduce a null frame {L, L} associated to the optical function u. Indeed, we
define L to be the future-directed generator of the null hypersurfaces given by the level
sets of u:

L= —(du)ﬁ

where § denotes the musical isomorphism on M given by g,;. Subsequently, we define L

to be the unique future-directed null vector conjugate to L:

We have the following proposition.

Proposition 3.2. In the Q-frame {0+, d,}

14+ p
L=0-mw(=0) L=y 0 +0
In particular
S 5 _ M S 5 _ M S T7T_S.71_
ViL = —;L, VL = ;L, VL=V, L=0 (3.9)
and
Dr=—(1-—pu), Dr=1 (3.10)

where D and D denote the action of L and L on smooth functions.
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Proof. Computation. O]

We end this section with the following lemma which will be made use of in section 7.2.

Lemma 3.3. Given a smooth function f on M we define the operator d*f acting on

smooth vector fields according
A7 f :=df — %df.

Then for a vector field V = a L+ 3 L where a and 8 are smooth functions on M it holds
that

di, f = 26Df.

Proof. Computation. n

3.2.5 THE PROJECTION OF TENSOR FIELDS ON M ONTO AND AWAY FROM THE
[ = 0,1 SPHERICAL HARMONICS

In this section we provide a notion of tensor fields on M having support on and outside
of the [ = 0, 1 spherical harmonics and then define a projection map onto each respective

space.

In section 5.2 we will establish an identification between the projection of a solution to

the equations of linearised gravity onto [ = 0, 1 and stationary solutions to said equations.
This section follows closely section 4.4 of!!,

3.2.5.1 THE [ = 0,1 SPHERICAL HARMONICS AND THE SPHERICAL HARMONIC
DECOMPOSITION

We recall the classical spherical harmonics Y}, with [ € N and m € {—[,...,0, ...} defined
as the set of orthogonal eigenfunctions for the Laplacian A associated to the metric g on

the unit round sphere:

AY! = —1(1+1)Y!
and

g VEYE &= 6",

Here, ¢ is the Kronecker delta symbol and € is the volume form associated to g.
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We explicitly note the form of the [ = 0 and { = 1 modes

(3.11)

_ 3 _ 3 _ /3
Y=t = /-=sinfcosyp, Y= =/ = cos¥, Y=l =/ -Zsinfsing. (3.12)
4dm 8T 4m

Definition 3.6. Let f be a smooth function on S>.

Then we say that f is supported only on l = 0,1 iff for | > 2
/)fJ%E:O
S2
Conversely, we say that f has vanishing projection to | = 0,1 iff for [ = 0,1
/’f&%ézo
S2

This leads to the classical spherical harmonic decomposition of square integrable functions
on S2.

Proposition 3.4. Let f € L?(S?%). Then one has the unique, orthogonal decomposition

[ = ficoa+f

where the function fi—o1 € L*(S?) is supported only on |l = 0,1 and the function f' €
L?(S?) has vanishing projection to 1 = 0, 1.

The remainder of this section is concerned with generalising this result to tensor fields

on M.

3.2.5.2 THE [ = 0,1 SPHERICAL HARMONICS AND Q-TENSORS
We begin with Q-tensors.
In what follows n > 0 is an integer.

Definition 3.7. Let Q) be a smooth n-covariant Q-tensor.

Then we say that Q) is supported only on | = 0,1 iff for | > 2 all components of Q) in the
Q-frame {0y, 0,} satisfy

1 o
Q...at*...aT.., : Ym €=0.

2
ST*,T

Conversely, we say that QQ has vanishing projection to I = 0,1 iff for | = 0,1 all

o7



components of Q in the Q-frame {0y, 0.} satisfy

s2,

T,

It will be useful in the sequel to denote by A(M) the space of Q-tensor fields that have

vanishing projection to [ = 0, 1.

Subsequently, applying Proposition 3.4 to each frame component yields the following.

Proposition 3.5. Let () be a smooth n-covariant Q-tensor field. Then one has the

unique, orthogonal decomposition

Q= Q01 +Q

where the smooth n-covariant Q-tensor Q=1 is supported only on | = 0,1 and Q' €

A(M).

3.2.5.3 THE [ = 0,1 SPHERICAL HARMONICS AND Q ® S 1-FORMS

Next we consider Q ® S 1-forms.

First we recall the classical Hodge decomposition of smooth 1-forms & on S?
E=Vfi+iVfs.

Here, f; and f» are smooth functions on S2 with V and % the Levi-Civita connection and
Hodge dual associated to the metric on the unit round sphere. This decomposition is
unique if one assumes that the smooth functions f; and f, have vanishing mean over 52
and can be readily extended to smooth Q ® S 1-forms by using the frame {9+, d,} and
the fact that ¢, = r2§. This leads to the following definition, an analogue of which for

smooth S 1-forms was first given in!!.

Definition 3.8. Let w be a smooth Q ® S 1-form.

Then we say that e« is supported only on | = 0,1 iff the two smooth Q 1-forms q; and g
defined according to

& = 2DI (qh Q2) (3.13)

are supported only on | = 0,1 and moreover have vanishing mean on every 2-sphere Sz*’r.
Conversely, we say that < has vanishing projection to | = 0,1 iff ¢1,q2 € A(M).

Let now & be a smooth S 1-form.
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Then we say that & is supported only on | = 0,1 iff the two smooth functions fi and fo
defined according to

52@;(f1,f2> (3.14)

are supported only on l = 0,1 and moreover have vanishing mean on every 2-sphere wa.

Conversely, we say that £ has vanishing projection to l = 0,1 iff ¢1,q2 € A(M).

Linearity and Proposition 3.5 then yields the desired decomposition of smooth Q ® S

1-forms.

Proposition 3.6. Let w be a smooth Q® S 1-form. Then one has the unique, orthogonal

decomposition
/
& = wi=0,1 T &

where the smooth Q ® S 1-form « is supported only on | = 0,1 and &' has vanishing

projection to | =0, 1.

Conversely, let & be a smooth S 1-form. Then one has the unique, orthogonal decomposition

E=&-—01+¢

where &g 1 is a smooth S 1-form that is supported only on 1 = 0,1 and ' is a smooth S

1-form that has vanishing projection to l = 0, 1.

Finally, the following definition will prove useful in the sequel.

Definition 3.9. Let «w be a smooth Q ® S 1-form.

Then we define by w. and w, the two smooth Q 1-forms of vanishing mean on every

2-sphere Sf*vr that arise from the Hodge decomposition of (3.13):
& = P} (e, o).

Let now &£ be a smooth S 1-form.

Then we define by & and &, the two smooth functions of vanishing mean on every 2-sphere
SE*,T that arise from the Hodge decomposition of (3.14):

&= D7 (& &)-
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3.2.5.4 THE [ = 0,1 SPHERICAL HARMONICS AND SYMMETRIC, TRACELESS
2-COVARIANT S-TENSORS

Now we consider symmetric, traceless 2-covariant S-tensors.

One has the following proposition, proved in!!!, which establishes the sense in which all

smooth, symmetric, traceless, 2-covariant S-tensors have vanishing projection to [ = 0, 1.

Proposition 3.7. The operator W@@I has trivial kernel over the space of smooth functions
in A(M) x A(M). Moreover, for any smooth, symmetric, traceless 2-covariant S-tensor
© there exists two unique, smooth functions fi, fo € A(M) such that

0 = V&P (fi f»)- (3.15)

Finally, the following definition will prove useful in the sequel.

Definition 3.10. Let © be a smooth, symmetric, traceless 2-covariant S-tensor. Then
we define by O, and O, the two smooth functions in A(M) that arise from the Hodge
decomposition of (3.15):

0 = V&P (0., 0,).

3.2.5.5 THE [ = 0,1 SPHERICAL HARMONICS AND S,-TENSORS

Our final considerations are .S, -tensors.
Analagously to the previous three sections one has the following.

In the sequel, we denote by A(X) the space of smooth functions on ¥ having vanishing

projection to [ = 0, 1.

Proposition 3.8. Let f be a smooth function on X. Then one has the unique, orthogonal

decomposition

= fi—o1 + f

where fi—o1 is a smooth function on ¥ supported only onl = 0,1 and f' € A(X) is smooth.

Moreover, if £ is a smooth S, 1-form then one has the unique, orthogonal decomposition

E=&01+¢

where §—01 s a smooth S, 1-form supported only onl = 0,1 and ' is a smooth S 1-form

with vanishing projection to 1l = 0,1 (cf. Definition 3.8).
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Finally, if 0 is a smooth, symmetric, traceless 2-covariant S, -tensor then 6 can be uniquely

represented as
0 = YD (0e, 0)

where 0,0, € A(X) are smooth.

3.2.5.6 THE PROJECTION ONTO AND AWAY FROM [ =0, 1
We end this section by defining a projection mapping onto and away from the space of
tensor fields supported only on [ = 0, 1.

In what follows, n > 0 is an integer.

Definition 3.11. Let () be a smooth n-covariant Q-tensor field with « a smooth Q ® S
1-form and & a smooth S 1-form.

Then we respectively call the maps

Q — Ql:O,la

& — ©1=0,1,

§ — &i=0,1

the projection of @, and & onto | =0, 1.

Conversely, we respectively call the maps

Q— Q,
w — &

= ¢

the projection of Q,« and f,& away from | =0, 1.

Of course analogous definitions hold for S,-tensors. Moreover, we note that for @ € A(M)
one has Q = @Q'.

3.2.6 ELLIPTIC ESTIMATES ON 2-SPHERES AND THE OPERATOR ;z“’]

In this section we introduce an L? norm on the 2-spheres of section 3.2.4. A family of
elliptic operators acting on tensor fields on M are then defined for which elliptic estimates
will be derived with respect to these norms. We then finish this section by presenting

various commutation relations and indentities associated to these operators.
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These norms will appear in the theorem statements of section 6. Moreover, the elliptic
estimates will allow us to control higher order angular derivatives of solutions to the
equations of linearised gravity in section 7.2. Finally, the operator ¢ Pl will play an
important role in this paper as it appears in the definition of the Zerilli equation in
Chapter 4.

3.2.6.1 NORMS ON SPHERES

First we define the norms.

Definition 3.12. Let Q) be a symmetric 2-covariant Q-tensor, let & be an Q ® S 1-form
and let © be an n-covariant S-tensor for n > 0 an integer. Then on any 2-sphere wa

we define the L* norm H||%3* _ according to

Rl = [, (1Qan0.P +1Qa.0+|Qaa )2,
’ *
lollle,, o= [, (ool +leall, )&
2 .
01, = [, 10 ¢

Moreover, the higher order norms ||(TY7)kH§2* for k > 1 are defined according to

2M +(rY)*Qa,.

09 QU 5= [, (1097 Qaa.
09 e, = [ (1090
l09yelfs,, = [, lrv)el, &

olg + |(T77)kQarar|§M)€°»

2 k 2 o
Y e l? e

Note that by convention a smooth function on M is a smooth 0O-covariant S-tensor.

We make the following remark.

Remark 1. Note the absence of the 7? volume weights in the above norms when compared

with the analogous L? norms on spheres defined in!".

3.2.6.2 THE FAMILY OF OPERATORS A

We continue by introducing a family of operators on M which shall ultimately serve as
a shorthand notation for controlling higher order angular derivatives of tensor fields on
M measured in the norms of the previous section. Indeed, proceeding again as in!", we
define
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e the operators .Agf] are defined inductively as
A[Q’H—l] W,A 21] A[Q’H—Q] : . di A[?’H—l]
: 1 _
with .Af =ry

e the operators ,A[g] are defined inductively as
A[Qz—‘rl — w A[QZ] A[21+2 — w .A[2Z+1]
: (1 _
with Ag =D,

e the operators AZ] are defined inductively as

[22-1—1 . di A[Qz .AEH_Q] — W@A [2i41]
: (1 _
with Ae = rdiv

Before we derive the elliptic estimates we note the following lemma (we recall by convention

that a 0-covariant Q-tensor is a function on M).

Lemma 3.9. Let Q' € . T*(M)NAM) forn >0 an integer. Then fori=0,...,5 and

any 2-sphere S%. . one has the estimate

6= DY Q2. <107,

Proof. Recalling that ¢ = r2¢ where § is the metric on the unit round sphere, the above
estimate thus follows from applying the classical Poincaré inequality on the 2-spheres S2, -
to the components of @’ in the frame {0, 9, }. ]

This leads to the subsequent elliptic estimates.

Proposition 3.10. Let Q' € A(M) be a smooth, symmetric 2-covariant Q-tensor, let
@ be a smooth Q ® S 1-form and let © be a smooth, symmetric, traceless 2-covariant

S-tensor respectively. Then for any 2-sphere S . and any integer m > 0

*
NS

NE

16V Q %, S IAT Qe

~.

1z 1= L

]

1Y) wllse, S I @llse,
]

1Y) Ollse, S IIAOlls,

N
Il
o
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Proof. We first note the identities

* 1 ° ]_
¢1¢1 = _ﬁA + Tigv

3 1, 2
VP =it E

Computing thus in the frame {0+, .} one finds that on every 2-sphere SZ.

1
AV Q e, = IV Q. (3.16)
1A B, = Ve B, + Il 1, (3.17)
149 013, = 1rVe1Z, +2010'|1%, (3.18)

and

1A/ Q. = 1P AQ e, .
1A, = 128 B, + 2l Ve I3, +llelZe,
1A%, = 11280 B, + 4V %, + 401011, .
The former along with Lemma 3.9 immediately yields the m = 1 case of the proposition

whereas the latter combined with elliptic estimates on A and Lemma 3.9 once more yields

the m = 2 case.

The higher order cases then follow by an inductive procedure and Lemma 3.9, noting
that commuting with higher order derivatives generates positively signed lower order

terms. OJ

We note that analagous results hold for S,-tensors.

3.2.6.3 THE OPERATOR ("

We consider now the operator
2 3M
A=A+ 2(1 - )Id.
r r

Elliptic theory (see e.g.[%) and Lemma 3.9 leads to the following®:

Proposition 3.11. The operator A; is a bijection from C*(M) N A(M) to C>*(M)N
A(M).
3In particular we note that the space H™ N A(M), where H™ denotes the space of functions on S?

whose n = 0, ...,m (weak) derivatives are square integrable with respect to the measure of the unit round
sphere, is a Hilbert space for any integer m > 0.
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Here, C*°(M) denotes the space of smooth functions on M.

The above in particular means that the inverse operator to A; on C*°(M) N A(M) is
well defined. Consequently

e the operator ¢ : A(M) N C®(M) = A(M) N C®(M) is defined by
(M =rTACS

We have the following proposition.

Proposition 3.12. Let f € C°(M) N AM). Then for any integer p > 1 and any
2-sphere S2,

T™,T

one has the elliptic estimates

2p )
SNy, S, -

=0

Proof. Integrating by parts on any 2-sphere SE*’T one finds

3 4
AcfIBe, =DV fIBe, = S0 — M1, + (= 3MPII SR,

Successively applying Lemma 3.9 therefore yields

4 11 2
(=30 + 70+ 18M) )£ 3e, + 55 + ISMDIIV Il +IY*fIs,

7.6
SIA S,

from which we conclude
2

SNEVY IS, S A%, -

=0
Standard elliptic theory then yields
2p

SIS PR B,

=0

The proposition then follows from the above estimate coupled with the fact that ¢ Pl is a
bijection on the space C(M) N A(M). O

Finally, we note the subsequent estimate which follows from the proof of Proposition 3.12

and will prove useful in the sequel.
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Corollary 3.13. Let f € C*°(M) N A(M) be smooth. Then on any 2-sphere SZ. . one

has the estimate

4 2
S =3MPIANE, + SV IR, S AR,

T
3.2.6.4 COMMUTATION FORMULAE AND USEFUL IDENTITIES

In this final section we collect certain commutation relations and identities that will be

used throughout the text.

Lemma 3.14. Let k,p > 1 be integers.

We denote by .A[k] any of the operators .Agfk],./l[gk] or [ek]. Then we have the commutation
relations
v.¥|=o
{% A[%]' _
— ee1y dr ket
Vv = )
VA A
v, ¢ = 3k qp ¢t
V. Cdrg
and

* 1 *
{A7$1] = ﬁ@l)
A * 4 A *
& vep]] = Svep;
Moreover, we have the identities
divp; = 4,
A ik X 2«
WVED; =Dk + D]

and on any 2-sphere 572_*,,1

J

(g e _||(Ty7)g[p1f||§3*’r +(2- 3u)||¢[p]f||§3w’

2
T*r

J

with f € C(M) N A(M).

(effe=114"11l%,

2
T,

Proof. The first three commutation relations follow from the definitions of the operators

in question, in particular noting the presence of the r-weights in the definitions of the
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-A[k]‘

For the fourth one we have
= 5 Slu ~
V.2 4] = “Edrid
r
and therefore the p = 1 case follows from the formula
[’VV’ g[ll} _ _g[ll [’VV7 724&(%[1]‘
For general p, one applies the induction formulae

{%7 g[nl] _ [’VV7 g[n*ﬂ}g[l} + Q‘[nfll [’VV’ Q‘[l}]

For the final two we note the commutation relations
1
ﬁfa

AY|f
4, V]e = 5¢

for a smooth function f on M and a smooth S 1-form &.

Turning now to the identities the first follows from the definition of P} whereas for the

second we note the identity

divy Q€ = AL + %é“
T

on smooth S 1-forms &.

For the final two we perform an integration by parts on any 2-sphere SE*’T to find

L, At fe=—lVSIlE, +@=3w)lfE, .
/52 Af-fe= /52 Acf-Acfe

This yields the p = 1 case of the desired identities after recalling that ¢ s a bijection
on the space C*°(M) N A(M). The remaining cases then follow by induction. O

3.3 THE EQUATIONS OF LINEARISED GRAVITY AROUND SCHWARZSCHILD

In this section we consider the equations of section 3.1.2 for which a specific generalised
wave gauge has been imposed. We then derive the system of equations that result from

formally linearising this system of equations about the Schwarzschild exterior solution
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(./\/l, gM) thus defining the so-called equations of linearised gravity.

It is solutions to these equations of linearised gravity that we shall study in the remainder

of the paper.

3.3.1 THE MAP f

We begin by defining an explicit map f which we shall use to determine a generalised
wave gauge as in section 3.1.1 but now with (M,g) identified with (/\/l, gM).

3.3.1.1 THE MAPf

To define this map f it will in fact be more convenient both here and in the sequel to

define three seperate maps for which the map f will then be defined as their sum.

Let us first recall the definition of 2, (M) as the space of smooth, symmetric 2-covariant

tensor fields on M. The first constituent component of the map f is then the map

F Tzm(M) = TH(M) defined according to
o 2 - 2 1
f(X) = *Xp + *XP — *dT’t/i"X.
r r r

Here, P := (dr)* with # the musical isomorphism associated to gj; and we recall the 242

formalism of section 3.2.2.

We note the following remark.

Remark 2. The map f will reappear in section A of the Appendix.

H

3.3.1.2 THE MAP f

We continue by defining the second constituent component of the map f which is to be

H
the map f : 72, (M) = T (M) defined according to

?(X) = - ()%P> =01

r

Here, X := X — %gM trgMj( and we recall the projection map onto the [ = 0,1 spherical

harmonics of Definition 3.11.

We note the following remark.

H
Remark 3. The map f will reappear in section 3.4.2.
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3.3.1.3 THE MAP }

To define the third constituent component of the map f it will be expedient to introduce
first several auxiliary maps. We note that these latter maps will in fact play a significant

role in the remainder of the paper.

We first introduce a triple of maps. Indeed, the first map 7 : 7, (M) — Z2, (M) N
A(M) is defined according to

FX): =X -V® (X; — (MXQ))

whereas the second map 7 : 72, (M) — THM) N A(M) is defined according to

sym
N(X): =X, — r2d <7‘_2X0)

and finally the third map o : 72 (M) — C=(M) N A(M) is defined according to

o(x)s= (1x) (¥ (k) ) - 24,

Here, we recall the space A(M) from section 3.2.5.2, the Hodge mappings of Definition 3.9
and Definition 3.10 and finally the projection mapping ' away from the [ = 0, 1 spherical

harmonics of Definition 3.11.

The introduction of the above three maps subsequently allows the maps ® : 72 (M) —

sym

CO(M)NAM) and ¥ : T2 (M) — C®(M)NA(M) to be defined according to

000) = 03" (3d(000)) )
and

U(X) = A (o(X)) =47 (g[” (%U(X) - 2r1(%(X))PP>>.

Here, Ay := A+ T%Id and we recall the operator Q‘[p] defined in section 3.2.6.3. Lastly, we
note that the operators A, and A are indeed invertible over the space C=(M) N A(M)

as can be shown using standard elliptic theory (see e.g.l%! and also cf. section 3.2.6.3).

Finally, the third constituent component of the map f is then to be the map ;‘ :
T2, (M) = THM) defined according to

sym

F00) = 21— 208, (w(x), () -

o

*d (r33(\11(x))> +rY3(¥(X))

r2
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where 3 is the operator 3 := Y (r — SM)Q‘[” + ZMM@o. 2M)Q‘[2}.

r3 r o

We note the following remark.

Remark 4. The maps ® and ¥ along with the operator 3 will reappear in section 4.1.

3.3.1.4 THE MAP f

We can now finally define the desired map f. Indeed, we define the map f : ﬂsf,m(/\/l) —
T (M) according to

We make the following remarks.

Remark 5. We note that the domain of the map f is more restricted than the domain
of the maps considered in section 3.1.1. The restriction to symmetric 2-covariant tensors
is natural however in light of the fact that the case of interest is when the map is applied
to a Lorentzian metric. In addition, the restriction to smoothness will be consistent with
the regularity class of solutions to the resulting linearised equations we are to consider in

section 5.1.

3.3.2 THE FORMAL LINEARISATION OF THE EQUATIONS OF SECTION 3.1.2

We continue by now establishing a formal linearisation theory for the Einstein equations
on M as they appear in a generalised wave map gauge defined with respect to the map

f and the Schwarzschild exterior metric gyy.

This section of the paper proceeds in a similar fashion to that of section 5.1 in!!l.

3.3.2.1 PRELIMINARIES

We first identify the manifold (M,g) in section 3.1.1 with that of the Schwarzschild
exterior solution (M, gM).

On M we consider a smooth 1-parameter family of smooth Lorentzian metrics g(¢) with
g(0) = gy and demand that each g(e€) is in a generalised f-wave gauge with respect to

gy with f the map of section 3.3.1. We moreover assume that each pair (./\/l, g(e)) is a

solution to the Einstein vacuum equations.
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3.3.2.2 THE LINEARISATION PROCEDURE

Let us first immediately dispense with the ¢ notation and use the convention that bold
quantities are with respect to the family of perturbed metrics and unbolded quantities

are given by their background Schwarzschild value.

In particular, identifying g with gy in equations (3.2) and (3.3) of section 3.1, the
assumptions of section 3.3.2.1 imply that each member g of the 1-parameter family must

satisfy

(97)"V,V59,,+2C% 9.,V (97") " — 49,5V, (s7) "

S _1\79 .
—AC}.C +2(971) Vg, Riemy,

:2gw(avﬁ) (gA](; 5(9))7 (319)
(7)) Cs, =g fata). (3.20)

Here, Riem and V are the Riemann curvature tensor and Levi-Civita connection of
(/\/l, gM) respectively. Observe therefore that g = g, is indeed a solution to this system

of equations as by explicit computation one verifies that f(gys) = 0%.
To formally linearise, we write

1)

g—9Jdu=49g

where = means equivalent to first order in e. Thus, in keeping with the notation of[!,
quantities with a superscript “(1)” denote linear perturbations of bolded quantities about

their background Schwarzschild value. In particular,
e g € 72,(M) denotes the linearised metric
Moreover, we write

f(g)=Df| ()

where D f ‘ D Tz M) = THM) is a linear map. In particular,
gu

e the linear map D f ’ denotes the linearisation of the map f at gy,
gm

However, in view of the fact that the map f is already linear, we thus have

Df] — f.

9m

“Note that this in particular means that gas is in a generalised f-wave gauge with respect to gas.
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Subsequently, to derive the linearised equations one simply expands the terms appearing
in equations (3.19) and (3.20) in powers of ¢, keeping only those terms that enter to first

order.

3.3.2.3 THE LINEARISATION OF THE EINSTEIN VACUUM EQUATIONS IN A
GENERALISED WAVE GAUGE AROUND SCHWARZSCHILD

Proceeding in this manner one arrives at the following system of equations:

(1)

04,5 — 2Riem”,,°5 5 = 2V (o f 5. (3.21)

(1)

1) ]- 1)
VIG5 — 5Vad = fo (3.22)

Here, [ is the wave operator on (/\/l, gM> and we have defined ](CU € TYM) according to

The above system of equations thus describe the linearisation of the Einstein vacuum
equations, as expressed in a generalised f-wave gauge with respect to gy, about the
Schwarzschild exterior solution gp;. We shall henceforth refer to this system of equations

as the equations of linearised gravity.

We make the following remark.

Remark 6. We note if in section 3.3.2.1 one were to instead chose any smooth map f
satisfying f(gar) = 0 and which has as linearisation at gp; the map f then the resulting

linearised equations would be the same system of equations (3.21)-(3.22).

3.3.3 THE SYSTEM OF GRAVITATIONAL PERTURBATIONS

In this section we apply the 2 + 2 formalism developed in section 3.2.2 to the equations

of linearised gravity.

Indeed, given the symmetric two tensor ¢ on M we have:

e the projection onto the symmetric 2-covariant Q-tensor field iz})
e the projection onto the Q ® S 1-form

e the projection onto the symmetric 2-covariant S-tensor field ;j

(1)
Furthermore, given the 1-form f we have:
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(1)

e the projection onto the Q 1-form f

[¢9)
e the projection onto the S 1-form f

Moreover, decomposing g and g into their trace and trace-free parts with respect to the

Q-metric §y; and the S-metric I

)

g=g+

(1)

gM ' tr{?Mg

and

yields the collection

1
(1) W (O]

2 D N “
g7tr§Mgagvg7tAgvf7/
where now

1)
A

e g is a symmetric, traceless 2-covariant O-tensor field
o trj,, g is a function on M

° gisaQ(X)S 1-form

(1)
A~

e ¢ is a symmetric, traceless 2-covariant S-tensor field

° t/%(j is a function on M

0]

e fisa Q l-form

(1)

/ isan S 1-form

each of which must satisfy the following system of gravitational perturbations®.

5Here we use that, owing to the spherical symmetry of (M, gM), the Christoffel symbols associated
to the connection V are of the form

Ig. =I%,., Ig, =Tg, TIo=T2,
1 1
aB = _;(dT)O((gM)AB’ FSB = ;(d’l‘)a 5]12’7

A A
FBC = FBC

with all other Christoffel symbols vanishing. Here, v = {t*,r}, ['%,.,T'% T2 are defined as in section
3.2.2.2, (A, B) denote a coordinate system on S? and J' denotes the collection of quantities which induce
the Christoffel symbols associated to the connection Y on every 2-sphere given as the intersection of the
level sets of t* and r. For a derivation of this result, see[*7].
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The equations for the linearised Q-metric:

Y ) S IS duy 1. s~ o 2 s 0 1 a0 = ®
O+ Aj+=Vpg — 7(V®g) — fﬁg = — dr®dtry,, g + - dredive — = dr®dt/rg +V&f,
T T P rr T T T o
(3.23)
~ (1) (1) ~ 9 2 <
Otrg,, g + Atrg,, g = —20f + ;f. (3.24)

The equations for the linearised Q ® S-metric:

~= o a 2= 1 W 2 o 9. o o9 o
Og + Ag — CV@gp— S(l-plg+ 5 dr®sgp = ;dr&divg +Vef+Yof — Sdre.f.

)
(3.25)
The equations for the linearised S-metric:
O + A~ ~Vpg - ;%ﬁ =V&/, (3.26)
~  m ) 2~ o 2 o 4 2) 2 ® ) 4 O
Finally, the linearised generalised wave gauge conditions:
”’g) ) 1~ 0 7
—6g + dive — id‘f/rg =/, (3.28)
W 1 19} N o
—0¢ — §Wtr§1\/lg + dfvg = { (3.29)

Here, we have defined f € (M) and f € 9 (M) according to

noting that in the above the three explicit terms in ¢ correspond to the relative projections

of f(§) onto FH(M) and fl(/\/l) respectively.

Following ", in the remainder of the paper we shall use the collective notation .7 with

y = <§7tr§M§7§£7§7t&g>
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to denote a solution to the system of equations (3.23)-(3.29).

We make the following remarks.

Remark 7. In view of the fact that in section 3.3.2.1 we fixed the differential structure of
M, one could instead decompose the perturbed metric g as in section 3.2.2.1. A further

decomposition of (3.2) and (3.3) would lead to a system of equations for the quantities

g9.9.9

Upon linearisation, this yields the system (3.23)-(3.29) for

O

9.4, 4

where we now recognise the tensor fields 5,;52, (g) as the linearisation of the quantities g, g
and ¢:

- ®

g—9m =49,

g=1,

1)

Since, however, the aforementioned decompositon of (3.2) and (3.3) is rather cumbersome,

we prefer our more direct approach.
Remark 8. We note that given a solution . to the system of equations (3.23)-(3.29)
one constructs a solution ¢ to the system of equations (3.21)-(3.22) by defining

(O]
® A O] O]

~ ) (1) (/‘\] ].

Remark 9. We will interchangeably refer to the system of equations (3.23)-(3.29) as

both the equations of linearised gravity and system of gravitational perturbations.

3.4 SPECIAL SOLUTIONS: PURE GAUGE AND LINEARISED KERR

In this section we introduce two special classes of solutions to the equations of linearised

gravity, namely the pure gauge and linearised Kerr solutions.

We note that theorem 2 of section 6 will state that sufficiently regular solutions to the
equations of linearised gravity will decay to a sum of a pure gauge and linearised Kerr

solution.
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3.4.1 SPECIAL SOLUTIONS I: PURE GAUGE SOLUTIONS ¥

The first class of solutions we introduce are the pure gauge solutions which arise as the
linearisation of a 1-parameter family of Lorentzian metrics on M given as the pullback of
gy under a 1-parameter family of diffeomorphisms on M which preserve the generalised

wave gauge of section 3.3.2.1 to first order.

Indeed, let v € T (M) be a solution to the equation
Ov = f(Lygm) (3.30)

where f is the map of section 3.3.1. Subsequently denoting by ¢, the smooth 1-parameter
family of diffeomorphisms on M generated by v* it follows that the corresponding smooth

1-parameter family of Lorentzian metrics (¢_.)*gy € T, (M) define a smooth 1-parameter

family of solutions to the Einstein vacuum equations. Moreover, the conditions (3.30)

ensure that, to first order in €, the identity map

1d : (./\/l, (¢,E)*9M) — (/\/l,gM> (331)

is an f((¢_.)"gam)-wave map. Indeed, to first order in €

(¢7E)*9M —gm = Lygmr

and so

((@-07) " Cloyamans ) = F(&-0w) = B = F (Lurgan).

Here, Cy_ ) is the connection tensor between (¢_,)*gas and gy and recall, from

*gMIM

section 3.1.1, that the above is equivalent to the identity map (3.31) being an f-wave
map to first order.

We have therefore shown the following.

Proposition 3.15. Let © € JY(M) and ¢ € T (M) be solutions to the system of

equations

~ 2~ 2 ~ 2~ ~
o + Af) + ;VP?NJ - ﬁdr ?~}P = ;d?’ d/{Vﬁ + f(£(5+¢)jng), (332)
~ 1 2
Oy + Ay — ﬁ?ﬁ = —;va + J Loty gm) (3.33)
where f(Lyign) € THM) and f(Lygn) € THM) are the relative projections of

f(Lygar) onto jl(./\/l) and T1(M) respectively.
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Then the collection®
Y = (57 tr§M§7§>§7t/rg>

defined by

) ~ 3 2 3
=Yoo+ dy — ;dr@sgé,
= W®¢7
(1) 4~

t/rg = 2d,1v¢ + ;’Up

-

is a smooth solution to the equations of linearised gravity. We such a solution a pure

gauge solution that is generated by v and .

Note that one can of course verify the above explicitly from the equations (3.23)-(3.29).
We make the following remark.

Remark 10. We will show in section Lemma 5.6 that there do indeed exist non-trivial

solutions to the system of equations (3.32)-(3.33).

3.4.2 SPECIAL SOLUTIONS II: THE 4-DIMENSIONAL LINEARISED KERR FAMILY %~

We continue with the second class of solutions that are to be introduced namely the

linearised Kerr solutions which arise as the linearisation of the Kerr exterior family about

(M.u1).

In order to formally linearise the Kerr exterior family about (./\/l, gM) we consider a
smooth 1-parameter family of functions M : (—e,¢) — R given by M(e) = M +¢-m
where m € R and a smooth 1-parameter family of functions a : (—¢,¢) — R given by
a = e¢-a where a € R. This 2-parameter family subsequently generates the smooth

2-parameter family of Kerr exterior solutions to the Einstein vacuum equations on M:

gra = —(1— p) dt* + 2pdt™ dr + (1 + p) dr?
—2pasin?® dt* dp — 2(1 + p)asin® 6 dr dyp
+r?§
+0(a?). (3.34)

6This notation is borrowed from 1]
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Here, p = 22 (9, ) are coordinates on S? and we recall that § denotes the metric of

g
the unit round sphere. Moreover, we have dispensed with the € notation and neglected
to present terms that are higher than linear order in a. Lastly, we have identified the
so-called Kerr-star coordinate system (1) on M with that of the Schwarzschild-star
coordinate system in 3.2.1 — for a full presentation of the Kerr exterior metric in this

coordinate system see (36],

Subsequently, we have by explicit computation that the identity map
Id : (MagM,a> — (MagM)

is an f-wave map to first order in e:

((9810) " Conrosns ). = Flarsa) = O(2),

as can be verified from the equations (3.28)-(3.29).

We have therefore shown the a = agY case of the subsequent proposition, with the full

case following from explicit computation.

Proposition 3.16. Let m € R and let a be a smooth function on S? that is given as a

linear combination of the | = 1 spherical harmonics. Then the collection

(1)

A~

%/m,a - <§7trgn/lg7§)>g>t/fg>

defined by
I 1 m/. 2 _ L2 2
§ = — e — (*P@*P — 2%xP®dr — dr® dr),
(= w7
(1) 1 ~
4§ = —71 - (M*P — d7‘>7éy7a7

is a smooth (stationary) solution to the equations of linearised gravity. We call such a

solution a linearised Kerr solution with parameters m and a.

Note that one can of course verify the above explicitly from the equations (3.23)-(3.29).
We make the following remarks.

Remark 11. The above indeed defines a 4-parameter family of solutions as the function

a is parametrised by three real numbers a; according to

i=+1

a= > Y.

i=—
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Remark 12. We note that changes in the axis of symmetry for the Kerr exterior metric
g Of (3.34) leads to a 4-parameter family of solutions to the Einstein vacuum equations.
However, as a change of axis corresponds to a rotation of the 2-sphere, this 4-parameter
family reduces to a 2-parameter family of geometrically distinct solutions to the Einstein
vacuum equations once equivalence up to diffeomorphism is imposed. Consequently, if
one linearises this 4-parameter family about Schwarzschild one arrives at a 4-parameter
family of solutions to the linearised equations, a 3-parameter subfamily of which are
equivalent up to a 2-parameter family of pure gauge solutions corresponding to rotations
of the 2-sphere on (M,gM>. This subsequently explains the necessity for 4 distinct
parameters in Proposition 3.16 as no such family of non-trivial pure gauge solutions can

exist owing to the spherical symmetry of g,,.

H
Remark 13. Note that is the presence of the map f in the definition of the map f which

ensures that the linearised Kerr solutions lie in the kernel of the latter (cf. Remark 8).

Remark 14. Observe that all quantities in %, , are supported only on [ = 0,1 (cf.
section 3.2.5.2).
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PURE GAUGE AND LINEARISED KERR
INVARIANT QUANTITIES: THE
REGGE—WHEELER AND ZERILLI
EQUATIONS

This chapter of the thesis is concerned with the extraction of the Regge-Wheeler and

Zerilli equations from the equations of linearised gravity.

Indeed, in what follows we consider certain scalar quantities associated to solutions of the

equations of linearised gravity which vanish for both the special solutions of section 3.4.

23] [24])

We then demonstrate the well-known ( but nevertheless remarkable phenomena in

which these quantities actually decouple from the full system of gravitational perturbations

into the celebrated Regge—Wheeler and Zerilli equations.

This decoupling will prove key to our analysis of the equations of linearised gravity.

4.1 PURE GAUGE AND LINEARISED KERR INVARIANT QUANTITIES

We begin in this section by constructing these pure gauge and linearised Kerr invariant

quantities.

The quantities under consideration are then defined as in the following proposition.

In what follows, we remind the reader of the space A(M) defined in section 3.2.5.2.
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Proposition 4.1. Let . be a smooth solution to the equations of linearised gravity and
let ¢ € T2 (M) be constructed from it in accordance with Remark 8. We define the

sym

smooth quantities

iz

@ (-(gl)) )
U(g)

Sk

where ® and VU are the linear maps defined as in section 3.3.1.3.

(1) (1)

Then ® and ¥ are pure gauge and linearised Kerr invariant.

(1) (1)

Proof. We first observe that by definition of the maps ® and ¥ we have ®, ¥ € C*°(M)N
A(M) and thus ® and ¥ must vanish for all linearised Kerr solutions by Remark 14.

To show that @ and ¥ must in addition vanish for all pure gauge solutions we first define

the quantities

Rl

Il

\]
[
:_5

(),

o(9)

A
I
Q

Q
Il

where 7,7 and o are the linear maps defined as in section 3.3.1.3. We then observe that
it suffices to establish that %), 7("71') and ¢ vanish for all pure gauge solutions, a fact which
follows from explicitly applying the Hodge decompositions of Definition 3.9 and Definition
3.10 to the pure gauge solutions of Proposition 3.15. This completes the proposition. [J

We make the following remark.

Remark 15. Observe that the above proposition holds independently of the fact that
the quantities 0 and ¢ satisfy the equations (3.32)-(3.33).

4.2 THE REGGE-WHEELER AND ZERILLI EQUATIONS

We continue in this section by introducing the two scalar wave equations on (/\/l, gM>
that describe the Regge—Wheeler and Zerilli equations respectively. We will demonstrate
in the next section that the equations of linearised gravity force the gauge-invariant

(1) (1)
quantities & and ¥ of the previous section to decouple into these equations.

As the Regge-Wheeler and Zerilli equations admit a formulation independent of the
equations of linearised gravity we shall denote in this section solutions to such equations

without the superscript (1).
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The equations are defined as in the sequel.

In what follows, we remind the reader of the operators O and A defined in section 3.2.2.2
and the operator ¢ Pl defined in section 3.2.6.3.

Definition 4.1. Let ¢ € A(M).

Then we say that ¥ is a smooth solution to the Regge—Wheeler equation on (Mng) iff

Oy + Ay = oM, (4.1)

r2or
Conversely, we say that ¢ is a smooth solution to the Zerilli equation on M iff

G+ o = o B gy + T e oy (49)

r2 p

We make the following remark.

Remark 16. Note that although the Regge—Wheeler equation is well-defined outside the
space A(M) the Zerilli equation is not owing to the fact that the operator ¢ is only
defined over the space A(M). In any case, the above definition will suffice in the context

of the equations of linearised gravity.

We also in addition state the following well-posedness result for the Regge—Wheeler and
Zerilli equations which can be shown, for instance, by employing a spherical harmonic
decomposition and then using standard techniques to establish well-posedness of the
corresponding two dimensional wave equation. Note that we shall exploit this statement

of well-posedness in section 5.1.2.

In what follows, we remind the reader of the initial Cauchy hypersurface > and its
associated normal defined as in section 3.2.3.1 and the space A(X) defined as in section
3.2.5.5.

Proposition 4.2. Let 1,1, € C®(X) N A(Y).

Then there exists a unique solution 1 € C*°(M) N A(M) to the Regge-Wheeler equation
on M such that

()], = (o, 11).

In addition, there exists a unique solution » € C°(M) N A(M) to the Zerilli equation
on M such that

(&), = (o, ).

We make the following remarks.
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Remark 17. Observe that one can write the Zerilli equation as
~ 6 M
Oy + Ay = —ﬁ7¢ + ¢

where the operator 3 is defined as in section 3.3.1.3.

4.3 'THE CONNECTION TO THE SYSTEM OF GRAVITATIONAL PERTURBATIONS

In this section we reveal the remarkable connection, as first discovered by Regge- Wheeler 2%
and Zerilli®¥ in the context of a mode decomposition of the linearised Einstein equations
(see section 2.2 of the overview), between the Regge-Wheeler and Zerilli equations and

the system of gravitational perturbations.

The following version of this result relies heavily on the paper*” of Chaverra, Ortiz and
Sarbach.

Theorem 4.3. Let . be a smooth solution to the equations of linearised gravity. Then
the gauge-invariant quantities ® and VU of Proposition 4.1 satisfy the Reqgge—Wheeler and

Zerilli equations respectively:

~ 0 6 M o

00 + A = ———0
rer
and
~ W 0 6 Mo 24 M 0 T2 M M o
00 + AV = — 5 — W + ——(r = 3M)¢"0 + 2 ——(r — 2M)¢"W.
rer rer T r

Proof. We first claim that there exists two unique functions gg, @Z) € C®°(M)NAM)
which satisfy the Regge-Wheeler and Zerilli equation respectively and for which

F=Véd (ﬁb") + 6 drigMdy,
7%) = —;(Ni (T((bl)?
o= —27“4&12) + 4ﬂVVp1;DU + 12pr (1 — u){mzjb‘)

o @ (1) (1)

where 7,7 and o are as in Proposition 4.1. We then additionally claim that in fact & = v

(1) 1)

and ¥ = ¢ from which the theorem follows.

Indeed, we have by explicit computation combined with the commutation formulae of
(1) 5\1/)

Lemma 3.14 that the equations of linearised gravity (3.23)-(3.29) force the quantities 7, 7
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and o to satisfy the following system of wave equations:

Lo 0 9 0 9/ 0 4 1 a-n
OF + A7 + 5Vp7 — (V@%) — —H~ = ——dr®do, (4.3)
r r p T r
Otrg,, 7 4 Atrg, 7 =0, (4.4)
~ 2 o
097 + Af — (Vn) S dr i =0, (4.5)
5+ A6+ 2Vp8 + 25 = =3 (4.6)
o 0+ -"Vpo+ 50=3Tpp :
along with the divergence relations
"’L) 1" )
0T + §d0' = U, (4 7)
try, 7 = 0, (4.8
5 = 0. (4.9)

A

Here, 7 — % Jm trgM%) = 7 in light of equation (4.8). Moreover, in the above we exploit

the fact that the operators D] and Y&7P] have trivial kernels over the space A(M) (cf.
section 3.2.5).

(1)

Introducing now the quantity ¢ := 7Q'

%dg we re-express the above system according
to
~ <> 2 )
P T
57 =0 (4.11)
and
1 J <7 (1) z
——d <r25C + 3M0) + Al =0, (4.12)
r

= (47“C P 7“34&<0> +24¢ =0, (4.13)
—26¢ 4 r0o =0, (4.14)

d¢ =o0. (4.15)

Here, one arrives at the relations (4.14) and (4.15) by contracting (4.7) with P and *dr

respectively whereas the equations (4.12) and (4.13) follow from contracting (4.3) with
P and utilising (4.6) in conjunction with (4.14).

Now, arguing as in the Poincaré lemma for the simply connected manifold @ = H x R

of section 3.2.2.1, it follows from relations (4.11) and (4.15) that there exists two unique
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functions g(z‘;, ¢ € C®°(M) N A(M) such that
= —xd(r + f) (4.16)

and

C=d(¢+9). (4.17)
Here, f’ and ¢’ are smooth functions on S? which are supported on the [ > 2 spherical

harmonics. Integrating the equations (4.10) and (4.12)-(4.13) therefore yields

06+ Ké =~ b

and

ADQ + AAg + - 4&@ - 7vp<p =0

where we have used the functions f’ and ¢’ to remove the constants of integration. Thus,
recalling that the operator ¢! is a bijection on the space C*°(M) N A(M), the unique
functions ¢, € C*°(M) N A(M) with ¢ defined according

Mg = (4.18)

satisfy the Regge-Wheeler and Zerilli equations of section 4.2:

~ 6 M o

6+ Ad = 5704,
3+ &b = — g+ T (= s+ M oagygel

rr

Here, we use the commutation formulae of Lemma 3.14. Moreover, from equation (4.13)
combined with the relations (4.16)-(4.18) one finds

lE]
Il

Véd (ﬁﬁ) + 6u dré¢Mdy

—xd <rg(z;> ,

= —27"4&1# + 4pr +12ur (1 — u){mll;

El)
n

which yields the first claim.

Finally, to complete the theorem we note from the relations (4.16) and (4.13) the identities

2 ~ _o W o 2 (21) ! = o
4&?—1-—2 :—r*d<7" 277), Aw:;g‘[”rpp—i—a—g‘[”vpa



)

and thus by uniqueness we must have ¢ = ) and 12) — (recalling the definition of )
and U from Proposition 4.1). ]

We make the following remark.

Remark 18. The most efficient way to derive the system of equations (4.3)-(4.9) is to
utilise the Regge—Wheeler gauge of section A in the Appendix and then exploit the fact

[OENO]

that the quantities 7,7 and ¢ are gauge-invariant.
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THE CAUCHY PROBLEM FOR THE
EQUATIONS OF LINEARISED GRAVITY
AND GAUGE-NORMALISATION OF INITIAL
DATA

This chapter of the thesis is concerned with the Cauchy problem for the equations of
linearised gravity and solutions to the equations of linearsed gravity the Cauchy data of

which has been ‘gauge-normalised’.

In section 5.1 the well-posedness of the Cauchy problem for the equations of linearised

gravity is established.

Finally, in section 5.2 we consider solutions to the equations of linearised gravity the

Cauchy data of which has been gauge-normalised via the addition of a pure gauge solution.

It is these gauge-normalised solutions that will be subject to the decay statement of
Theorem 2.

5.1 INITIAL DATA AND WELL-POSEDNESS FOR THE EQUATIONS OF LINEARISED GRAVITY

In this section we establish a well-posedness theorem for the equations of linearised gravity

as a Cauchy initial value problem, thereby initiating their formal analysis.
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5.1.1 INITIAL DATA FOR THE EQUATIONS OF LINEARISED GRAVITY

We begin with a specification of Cauchy initial data for the equations of linearised gravity,

a process which is complicated by the existence of constraints.

5.1.1.1 ADMISSIBLE INITIAL DATA SETS FOR THE EQUATIONS OF LINEARISED GRAVITY

First we provide a definition of admissible initial data for the equations of linearised

gravity. Such data is to be defined on the initial Cauchy hypersurface ¥ of section 3.2.3.

In what follows, we remind the reader of the contents of section 3.2.3.1 on .S,-tensor

analysis, in particular the decomposition of the second fundamental form of ¥, along

(€]

with the definition of the lapse quantity & and the future-pointing unit normal n to X.

Definition 5.1. We consider the following quantities:

)
m @0 0w

o the smooth functions N,b, h,tth,k and (trk;) on X
e the smooth S, 1-forms }9),7(%) and

o the smooth, symmetric, traceless 2-covariant S,-tensor fields f and %

Then we say that the collection
d:: (J(\lf)7b7(bl)’h’;b)’/\’t/f ’];:"}‘6)’%’ (trk)>

is an admissible initial data set for the equations of linearised gravity iff the following
identities hold:

V) Ly, o 2 W N4, r o _w g
0= t%hh — T3Y7,,<}_lr dM) + Zﬁh — divdivh — —h W,,(}_ﬁh> —3kk + gtrk;(trk:),
(5.1)
o2 1 S0\ 3. © 3k o

(O] ® [l

0= div% + 7013?7,, (7‘37}6)) — 277];: — 2%?7% — ;(gtrkz — l?;) div% (5.3)

Here, € is the operator defined by

A = ;%(ﬁ% ) + ;A : +7}2 (1 - 1iﬂ%ﬁ> . (5.4)

Given such an admissible data set, initial data on the hypersurface ¥ for the equations of

linearised gravity is defined as follows.
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(1)

For the symmetric, traceless 2-covariant Q-tensor §

Q Lo 17
q =——N+ =h,
Inn s, N Tk
(0d) =i
nnlX
W (&) QME)
2 — b _ Th7
g’ﬂl/ h
=5
(cné) =
nvliX
and
g Lo 1¢
2 _ —*N + jh’
Juv|, N T h
2 w9, W o - 1@ 2(- 1 @1,
(Ljng)w L =9k + g(trk) +V,s —2uhY, (i_zh> + 7 (k + 3trk>h — §w2.
For the function trgMg
) 2 o 29
tr- @ —— =h
T 9 5 N + h ’
(Entrng]) = ﬁQ'
b
For the Q® S 1-form ¢
o R B
> h
=3

and

o 1w
= <=h,
g b h

(e

w a @ 1., 11(- 2 o
=2k +V,5+Vs—-85——=|k— =trk | 4.
r 2h 3

P
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For the symmetric, traceless 2-covariant S—tensor?j

1

k\x>

(1)

= off — 218

i),
(f@

Finally, for the function t/f;i

I @)

t/rgzrzwi,

() 4 w o ]_ 4 < 2 T 2
— 2k +2 e A
(ﬁnvfg)‘z 3(trk) ko 2divs 4+ o N(k 3trk>

1) (1)

Here, wl,wQ,* andzz are chosen such that the gauge conditions (3.28) and (3.29) are
satisfied on X.

(1)

1)
Note that the quantities w,, w,,w and 1 can indeed be computed explicitly from the

admissible initial data set 7.

We make the following remarks.

Remark 19. The collection &7 correspond to linearised versions of the lapse, shift
and various decompositions of the induced metric and second fundamental form of .
In particular, the coupled system of equations (5.1)-(5.3) arise as the linearisation of
the Gauss—Codazzi equations. Conversely, the four remaining constraints arise as a

consequence of the divergence relation (3.22).

Remark 20. One can explicitly verify that given a smooth solution . to the equations
of linearised gravity then the collection o/ obtained from it by reversing the above

construction must satisfy the equations (5.1)-(5.3).

5.1.1.2 SEED DATA FOR LINEARISED GRAVITY

In view of these constraints on initial data we provide in this section a notion of freely

prescribed seed data for the equations of linearised gravity.

In what follows, we remind the reader of the space A(X) defined in section 3.2.5.5.

Definition 5.2. A smooth seed data set for the equations of linearised gravity consists of

prescribing:

Oy (1)

e four smooth functions ®, P, ‘Il

|>§4H

€ A(X)

S

1 — <_1)
e four smooth functions v,0,1 and w on X
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) 1

e two smooth S, 1-forms ¥ and tH

e a smooth function a on the horizon sphere H™ N'Y given as a linear combination of
the I = 1 spherical harmonics (cf. section 3.2.5.1)

® a constant m

We will denote such a smooth seed initial data set by the collection

oy Wy R R B C N O
7 = (ix@ﬂlfﬁ_ﬂ,p,v,ﬁ,tp,m,w,m,a :

5.1.2 THE WELL-POSEDNESS THEOREM

In this section we establish the foundational well-posedness result for the equations of

linearised gravity.

In what follows, we recall the notation DT (X) for the domain of dependence of the

hypersurface ¥ in M.

Theorem 5.1. Let & be a smooth seed data set on .. Then

i) there exists an extension of P to a smooth admissible initial data set o/ on X
ii) the initial data set o gives rise to a unique, smooth solution .7 to the equations of

linearised gravity on DT (X%).

We shall prove parts i) and ii) of Theorem 5.1 separately.

Before we proceed with the proof of part i) it will be useful to first note the following

lemma.

Lemma 5.2. Let ¢4 be a pure gauge solution as in Proposition 3.15. Then its generators

0 and ¢ satisfy the system of equations

0o + Av — z(gﬁ)P + idT Up = —i(fvv®@lo,1)Pa

i+ A — Vg + (3~ 4 =0,

Proof. We recall from Proposition 3.15 that the generators ¢ and 9 of a pure gauge

solution must satisfy the system
~ . 2= . 24 2~ .
00 + A + ;va — T—er Up = ;dr divy + F(Ligrpigm),

O + & = 58 = = Vor + [(Lissgyron)
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Where f is the map of section 3.3.1. However, recalling further that f = f + f + f where
f f and f are defined as in sections 3.3.1.1-3.3.1.3 respectively then we note that

o

J(Ligrgprgn) =0

Lo (1)
precisely because the map f returns expressions in the gauge-invariant quantities ® and
(1)

U when applied to solutions of the equations of linearised gravity (cf. section 3.3.1.3 and

° K
the proof of Proposition 4.1). Computing the remaining expression (f + f)(L4p:9Mm)
thus returns the system of equations in the statement of the lemma. O
We are now in a position to prove part i) of Theorem 5.1.

We note that the proof of the following theorem exploits the existence of three explicit
classes of solutions to the equations of linearised gravity each of which must necessarily
generate three classes of admissible initial data. We also recall the operator d? defined

as in section 3.2.4.2.

Proof of part i) of Theorem 5.1. Let 2 be the seed data set in question,
‘@ = <é7§7@7\(—‘D)7(—67D7¢71§7r107w7m7u>'

We proceed in three steps.

[ )

1. From the subset of seed <\If o0 <I>) lying in the space A(X) we consider two

(SO C)]

smooth and unique functions ®, ¥ € A(M) which satisfy

~ O [ 6 Mo

00 + Ad = —— 0,
rer

~ () (1) 6 M (1) 24M &) 72 MM

O + AV = —— 0 + = (r — 3M)¢M0 + = — 2M) P
rer T ST T

(5.5)
with
- (@w) (5.6)
Y

(6.08)| = (8.8),  (onb)
by

This in turn uniquely determines the smooth solution .¥ to the equations of linearised
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gravity (with vanishing projection to [ = 0, 1) defined according to:

§=vad (r\(If)) + 64 drég‘m&\i},
tl"gMg - 0,
§="D] (&I (T\(I}) —2dr U, " (7"((1))) — 2dr <(I>)>,

§ = rvem;(¥,4),
t/r:é = 40" + 12 (1 — p,){[l]\(ﬁ.

Indeed, that the above collection determines a solution to the equations of linearised

gravity will be verified in Corollary 5.8 (cf. Remark 29).

We subsequently denote by %%>’%>,$>’$> the corresponding admissible initial data set
for the equations of linearised gravity determined from the collection .¥ according
to Definition 5.1 and the rules (5.5)-(5.6) for projecting normal derivatives onto ¥
(cf. Remark 20).

. From the subset of seed (m, a) we determine the linearised Kerr solution .7, ,

according to Proposition 3.16.

We subsequently denote by 27, , the corresponding admissible initial data set for
the equations of linearised gravity determined from %, , according to Definition
5.1.

. From the subset of seed (v, (61), ;5), 0, t%, t%) we consider the smooth Q 1-form v and
the smooth S 1-form ¢ which satisfy
~ 2= 2 1/~ _
09 + Av — ;(V’U)P + 2 drop = —;(V@vlzo)P,
- 2~ 1
Oy + Ay — ;VP¢ + ﬁ(;), —4p)p =0 (5.7)
with

(@n, B (V) (’vﬁ»)

o L oan O f—
E:<U’ 7m7m)7 <¢7vn¢>

This in turn uniquely determines the pure gauge solution ¢ generated by ¢ and ¢

= (¥w) 63

according to Proposition 3.15 and Lemma 5.2.

We subsequently denote by %)3);;);3 0 the corresponding admissible initial data for
the equations of linearised gravity determined from ¢ according to Definition 5.1

and the rules (5.7)-(5.8) for projecting normal derivatives onto X.
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Hence, from the full seed 2, we now determine the collection

e,Q{ MU @ )y ) + %m a + QQ{ WM ) @) @
D, 0,P, ¥ ,0,8,10 10,10
which, by linearity and steps 1.-3., thus determines an admissible initial data set for the

system of gravitational perturbations constructed uniquely from Z. O

We make the following remarks.

Remark 21. We emphasize that the admissible initial data set constructed above is
determined from expressions in the seed quantities which can be written down explicitly
without recourse to the consideration of global quantities. In particular, whether solutions
0 (5.5)-(5.8) exist on M is immaterial at this stage as the equations (5.5) and (5.7) are

merely used as tools for computing higher order expressions in the seed quantities.

Remark 22. We note that, by appropriately reversing the above procedure, one can
actually show that given a smooth admissible initial data set .o/ to the equations of
linearised gravity then there exists a smooth seed data set & that gives rise to it, thus
establishing a bijection between the space of admissible initial data and seed data — we
will not pursue this explicitly in the thesis however. In addition, see section 2.3.1 of the
overview for comments regarding the parametrisation of the space of solutions to the
constraint equations (5.1)-(5.3) by the seed data 2.

Now we prove part ii) of Theorem 5.1.

Proof of part u) of Theorem 5.1. We first invoke Proposition 4.2 to construct from the

)

seed functions @, &, U, ¥ € C>(X)NA(X) two unique solutions 0,0 € C®*(M)NAM)
to the Regge-Wheeler and Zerilli equations respectively:

-~ Mo
00 4+ Ad = —%7<I>
rer
o 6 Mo 24M o T2MM
OU + AV = — U 3¢+ S 2M) (P
r? r ror

with

(¢.0(2))]_ = (2.0), (#.0(9))] = (v.0).

We then construct on D (X) the unique collection of tensors fields

1

1
(1) @

trgM.g)g) .&7 t&g

Qv

where
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)

e ( is a smooth, symmetric, traceless 2-covariant Q-tensor field

1)
trg,,g is a smooth function

& is a smooth @ ® S 1-form

(1)

° j is a smooth, symmetric, traceless 2-covariant S-tensor field

o t/f% is a smooth function

by solving the following coupled system of inhomogeneous wave equations with Cauchy
data given by the admissible initial data set @/ according to Definition 5.1:
(/i) 2~ (/i) 2 — . 2) 4 u (1)
)

Og + A5 + =Vrg — =(Vég
r T TT

’ﬁ@( (E;)l 01)p) LYOF,  (5.9)

DtrgMg + AtrgMgU = _35((9z =0 1)P> + Tg(él:o,l)P’

— W 1) 1 (1) 2 ) 2 S
O¢ + Ad — 7V®ﬁp S —pg+ S drag, = —dr ®sdivg - W®((gz 01) )

+ V®F + VoL — —dr® r, (5.11)

(1) ) (1)

Og + Ag — fvpg - f—g W@F (5.12)

1) 2 pn 4 (1)
Df/fg + Af/%g + vafg + t/rg 29PP + trgMg 2 (91 0 1)PP

+ 2divf +- 4 (5.13)

(1)

Here, F € (M) and F € F'(M) are defined according to

o 1 _ )
F = —2*d< 3\11)

Fo=20-20pi(0.0) + V30

where 3 is the operator defined as in section 3.3.1.3. We note that one can indeed
solve the system (5.9)-(5.13) using standard techniques for solving systems of linear wave
equations. In particular, employing a spherical harmonic decomposition as in section
3.2.5.1 then the spherical symmetry of (/\/l, gM) implies that the [ = 0,1 modes will
propagate orthogonally to the rest.

Moreover, introducing the smooth Q 1-form @ and the smooth S 1-form z(/; defined
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according to

o= 87+ divg Sy + L (5,), — P

(1) (1)

W= —dg — WtrgMg+divg F

it follows from equations (5.9)-(5.13) that w and 1;1; satisfy the following system of wave
equations:

~ O (1) 2~ (1) 2 @) @
Dw+4ﬁw+fva——dr Wp = —dr divip,
r2

~ ) 1 (1)

Oy + & — 21,0:— pr

In addition the admissibility of the initial data set </ implies (by explicit computation)

(1)

that @ and 1 possess tmmal Cauchy data. Consequently, by a standard Gronwall-type
argument it must be that W and 1,1) vanish globally on DT (3). We therefore conclude
that the collection

= (g,trgMg .4, %g)

in fact satisfies the system of equations

1
(1), (1)

2 4
6 + Ad + vpg - —(V@g) - ;%g = — dr@®dtr;, § + - dr@dfvg -~ dr®dt/rg

@

+V®f,

ﬁtr@M@ + Atl‘gMg - 26f + f

(1)
(1)

~—w (1) 1
Og + Ag — *V®ﬁ‘p ol S u)g+ s dr@ggy = dr®sdivg + V®/ + W@f - = dr ®Sf

(1) ) (1)

Dg +Ag - fvpg - f—g = W@/

Cltkg + Athg + *va/rg + —t/rg = A;;PP + 2 trgMg + 2d,fv/ + fp,

1) Q

3G+ divi — Sy = ]

N a

—bg — Y7”91%9 + d/fvg f

where we have observed the equivalence
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(1)

Here, f and }; are defined as section 3.3.3.

This completes the theorem. O

We make the following remarks.

Remark 23. The fact that the admissibility of the initial data set @/ implies that the
gauge conditions (3.28)-(3.29) propagate under evolution by the system (3.23)-(3.27) is

a classical result — see for instance the book of Choquet-Bruhat!).

5.1.3 POINTWISE ASYMPTOTIC KERRNESS

In this final section we provide a notion of regularity on the seed data for which Theorem
2 of section 6 will be most naturally formulated. We then show that this notion of

regularity propagates under Theorem 5.1.

It will be convenient to give first the following definition.

In what follows, we recall the spacetime region D" (Xg) C M defined as in section 3.2.4.1

and use the convention that functions on ¥ are O-covariant tensor fields.

Definition 5.3. Let S € ™(X) for n > 0 an integer. Then we say that S is compactly
supported on X iff the support of S is contained within DT (Xg) N 2.

The regularity we are to impose on the seed is then defined below.

In what follows, we shall employ the notation Z, , to explicitly reference the two seed

quantities m and a that are contained within the smooth seed data set Z.

Definition 5.4. We say that a smooth seed data set Z,, . is asymptotically Kerr with
parameters m and a iff all seed quantities in Z,,. are compactly supported on Xg.
We make the following remark.

Remark 24. It is clear from the proof of part i) of Theorem 5.1 that seed data sets %,
which give rise to the linearised Kerr solutions of section Proposition 3.16 are pointwise

asymptotically Kerr with parameters m and a.
We now prove that the assumption of pointwise asymptotic Kerrness on the seed data
propagates under Theorem 5.1 in the sense of Proposition 5.3.

It will be convenient to give first the following definition.

Definition 5.5. Let T € T"(M) for n > 0 an integer. Then we say that T is compactly
supported on DT (XR) iff the support of T is contained within DT (Xg).
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The proposition we are to prove is then as below.

In what follows, we recall from the proof of part i) of Theorem 5.1 that given a seed data
set 9, . (recalling further the notation convention of section 5.1.3) then 47, , denotes the

admissible initial data set for a linearised Kerr solution %, , constructed from %, ,.

Proposition 5.3. Let Z,, . be a smooth seed data set for the equations of linearised gravity
which is asymptotically Kerr with parameters m and a. We consider both the admissible
initial data set o/ constructed from it in accordance with part i) of Theorem 5.1 and the
corresponding solution . to the equations of linearised gravity constructed from </ in

accordance with part i) of Theorem 5.1. Then

1) all quantities in the collection o/ — <, , are compactly supported on g

ii) all quantities in the collection . — A, . are compactly supported on DT (XR).

Proof. The proof of part ¢) follows immediately from the proof of part i) Theorem
5.1 after noting by linearity that the construction of & — &7, , from the seed %,
involves performing operations under which the property of being compactly supported

in preserved.

To prove part i) we first note from the assumptions on the seed data that the Cauchy
data for the (gauge-invariant) quantities ® and W that are constructed as in first step in
the proof of part i7) of Theorem 5.1 is compactly supported on Y g. In particular, by a
standard Gronwall type argument applied to linear wave equations, the quantities ® and
U are in addition compactly supported on Dt (Xg). Moreover, from part i), linearity and
Definition 5.1 (cf. also 20) it follows that Cauchy data for all quantities in the collection
S — K. is in fact compactly supported on Y. Consequently, applying once more
a Gronwall type argument to the system of linear wave equations (5.9)-(5.13), noting
that the inhomogeneous terms were just shown to compactly supported on D*(Xg), the

theorem follows. ]

5.2 GAUGE-NORMALISATION OF INITIAL DATA FOR THE EQUATIONS OF LINEARISED
GRAVITY

In this section we construct certain solutions to the equations of linearised gravity the
initial data of which has been normalised via the addition of a pure gauge solution of

section 3.4.1.

It is for these gauge-normalised solutions that the quantitative boundedness and decay

statements of Theorem 2 in section 6 shall apply.
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5.2.1 THE MODIFIED REGGE-WHEELER GAUGE

We shall define these gauge-normalised solutions by imposing certain gauge conditions.
A solution to the equations of linearised gravity that satisfies these conditions is then

said to be in the modified Regge—Wheeler gauge.

This gauge is so named as it is a modification of the Regge—Wheeler gauge of section A
in the Appendix, with the precise relation the content Proposition A.3. In addition, we
note that this latter gauge is an adaptation of the Regge—Wheeler gauge used by Regge

and Wheeler in their original ®® - see section 2.3.1.1 of the overview.

5.2.1.1 THE PROJECTION ONTO AND AWAY FROM [ =0, 1

To define this Regge-Wheeler gauge will first require defining the projection of a solution

to the equations of linearised gravity onto and away from [ = 0, 1.

This section of the paper is lifted almost verbatim from section 9.5.1 inl.

First we provide a definition of a solution .¥ having support only on [ = 0, 1.

Definition 5.6. Let .7 be a smooth solution to the equations of linearised gravity.

Then we say that . is supported only on | = 0,1 iff all quantities in . are supported
only on 1 = 0,1 (c¢f. Definitions 3.7 and 3.8). In particular,

g =0.

Conversely, we say that . has vanishing projection to | = 0,1 iff all quantities in .
have vanishing projection to 1 = 0,1 (c¢f. Definitions 3.7 and 3.8).

One then has the following proposition, which follows easily from linearity along with

Propositions 3.5 and 3.6.

Proposition 5.4. Let . be a smooth solution to the equations of linearised gravity.

Then one has the unique, orthogonal decomposition
S = SAeo1 + !

where S1—p1 s a smooth solution to the equations of linearised gravity supported only
onl =0,1and %" is a smooth solution to the equations of linearised gravity that has

vanishing projection to l =0, 1.

Finally, the projection of . onto and away from [ = 0, 1 is defined below.
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Definition 5.7. Let . be a smooth solution to the equations of linearised gravity.

Then we call the map
S = S=o,1

the projection of . onto l =0, 1.

Conversely, we call the map
S =S
the projection of . away from [ =0, 1.

We make the following remark.

Remark 25. Observe from Remark 14 that for the linearised Kerr solutions 7, of
Proposition 3.16 %, . = 0.

5.2.1.2 THE GAUGE-INVARIANT COLLECTION 7

In this section we define a collection of gauge-invariant quantities that one associates to
a smooth solution to the equations of linearised gravity. This will expedite the definition

of the Regge—Wheeler gauge as well as being of later convenience.
The collection of quantities are defined below.

In what follows, we recall the operator d” defined as in section 3.2.4.2.

Definition 5.8. Let . be a smooth solution to the equations of linearised gravity with

® and U the associated gauge-invariant quantities of Proposition 4.1. Then

(1)

A

i) 4 € T2, (M) AM) is defined according to

sym

1

— (1) 2

= V&d* (r\If) + 64 dr®g‘mc~1‘if)

22

i) 4 € jl(./\/l)@)sfl(./\/l) is defined according to
$:=P] <(~iz<r\(1}) —2dr 0, az(réﬁ) —2dr C(I>)>
iii) 9 € fiym(/\/l) is defined according to

7? = TWQA@@; <\<If), CB)
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i) t/f% € C®°(M) is defined according to

t/r% = 4&%&1} +12ur (1 — u){m\[ﬁ

(1) (1)

We note that 4 and 7} are traceless with respect to ga and ¢, = respectively.

5.2.1.3 THE MODIFIED REGGE-WHEELER GAUGE

We are now in a position to define the modified Regge-Wheeler gauge.

First however we introduce the notation Cxf to denote the mapping of the quantity f

onto Cauchy data on the initial hypersurface of section 3.2.3.1:

Cof = (f£nf)

In addition, for a collection of quantities f = (fi, ..., fn) with n > 1 an integer we define

Cof = (Csfi,..,Csfn)
and use the notation
Cef=0
to denote that

(Csf1,..,Csfn) = (0,...,0).
Finally, we recall the Hodge maps of Definition 3.9.

Definition 5.9. Let m € R and let a be a smooth function on S* supported only on the
[ =1 spherical harmonics. Then a solution ,50”,“7& to the equations of linearised gravity is
satd to be in the modified Regge—Wheeler gauge with parameters m and a iff the following
conditions hold on X.:

1) o

1 (,i) 1 ~ . . . / .
e the quantities g,g,%i and 7 associated to the projection (ym,a) satisfy

CE <(gl)e - %ie> O’

N E)

0
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<

e the projection (‘5/""“)1701 satisfies

)

Cs((Fan) g, = Hon) =0

1=0,1
We make the following remark.

Remark 26. We stress that the gauge conditions as given above can be written explicitly
in terms of initial data quantities on . In particular, whether a solution to the equations
of linearised gravity constructed as in Theorem 5.1 is in the modified Regge—Wheeler

gauge can be verified explicitly from the initial data from which it arises.

In view of Remark 26 solutions .#,, . to the equations of linearised gravity that are in the

modified Regge-Wheeler gauge are thus said to be initial-data-normalised.

5.2.2 ACHIEVING THE MODIFIED REGGE-WHEELER GAUGE:
INITIAL-DATA-NORMALISED SOLUTIONS TO THE EQUATIONS OF LINEARISED
GRAVITY

In this section we show that, given a solution to the equations of linearised gravity arising
under Theorem 5.1, one can indeed add to it a pure gauge solution for which the resulting

solution is initial-data-normalised.

In the following theorem statement we recall the notation convention %, , to explicitly
reference the constant m and function a appearing in the seed data set & as per Definition
5.2. In addition, for a collection of quantities f = (fi,...,fn),9 = (G151 Gn), h =
(hi, ..., hy,) with n > 1 we use the notation

f=g9+h
to denote that

(fl; s fn) = (gl + h17 <oy Gn + hn)

Theorem 5.5. Let . be the smooth solution to the equations of linearised gravity arising
from the smooth seed data set 9, ,. Then there exists a unique pure gauge solution ¢

such that the resulting solution

is in the modified Regge—Wheeler gauge with parameters m and a.
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Before we proceed with the proof it will be expedient to introduce the following notation:

e given fi, fo, f3, f1 € C°°(X)NA(X) we denote by sgf[fl, f2, f3, fa] the smooth admissible

initial data set for the equations of linearised gravity obtained from setting ® =

W

f1, ¥ = fo, (ID = fz and \l/ = f4 in the class of admissible initial data sets constructed

in step 1. of the proof of part i) of Theorem 5.1

e given a constant m and a smooth function a on S? supported on the [ = 1 spherical
H

harmonics we denote by @7[m,a] the smooth admissible initial data set for the

equations of linearised gravity obtained from setting m = m and a = a in the

class of admissible initial data sets constructed in step 2. of the proof of part i) of
Theorem 5.1

4
e given v,0, 1,10 € C®(X) and P, € fl(Z) we denote by <7[v, 0,9, 0,10, t0] the
smooth admissible initial data set for the equations of linearised gravity obtained

o) o W o)

from setting © = 0,0 = 0,4 = ¥, = w,w = 1 and Y = tH in the class of
admissible initial data sets constructed in step 3. of the proof of part i) of Theorem
5.1

Lastly, given a smooth solution .% to the equations of linearised gravity we denote by
/] the smooth admissible initial data set constructed from it in accordance with
Definition 5.1.

We further note the following lemma.

Lemma 5.6. Let v,0,10,10 € C°(X) and let 9,0 € ?1(2). Then there exists a pure
9
gauge solution 4 such that o/ [9] = </ [v,0,¥, 10,10, 0]

Proof. In light of Lemma 5.2 and step 2. in the proof of part i) of Theorem 5.1 it suffices
to construct o € (M) and ¢ € 71(/\/1) such that

0o + Ao — ﬁ%)P - idr@p = —i(’ﬁ@@;;o)ﬁ

I+ A — Vg + (8 4u)y = 0

with

‘z:g’ U”z:ﬁ’ 742:’7"
o), =m () w (7))

However, one can indeed solve the above system for ¢ and ¢ using standard techniques for

by

solving systems of linear wave equations. In particular, employing a spherical harmonic
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decomposition as in section 3.2.5.1 then the spherical symmetry of (M, gM> implies that
the [ = 0, 1 modes will propagate orthogonally to the rest. This completes the lemma. [

The proof of Theorem 5.5 then proceeds as follows.

Proof. We first observe the following fact from the proof of part i) of Theorem 5.1: if
< is a smooth solution to the equations of linearised gravity for which there exists
f1s fo, f3, f2 € C°(X)NA(X), a constant m and a smooth function a on S? supported on

the [ = 1 spherical harmonics such that
o K
%{y] = ‘Q{[fh f27 f37 f4] + %[m7 CL]

then . is in the modified Regge-Wheeler gauge with parameters m = m and a =
a. In particular, the functions fi, fo, f3, f4+ comprise Cauchy data for the corresponding

gauge-invariant quantities ¢ and ¥ associated to ..

Let now . be the smooth solution to the equations of linearised in the theorem statement

with ,,. the corresponding seed data from which it arises:
o D oo o, 00 5 o0 o
‘@: ®7@7\P7§]7§7U7¢7m7m7lﬁ7m7a *

Then we have from the proof of part i) of Theorem 5.1 that

o W W oy H 4 o W

It therefore suffices to construct a pure gauge solution ¢ such that

oy W (1) W (1) (1)

4
%[g] = —%[E,Eyﬁ,m,tﬁ,w]
since then by linearity the solution & n.a defined as 450” ma =S + f; satisfies
o o W Wy H
(S o = AP, V, P, V] + o [m,a].

Consequently, invoking Lemma 5.6, the theorem follows. O]

We make the following remark.

Remark 27. It is clear from the proof of Theorem 5.5 that if the seed data set Z,,, is

pointwise asymptotically Kerr then so is the seed data for the pure gauge solution ¥.
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5.2.3 GLOBAL PROPERTIES OF INITIAL-DATA-NORMALISED SOLUTIONS

In this final section we prove certain global properties of initial-data-normalised solutions
7w« Which will be fundamental in establishing the boundedness and decay statements

of Theorem 2 in section 6.

We first have the following proposition which establishes in particular that the gauge
conditions associated to the modified Regge-Wheeler gauge of Definition 5.9 actually

propagate under evolution.

In what follows, we denote by & the projection of & ma away from [ =0, 1:

S =S o= ()
’ ) 1=0,1
noting that this notation scheme is consistent with the conclusions of the proposition

below.

Proposition 5.7. Let .7, be a smooth solution to the equations of linearised gravity

that is initial-data-normalised according to Definition 5.9. Then the following hold on

DH(%):

(1)

e the quantities 53,;4,%1 andfy associated to the projection . satisfy

Wy oo

ge - %e - 07
(/‘\) (/1)
g-7=0

<

e the projection (Yw) . satisfies

)

(‘&‘“*“)z:o 1 Hna =0

Moreover, the quantity trng}) associated to the projection . vanishes on DT (3):

trg,,g = 0.

Proof. We consider first the projection . which by Proposition 5.4 is a solution to the
equations of linearised gravity with vanishing projection to ! = 0, 1. Consequently, writing

out the expression j/’) explicitly (cf. the proof of part ii) of Theorem 5.1) we have from
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(€] <o
equation (3.26) that the quantity ¢ associated to the solution . satisfies the system

Lew 2w 4p0 2 ph O
Of + &g — ~Vpg — ——f = 5 (1= 2u)] +1VEV3Y, (5.14)
Csg = Cx7, (5.15)

&) o

where W and 7 are now associated to the solution .. Proceeding by direct computation
(1) (1)

we then verify that by virtue of the fact that from Theorem 4.3 the quantities & and ¥

associated to ? satisfy the Regge-Wheeler and Zerilli equations respectively then j = 7}
is a solution to the system (5.14)-(5.15). A standard Gronwall type argument then yields

(9] (1)

that fy = 7} is the only solution.

Similarly, writing out now the expression “}; explicitly (cf. once more the proof of Theorem
5.1) and exploiting the commutation reloations of Lemma 3.14 we have from equation
(3.25) that the quantity éze associated to the solution 1& satisfies a wave equation for
which %, is also a solution, where now we associate the latter with the solution f? . Since
by definition of 7 the Cauchy data of ¢, agrees with that 4, arguing as previously we

(1)

thus conclude that ¢, = 4.

(1) 1)

Lastly, given that j = 7} and ¢, = %, we compute explicitly from the gauge condition
(3.29) that the quantity try,, 5 associated to the solution . satisfies

Wtrng] = O

from which we conclude that trg,, 3 = 0 owing to the fact that all quantities in . have
vanishing projection to [ = 0, 1.

We consider now the projection (5’ “"“)H . which by Proposition 5.4 is a solution to the

)

equations of linearised gravity supported only on [ = 0,1. Moreover, by assumption the

Cauchy data of the solution (5” m) agrees with that of the linearised Kerr solution

1=0,1
Hm.. and thus by the uniqueness criterion of Theorem 5.1 we conclude that (5’ ‘“’°)z—o L=
Hm.. which completes the proposition. O

We make the following remark.

Remark 28. The reason for introducing the map f of section 3.3.1.3 is to ensure the

validity of the above proposition — see section 2.3.1.1 of the overview for a discussion.
One consequence of Proposition 5.7 is that one can in fact fully describe the solution .

in terms of the associated quantities ® and . This shall be exploited in section 7.2 to

prove Theorem 2 of section 6.
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Corollary 5.8. Let 50” be as in Proposition 5.7. Then the following identities hold on
D*(X):

.5_%/:07
52_%2:07
g—71=0,
i - 1hi = 0
and
tI'gMg:O.

Proof. That trg,, 5 vanishes was shown in Proposition 5.7.

For the remaining identities, we first recall from the proof of Theorem 4.3 that the

(1)

quantities 7, TL‘]) and ¢ associated to the solution . must satisfy

1)

2 =vaéd (r\(Il)) + 64 dr®{[1]€1\(ﬁ,
7%) = —id (7‘5),
g = —21“4&\(1‘} + 4%/13‘(1]} +12ur (1 — ,u)g[l]\(l‘}

(1) (1) <
where ® and U are the quantities of Proposition 4.1 associated now to the solution .7.
Subsequently, from the definition of 7, T(N;) and ¢ in terms of the maps 7,7 and o of section

3.3.1.3 it follows that

(1)

Invoking Proposition 5.7, the Corollary follows. O

We make the following remark.

Remark 29. Another way to interpret Corollary 5.8 is as follows: a smooth solution 3”

to the equations of linearised gravity that has vanishing projection to [ = 0,1 and which
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is initial-data-normalised has the ansatz

V&d* (r\(l}) + 64 dréﬁma\(ﬁ,

= Qvz
I

Qs
||

¢ ;( — 2dr ‘(Ill), (le(r((ﬁ) — 2dr ((ID)),
j= W@YD (qf ?),
th = AdEW + 120 (1 — )"0

where ® and ¥ satisfy the Regge-Wheeler and Zerilli equations respectively:

rer
~o o 6Mo 24M o T2M M
O + AW = —— =0+ = (r = 30 4+ = (r — 2M)g P,
r2r rer rer. r

Note that this in particular implies that there exist solutions to the equations of linearised
gravity which are completely described by two scalar functions satisfying the Regge—Wheeler
and Zerilli equations respectively — this fact was exploited in the proof of part i) of
Theorem 5.1.

We end this section by noting the following result, the veracity of which is immediate

from Theorem 5.5 combined with Proposition 5.7 and Corollary 5.8.

Corollary 5.9. Let .7 be a smooth solution to the equations of linearised gravity arising
fmm the smooth seed data 9, .. Suppose further that the gauge-invariant quantztzes v
and & associated to .7 vamish. Then % is the sum of the pure gauge solution 54 of

Theorem 5.5 and the linearised Kerr solution J,, ,:

(1) (1)

—0 =0 = S =G+ A,
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THE LINEAR STABILITY OF THE
SCHWARZSCHILD SOLUTION TO
GRAVITATIONAL PERTURBATIONS IN THE
GENERALISED WAVE GAUGE: THE
PRECISE

STATEMENT

This chapter of the thesis is concerned with giving precise statements of the main theorems
of this thesis namely Theorem 1 which concerns quantitative boundedness and decay
statements for solutions of the Regge—Wheeler and Zerilli equations and Theorem 2 which
concerns quantitative boundedness and decay statements for initial-data-normalised solutions

to the equations of linearised gravity.

It is this latter statement that comprises the precise, quantitative statement of linear

stability for the Schwarzschild solution in a generalised wave gauge.

6.1 FLUX AND INTEGRATED DECAY NORMS

We begin in this section by defining the flux and integrated decay norms through which
the quantitative boundedness and decay statements of Theorems 1 and 2 are to be

formulated.
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6.1.1 FLUX AND INTEGRATED DECAY NORMS ON SMOOTH FUNCTIONS

First we define these norms for smooth functions ¢ on M.

In what follows, we remind the reader of the function 7* defined in section 3.2.4 and the
norms on spheres defined in section 3.2.6.1. Moreover, we recall the operator D defined

as in section 3.2.4.2.
We associate to 1 the energy norm

R
2M

[T (IDe0)Es, + IV E0)IE, ) ar

Blr) o= [ (1001, + 100l + Vel )dr

and the rP-weighted norms

R = [ (PIDE0IE, + 190, ) dr

This leads to the weighted flux norm

ol s= s (Bl + [ DG, o)

T*E[T],00)

We morever define the initial flux norms along the initial Cauchy hypersurface ¥ of section
3.2.3.1:

Dig) = [ v (@I, + 10012, + Vw2, ) dr.

Here, for a smooth function f on M

A1 = llf 115

T
T*(t(’;)’

where we note that by definition of the function 7* the 2-sphere Sz*(té)ﬂ“ is the 2-sphere
{ts} x {r} x S? C %.

We further associate to ¢ the integrated local energy decay norm

oo rR
Lueltl()i= [ [ (100 G0)Ie, +10: 000, + TG0, + 1o, ) drdr
and the rP-weighted bulk norms

B,()(r1) o= [ [T (1D, + IV Gw)IEs, ) drdr.
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This leads to the integrated decay norm
/ L 51000, +10.60)IBa, +IV GO, + 6, )drtdr

and the weighted bulk norm

= T (IPEIE, + YR, ) drar

Here, 5y > 0 is a fixed constant such that 1 — 3y << 1.

Higher order flux norms are then defined according to, for n > 1 an integer,

n

Flyl= > sup ERLo)Y()

i+j+k=0T*€[75,00)

+ > sup r?||DD'(rDY (rY)*(ri)|[32, dr
it jrk=1T"€[rg,00) /B T
with analogous definitions for the higher order energy and rP-weighted norms. Here, we

recall the operator D defined as in section 3.2.4.2.

Conversely, higher order initial flux norms are defined according to

n

D"[y] = > D[(rd,)'(rV)"y].

i+5=0
Finally, higher order integrated decay norms are defined according to

M= Y ML Y,
i+j+k=0

"yl := > ID'(rD) (r¥)*]

i+j+k=0

with analogous definitions for the higher order integrated local energy decay norms and

the rP-weighted bulk norms.

6.1.2 FLUX AND INTEGRATED DECAY NORMS ON SMOOTH TENSOR FIELDS

Now we upgrade the norms of the previous section to tensor fields on M.

In fact, replacing the derivative operators D, D and n by their associated Lie derivatives
in the norms of section 6.1.1 then if ¢/ denotes either a smooth, 2-covariant Q-tensor, a
smooth Q ® S 1-form or a smooth n-covariant S-tensor then those very same norms are

equally well-defined in light of Definition 3.12 and the commutation formulae of Lemma
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3.14.

6.1.2.1 FLUX AND INTEGRATED DECAY NORMS FOR COLLECTIONS OF LINEARISED
QUANTITIES

We finish this section by introducing a concise notation for the norms of the previous

section acting on both collections of quantities and collections of linearised quantities.

Indeed, if ¢ = {91, ..., ¥, } denotes a collection of quantities for which the norms of section
6.1.1 are well defined then we define, for any integer n > 0,
F*[y] = ZFn[%‘]-
i=1

with analogous definitions for the remaining norms.

Similarly, if @(/}] = {@D‘)l, cey Jn} denotes a collection of linearised quantities associated to a
solution .# of the equations of linearised gravity for which the norms of section 6.1.1 are
well defined then we define

with analogous definitions for the remaining norms.

In particular, if .¥ is a solution to the equations of linearised gravity then we define

(1) (1) (1) (1)

B[] := (3] + F"[trg,, 3] + F"[g] + F"[§] + F"[tkg]

with analogous definitions for the norms E, M, I and D.

6.1.3 THEOREM 1: BOUNDEDNESS AND DECAY FOR SOLUTIONS TO THE
REGGE-WHEELER AND ZERILLI EQUATIONS

In this section we state Theorem 1 which concerns both a boundedness statement for
solutions to the Regge—Wheeler and Zerilli equations in the flux and integrated decay

norms of section 6.1.1 and a decay statement in the pointwise norms of section 3.2.4.2.

The proof of Theorem 1 is the content of section 7.1.

The theorem statement is as below — we note that in the statement we drop the superscript
(1) from all quantities under consideration as the theorem holds independently of the
relation between the Regge-Wheeler and Zerilli equations and the equations of linearised

gravity.
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In what follows, we recall Definition 5.3 and Definition 5.5 which define the notion of a

tensor field on M having compact support on Xz and DT (3R) respectively.

Theorem 1. Let & € C*°(M) N A(M) be a solution to the Regge—Wheeler equation on

~ 6 M
O 4+ AP = —— —0.
rer

We assume that Cauchy data for ® is compactly supported on ¥g.

Then @ is compactly supported on DT (Xg). In addition, for any integer n > 2, the
following estimates hold:

i) the higher order flur and weighted bulk estimates

F'r '@ + I"[r'®] < D"[r '@
i) the higher order integrated decay estimate

M [T_lq)} 5 Dn—i—l [T‘_ICI)]

i) finally, on any 2-sphere S%. , with T > 7§ and any positive integers i+ j+k+1+m >

*
NS

n — 2, the pointwise decay bounds

0.0 ((r — 2M)D) (r¥) D" |2, < f D"[r' ).

Let now ¥ € C*°(M) N A(M) be a solution to the Zerilli equation on (M,gM) :

- 6 M _  24M
O+ A% = — 50 4 5 (r = sM)(M +
rer T ’I“

2M M
! = (r—2M)¢Pw.
.

We assume that Cauchy data for W is compactly supported on ¥g.

Then W is compactly supported on DT (3g). In addition, for any integer n > 2, the
following estimates hold:

i) the higher order flur and weighted bulk estimates

F”[T*I\IJ] + ]I”[ril\ll] < D”[r*1®]
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it) the higher order ntegrated decay estimate

M" [T_l\:[/} 5 ID)n+1 [T—I\D]

iit) finally, on any 2-sphere Sz*’r with T > 135 and any positive integers i+j+k+14+m >

n — 2, the pointwise decay bounds

o k 1 _
0.0 ((r —2M)D)" (r¥)' D" W] g2, 5 = D" [0

We make the following remarks regarding Theorem 1.

Remark 30. The fact that the solution remains compactly supported on D (Xg) is a
standard property of waves the characteristic hypersurfaces of which are determined by
the geometry of gy, (cf. the proof of Proposition 5.3).

Remark 31. The assumption of compact support is merely a convenience and can be
weakened to a regularity class for which the initial data norms D" are assumed only to
be finite. In this latter case one would need to supplement the above with additional
estimates in the semi-global region D*(X) — D (Xg). However, such estimates can be
quite easily shown to hold using the techniques we shall employ to prove Theorem 1 and
thus shall not be pursued here.

Remark 32. The r — 2M weight in the pointwise bounds of ii) is to regularise the
operator D at H™. In particular, for » > R one can replace (r — 2M)D with rD.

Remark 33. The contents of Theorem 1 regarding the Regge-Wheeler equation were
originally proven by Holzegel inP" (see alsol')). Conversely, the contents of Theorem
1 regarding the Zerilli equation were originally proven in the independent works of the
author® and Hung Keller-Wang®",

Remark 34. Recalling the definition of future null infinity Z* in section 3.2.4.1, one can

show from parts i) of Theorem 1 that the quantities ]<I>| and |\If| have finite limits on Z7.

6.2 THEOREM 2: BOUNDEDNESS, DECAY AND ASYMPTOTIC FLATNESS OF
INITIAL-DATA-NORMALISED SOLUTIONS TO THE EQUATIONS OF LINEARISED
GRAVITY

In this section we state Theorem 2 which concerns both a boundedness statement for
initial-data-normalised solutions 5” ma t0 the equations of linearised gravity in the flux
and integrated decay norms of section 6.1 and a decay statement in the pointwise norms
of section{> 3.2.4.2. In addition, we provide a statement of asymptotic flatness for the

solution .7, ..
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The proof of Theorem 2 is the content of section 7.2.

The theorem statement is as given below.

In what follows, given a solution . to the equations of linearised gravity we employ the

notation scheme, for any 2-sphere SZ*,T,

1 1
(1) (1) o)

° 2 @D 1 ~
rS sz, = rglse, 4 Irteg,glse, + |"”f(3‘)\sz*yr +lrglse,  + |7’f/fg\s2

Theorem 2. Let .7, . be a smooth solution to the equations of linearised gravity that is
(1) (1)
initial-data-normalised according to Definition 5.9 and let ® and W denote the pure gauge

<
and linearised Kerr invariant quantities associated to .7, . in accordance with Theorem

4.3.

We assume that Cauchy data for all quantities associated to the solution
S =S e — Hma

is compactly supported on ¥g.
Then ® and U satisfy the conclusions of Theorem 1.
Moreover, all quantities associated to the solution ./ := .7, ,— K. are in fact compactly

supported on DT (3R). In addition, for any integer n > 0, the following estimates hold:

i) the flur and weighted bulk estimates

FL.7] + I'[] < D210, 11 0]

i) the integrated decay estimates

i) finally, on any 2-sphere S2. . with T > 75, the pointwise decay bounds

*
NS

e < —e - DArld,
* ~J \/_

We make the following remarks regarding Theorem 1.

Remark 35. If . is a smooth solution to the equations of linearised gravity arising from
a smooth, asymptotically Kerr seed data set &, , in accordance with Theorem 5.1 then
the initial-data-normalised solution ., constructed from .# as in Theorem 5.5 satisfies

the assumptions and hence the conclusions of Theorem 2. In this case, the parameters of
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the linearised Kerr solution %, , in the theorem statement are computed explicitly from
the seed data.

Remark 36. In light of the fact that ® and ¥ Vanish for all linearised Kerr solutions it
follows that the (I> and \I’ assocnated to the solution 5/ m.a are the same quantities as the é
and ¥ assomated to the solution 5” In particular, that compact support of the Cauchy
data for Y implies compact support of the Cauchy data for ® and U is immediate from

the construction of the latter two quantities from Y as in Proposition 4.1.

Remark 37. The assumption of compact support is merely for convenience and can be

quite readily removed (cf. Remark 31).

Remark 38. That the assumption of compact support propagates under evolution for
the solution .# in the sense of the theorem statement follows from the proof of Proposition
5.3.

Remark 39. As in parts iii) of Theorem 1 one can obtain higher order analogues of
the pointwise decay bounds in part iii) of the theorem statement although we decline to

state these explicitly.

Remark 40. From part ¢) of Theorem 2 one can show that the radiation fields of all
quantities associated to the solution 50/ have finite limits on Z*. In addition, it follows
from part 7iz) that the solution 50” n.a decays inverse polynomially to the linearised Kerr
solution %, ,.
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PROOF OF THE MAIN THEOREMS

This final chapter of the thesis is concerned with the proofs of Theorems 1 and 2.
In section 7.1 we prove Theorem 1.

Finally, we finish in section 7.2 with the proof of Theorem 2.

7.1 PROOF OF THEOREM 1

In this section we prove Theorem 1. In particular, we shall drop the superscript (1)
from all quantities under consideration in this section as the results we are to prove hold

independently of their relation to the equations of linearised gravity.

For the motivation behind the techniques we are to employ in this section of the thesis,

see section 2.5 of the overview.

7.1.1 FORMAL COMPUTATIONS

We begin in this section by deriving various identities that solutions to the Regge—Wheeler
and Zerilli equations must satisfy. These identities shall then be utilised throughout the

remainder of the section.
In particular, we stress that although the formal computations we are about to present

appear rather daunting they shall ultimately be of great expedience in what follows.

Let us first recall for ease of reference the definition of the Regge-Wheeler and Zerilli
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equations from Definition 4.1 for two functions ®, ¥ € A(M) respectively:

6 M

O® + A = —— —0, (7.1)
rer
- 6 M 24M 72M M
O 4+ AU = —— — 0 4+ = (r = 3M)¢MW + == (r — 2M)¢Pw. 2
+ AV = = S0 (= 3M)(T S (r - 2M ) (72)

Here, we further recall the operator ¢ Pl defined as in section 3.2.6.3.
We then have that solutions to the above must satisfy the following set of identities.

In what follows, given two smooth functions f and g on M we denote by (f, g)s2, their
L? product on any 2-sphere SZ, :

s, = [, foi

where € is the volume form for the unit round sphere. In addition, for a f a smooth

function of r on M we define

#=0,f.

Finally, we recall the mass aspect function pu = %

Lemma 7.1. Let o, 8 and w be smooth functions of r on M.

Let now ® be a smooth solution to the Regge—Wheeler equation (7.1). Then on any
2-sphere Sz*m the following identities hold:

0 [(1 4 00112, + (1= o |0,01%, +alIFre,
Py [QW 100022 +2(1 — ) (0B, 0, D) 2.
+ 90’ (|0 @2

=—2(1 - p)a' (0p®,0,P)s2, ,

Oy {2(1 +10)B (02, 0,®) g2, — 23 HMII%;J
o, {(1 + )8 ||at*c1>||§3w —(1—p)p |yarc1>||§3w - ||Y7T<I>II%3*J
+(a+mp)lo-2l, + <(1 — B - fﬁ) 10:®@[5, = BV x5,
= 81110, Y],

=22 3(0,.9,0,8) 5.
r T, 1
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and
Hw 2
— 0Oy [(1 +pw (0p®, )2, — 2w (0, @, )2+ ) 19][52, ]

1 rpw 9
v 1= wwloe, @, - 3((0-w0) + 29 ol |
1 /
+ (Lt ww|0-®lE, — (1= pmwllo@lfse, —wl[Vr@lls, +5((1— o) 18l,

:2[Lw <8t*¢, 3T(I>>52* .

Here, for f € C>*(M) we define

3
IV fll5e, =11V A1l5e, =~

and

2 9
10, V1B, = ==, + 5211,

r

Let now U be a smooth solution to the Zerilli equation (7.2). Then on any 2-sphere SZ. ,
the following identities hold:

0 [+ walle Ui, + (- pallowls, +allVe ol
5, [2ua 10| +2(1— p)a (90, 0,W) .
+ 200 [|0p V|2

=—-2(1—p)a' (0p-V,0,¥)g2

0201+ 108 (0 9,0.9) 52, — 20510,V |
—, [(1 + B0 5, — (1= mBlo]5, = BIIYrisVllE,
/
R CE RN (R [CA T

B (I Vrss Il — B0 + B0,

=22 8(0,0,0,1) g,
T T7,T
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and

_8t*

1

M w
(1 + ,LL)U) (8t*\11, \:D>S72'*,T — 2,U/LU ((’3,\11, \:D>S72'*,T + ;5 H\II||§3*T‘|

1 ropw 9
v (1= mo e, - 3((a-mu) L8, |
(ol FIE — (1= w00, —w [ Feas s

+ ;((1 — M)w')”ﬂ’“if*ﬂ.

:2Mw <8t* \I], 87‘\:[/>52* .

Here, for f € C*(M) N AM) we define

6 p
Vi, = 1Vefll, = 7@ =30ll0Y ),
6 p
+TT<@—3MQ+&AP—M)Mmﬂ%%r

and

160 + 3171, o= 10 TU s, + o521 =261,
- 2B (g + ) I,
+ F/f’(l - M)H("’W)gmﬂl%fw

108
(= 2 = 3l e,

Proof. We first observe by explicit computation that the action of the operators [ defined
as in section 3.2.2.2 on f € C*°(M) returns

Of = —(1+ w0i f +2ud2, f + (1 — p)d? _g%f+%&ﬁ

In addition, we recall that

where A is the Laplacian associated to the metric of the unit round sphere.

Consequently, the first half of the Lemma follows after multiplying the Regge—Wheeler

equation (7.1) successively by the smooth functions
(0% 8,5*@, /8 8T<I>, w P

and then integrating by parts on any 2-sphere S2, » With respect to the measure é.
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Conversely, recalling the commutation relations and integration by parts formulae for the
operator ¢ Pl of Lemma 3.14, the second half of the Lemma follows after multiplying the

Zerilli equation (7.2) successively by the smooth functions
Q0 W, 30,0, wW € A(M)

and then integrating by parts on any 2-sphere Sf*ﬂn with respect to the measure é.
m

Given a smooth solution ¢ to the Regge—Wheeler equation on M and three smooth radial

functions «a, f and w, the first three identities of Lemma 7.1 motivate introducing the
1-form J%7"[®] and function K%7:*[®] on M defined according to

0] = (4 Wall0n0l, +20+ 108 00.08)s, + (1= o~ 208) 0,01,
Fal[Fr I, — (14w 00, B+ 20 (0,8, 0z,
pw .
L ol |
| (ua (L w3) 100,420 - w0 00.08), + (- w5108l

BVl s, — (L= ) (0,0, B+ §<(<1 — )

———|||®]|e: | d
S

R210) = (200" + (14 w)B) + (14 ) ) 10001 s,

and

2((1—u)a + = 5—2uw> (0p<®, 0,P) g

+<(1—u)6’— ) [10,8],

—<5'+w>umusgw
31110, Y|,

1

5 (= )@, -

Indeed, given in addition three real numbers 7™ > 75 > 77, then summing the identities
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in the first half of Lemma 7.1 and integrating over the region!

(920U, 0

t*€[r,T7] [1},73] re[2M,00)

with respect to the measure d7*dr € yields the conservation law

r(T*,73) . (T*75) (T*,m™)
/ aﬁw dr—i—/ aﬂw D)(0) dr—l—/ / Kaﬁw@]dT*dr
2M T 7F) 2M
r(T*,75) .
_ I (8] (0, ) dr + / 3055 [0)(0,) dr*. (7.3)
2M

Here, r(T*,7) > R for i = 1,2 is the unique value of r such that 7*(7%*,r) = 7 and we
note that ST*(T*J) is the 2-sphere {T*} x {r} x S? C Yz «. In addition, we have defined
fori=1,2

r(T*,7F) . r(T*,7F) . r(T*7F) 1
/2 3P 19) (9, ) dr = /2 I D) (0, ) dr — / ~ T H jap)(,) dr.

M Trr M Tr,T R 1 — L Trr

Similarly, given a smooth solution ¥ to the Zerilli equation on M and three smooth
radial functions «, § and w, the last three identities of Lemma 7.1 motivate introducing
the 1-form Ja’g 2“[W] and function Kff 2Y[W] on M defined according to

J250 1w = [(1 +wallo Vg, +2(1+ w8 (0r 0,0, 0) s, + ((1—pa —2u8)[10, ][5,
+a ||77T+3‘1’||253* = (4 pw (000, W2+ 20 (0,0, W) g2,
e, | ae
— l(%a +(1+ u)ﬁ) 1009152, +2(1 = ) (00 W,0, V)2, + (1= )30, V[,
BV ri3¥ll%, — (1= pw (0,%, W)e,
ry((0= o) = 25w, |0

'We recall from section 3.2.3.1 the definition of the hypersurfaces X-.
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and

Kﬁﬂmz(mw+(u+m (1 w100 9] 3,

+(u—ma— ) 10,9[1,
—(5/+w)||y7r+3‘1’||53w
3110, + 3] W%,
1 N
5 (=) 1]l

Indeed, given in addition three real numbers 7% > 73 > 77, then summing the identities

in the second half of Lemma 7.1 and integrating over the region RL. . with respect to
1°'2

the measure d7*dr € yields the conservation law

r(T*,75) . r(T*,75) . r(T*,7*)
/ I w dr+/ RERANL G dr+/ / Kaﬁ“’qf]dr*dr
2M T*,T * 2M
(T )
_ U IR ) (0,) dr + / 35 (w)(a,) dr*. (7.4)
2M

Here, we have defined for i = 1,2

r(T*,7F) . r(T*,7F) - r(T*,7}) 1
/2 I ) (0, ) dr = / JP (W) (9, ) dr — / — T sy (5,) dr.

oM T R 1—,U TS

We end this section with the following Proposition that arises from taking the limit
T* — oo in the conservation laws (7.3) and (7.4).

Proposition 7.2. Let o, 8 and w be smooth functions of r on M and let T > 15 > 17

be three real numbers.

We suppose that ® is a smooth solution to the Regge—Wheeler equation (7.1) on M for
which at least one of the following conditions hold:

i) for any (7*,7) the quantities Jaﬁw[ [(9p) and —J *QM[ 1(0r) are non-negative

ii) for any (7%, 7) the quantity J 2 [®@](0p) is non-negative and uniformly in T* and T3
it holds that
T3 Ta,Bw * r(T*,7F) Ta,Bw
17 2555010, dr S 5 R)(0,) dr

TI,T'

iii) for any T the quantity JO‘*’BQ}I\}[ 1(0,) is non-negative and uniformly in T* and 75
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it holds that
o T‘(T*,T;) a,B,w a d < ’Tl T, B w @ 8 d
fT(T*,Tl*) JT*(T* ),r [ ]( t*) r f2M * [ ]( T*) r

7'1 T

i) uniformly in T and 7'2 it holds that
TS w r(T* ,’T a W ,T ,B,w
f 2J lB2M[ [(0;)dr f((T *2) T*?T* )T AA®J(O) dr sz X Tfér [®](0-+) dr

Then provided that the flux term on the right hand side is finite one has the estimate

| B @) ar + / / Rer (@] ardr S [ 1000 (@]9, dr.
2 1>

We suppose now that V is a smooth solution to the Zerilli equation (7.1) on M for which

at least one of the following two conditions hold:

i) for any (7*,7) the quantities J&° [W](0y) and JT;@’M[ U](9,) are non-negative

i) for any (7%,r) the quantity Ja’Bw[ 1(0p+) is mon-negative and uniformly in T* and
75 it holds that
J7 IR0 dr S fag TV I ()9, dr

17

iii) for any T the quantity J]Tiﬁz’M[ 1(0,) is non-negative and uniformly in T* and 75

it holds that
T T*,T* ,Bw r T*,T* ~O¢, w
— [ B I @) dr S oy 380w (0,) dr

T1 Na

i) uniformly in T* and 75 it holds that
T a,B,w * r(T*,r. o, B,w r(T*, 77 Tro,B,w
S T drt = flGg T B @) dr < g T 90 dr

Then provided that the flux term on the right hand side is finite one has the estimate

/ 5 W) (0,.) dr + / /2 R dr / e (9, ) dr.

7.1.2 BOUNDEDNESS OF THE WEIGHTED ENERGY AND INTEGRATED ENERGY DECAY

In this section we prove both parts ¢) and #i) of Theorem 1 for n = 0. The higher order
estimates along with the proof of parts iii) will then be the content of the next two

sections.

The proofs will proceed by applying Proposition 7.2 with appropriate choices of the
functions «, f and w. In particular, we henceforth assume that the solutions to the

Regge—Wheeler and Zerilli equations under consideration satisfy the assumptions of
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Theorem 1 — this ensures finiteness of the initial flux estimates that arise in the application

of said proposition.

In addition, we note that a common theme throughout this section will be that once
certain separate preliminary estimates are obtained for solutions to the Regge—Wheeler
and Zerilli equations respectively then deriving the flux and integrated decay estimates
of Theorem 1 for each of the said solutions will follow in a similar manner. However, for

reasons of completeness, we prefer to analyse each equation separately.

7.1.2.1 THE DEGENERATE ENERGY AND MORAWETZ ESTIMATES

We begin by first deriving certain degenerate and therefore preliminary estimates for
solutions to the Regge-Wheeler and Zerilli equations that shall form the foundations for

proving the weighted flux and integrated decay estimates of Theorem 1.

As to why this degeneration occurs, see section 2.5.2 of the overview.
The degenerate energy estimate

The first such estimate we derive is an (unweighted) energy estimate which degenerates
at HT. This degeneration will then be removed in section 7.1.2.2 whereas the weights
towards Z* will be improved in section 7.1.2.3 thus yielding the (n = 0) flux estimate of

Theorem 1.

In order to derive such a flux estimate for solutions to the Regge-Wheeler and Zerilli
equations which is moreover coercive will require controlling the terms that arise from
the presence of the lower order terms that appears in the equations (7.1) and (7.2). This

is the content of the following lemma.

Lemma 7.3. Let f € C®°(M)NA(M). Then on any 2-sphere SZ. . one has the bounds
1951, < IVefls, S IPSIE 7.5

and
VAR, S 1 Peasfle, SV AR, . (7.6)

Proof. We recall from section 7.1.1 that

3
IV flle, = IV FIE, = SENfR,
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and

(Fria e, = 90 A, ~ @ = 3l fIl,
F2 (2= 3+ 30— ) I,

The upper bound in the (7.5) is therefore immediate? whereas the upper bound in (7.6)

follows from the elliptic estimates on the operator ¢ Pl of Proposition 3.12.

For the lower bound, we further recall for f € C°°(M) N A(M) the Poincaré inequality

of Lemma 3.9 on any 2-sphere S2, |

6
Sl s, SV A, (7.7)

This immediately yields the lower bound of (7.5) after noting that ;1 <1 on M. For the
lower bound of (7.6) we first observe that the coefficient of the term ||¢™" f ||%2 in the

expression ||V +3fl|32  is non-negative on r > 2M whereas the coefficient of the term

||(7’Y7)g“[1]f||§2* is non-negative for 2/ < r < 3M. In addition, we recall from Corollary
3.13 the estimate on any 2-sphere S |

e[ (AT

Consequently, to establish the lower bound of (7.6) it suffices to establish the estimate

31lp

VA1, SVl — R = sullfl,

for 2M < r < 3M and the estimate
VA1, < I,

for r > 3M, the latter of which was shown previously whereas the former follows easily

from (7.7). O

The desired energy estimate for solutions to the Regge-Wheeler and Zerilli equations is

then as stated below.

In what follows, we recall the operator D of section 3.2.4.2 has the form

1+ p

D=

8t* + 0,

Proposition 7.4. Let 73,7 > 735 be two real numbers.

2We recall that r > 2M on M.
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Let now ® be as in Theorem 1. Then one has the flux estimate
R 2 2 2
Lo (l0e0l + 0= wlol + 1Yol )d
2M TS 5T 5
[T (IDal, +IvelE, )dr
R Té(,r 75,7"
R
s [, (loeel +0-plioolk +IVe|E, )dr

[T (IDal, +IvelE, )ar (7.8)
Let now ¥ be as in Theorem 1. Then one has the flux estimate

R
/ (”at*‘l’”ia + (1 =0 P]5, +IVPIZ, )dr
oM o . 2
+ [T (IDwiEs + iR )dr
R T;"" TS,T
R
S/zM (||8t*xp\|§3* A= wl0vZ, 1V, ) dr
v 1’ 1°

+/R (Hmfuga + VO )dr. (7.9)

Proof. We consider the three smooth radial functions «, 3 and w on M given by

a=1,
8 =0,
= 0.

Then from section 7.1.1 we have

TE0®)(0) = (1 )10 Bl s, + (1= ml|0, 2%, + [1F <],
TE0®)(0,) = ~2 (|00 @|%, — 201~ 1)(00-®,0,D) g2,
and

KL00[] = 0.

Consequently, applying the first half of Proposition 7.2 (noting that condition i) is
satisfied by the first half of Lemma 7.3) in conjunction with the first half of Lemma
7.3 yields the estimate (7.8).
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Similarly, from section 7.1.1 we have
L2 W0) = 1+ wllop®l5e, + (1= mlIoll%, + [ Vrap¥llie, .
TP110,) = 20|00 05, = 2(1 = p)(00 0, 0,0) g2,

and

K“00[] = 0.

T*r

Consequently, applying the second half of Proposition 7.2 (noting that condition i) is
satisfied) in conjunction with the second half of Lemma 7.3 yields the estimate (7.9).

This completes the proposition. O

An immediate consequence of the above computations combined with the conservations

laws (7.3) and (7.4) is the following pair of estimates which will prove useful in the sequel.
Corollary 7.5. Let T* > 175 > 11 > 75 be three real numbers.

Let now ® be as in Theorem 1. Then one has the flux estimate

T3 -
[Flocozs, ar s [TV R (0l00)ar
<[ (lo-al: +<1—u>||ar<1>||§2* +I99llZ, )dr
2M T T T
+ [T (IDel, Vel )dr (7.10)
T T

Let now W be as in Theorem 1. Then one has the flux estimate

/ ol art+ [ ’f) D 10 (00) dr
<[ (Haﬁwuzgw F A= wl0 R IV )dr
[T (IDwlE 9w, )dr (7.11)

The Morawetz estimate

The second such estimate we derive is an integrated local energy decay estimate which
degenerates at both H* and » = 3M. The former degeneration will then be removed
in section 7.1.2.2 with the latter degeneration removed in section 7.1.2.4. In addition,
the weights towards Z* will be improved in section 7.1.2.3. The former thus yields the
(n = 0) case of the integrated decay estimates in Theorem 1 whereas the latter results in

the (n = 0) case of the weighted bulk estimates in Theorem 1.
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As previously, deriving this estimate will require controlling the terms that arise from
the presence of the ‘potential operator’ in equations (7.1) and (7.2). This is the content

of the following lemma.

In what follows, for a smooth radial function f on M we define f*:= (1 — pu)f".

Lemma 7.6. Let § be the smooth radial function on M defined according to

)

Let now f € C*®°(M) N A(M). Then on any 2-sphere S2. . one has the estimate

\T

1 1 7
r@—4WVHWﬂ%;,+ﬁMﬂ@gm§—ﬁ<rHVrﬂ@gm+(1—uNK%TUﬂ§w>

1 1

e (7.12)

and

1 1 W
g2—aomvﬂ@%m+ﬁmﬂﬁiwg—w(rnvmﬂm@mﬁwl—nmwmr+3wﬂgw)

1 1

o, (7.13)

Proof. We first recall from section 7.1.1 that

2 9 1
10, XU Be, == ==V, + 521171,

and
36 1
110, T + 31 W5z, = MM10n Y1152, +—5 (1= 2u)ll(r W)f[l]f“i‘gw
18u
= (R [T
108
e (U= | TSI,
108

— g (L= )@ =3I,
Subsequently, we compute that

1 1

=,

- f(“ 1V fllse, +(1- u)!l[@r,ﬂﬂ\gﬁw) -5

1 1
= @+ 3@ =3IV 1[5, |+ 5polen) 1[5,

129



and

1 1

st I,

A(EIFe s+ 0l T B, ) -
_ i(z +3)(2 = 30|V £,
+gpoi) 11,
bogmi (i >||w>¢”f||2
3p2< A1,
13p3< >||w7>¢2]f||52

bogma() 4P 11,

Here, we have defined the polynomials
po(z) 1 = —122 (3 + 52 — 3327 + 27953),
pi(z) : = 62 (24 — 642 — 902% + 1442 + 81954)
pa(z) 1 = 62 <48 — 2407 + 2642” + 3482° — 837z + 432355),
p3(x) : = 10823 (4 — 82 — 5z + 182% — 9x4>,

pa(z) : = 10827 (8 — 282 + 142% + 512 — 722* + 2591;5)

which we observe are uniformly bounded on the domain [0, 1]. Consequently, to establish
the estimates (7.16) and (7.17) it thus follows from both the Poincaré inequality of Lemma
3.9 and the elliptic estimates of Proposition 3.12 that it is in fact sufficient to demonstrate

on any 2-sphere S2, = the bounds

171, < a@lIfI,

and

1£113, < a)llfllzz,  +pr

i) I 11, (7.14)
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Here, g(z) is the polynomial
q(z) := 48 — 108z — 168x* + 5582° — 324x*.

Indeed, the former bound follows from the positivity of the polynomial go(x) on the
domain [0, 1] which is simple to verify. This does not establish the latter bound however

as the polynomials p;, ps, p3 and p4 are not positive-definite on the domain [0, 1].

Consequently, in order to prove estimate (7.14) we first decompose f into spherical

harmonics in accordance with Proposition 3.5:
(o)
l
f=X_ 1Y,
1=2

Here, the convergence is pointwise. In particular, recalling that ¢ Pl i5 the inverse operator

r?2A + 2 — 3u applied p-times, it follows that for any integers i, j > 0 each mode f™Y/!

m

satisfies the identity

1Y) i¢V £; Yé“?ggw = WWZ Yé“égw

where A := (I — 1)(I +2). Thus, to establish the bound (7.14) it suffices to demonstrate

positivity of the following expression over the domain A > 2 and z € [0, 1]:

()\Jrl?)x)g (Q4(x))\4 + q3(2)N° + qo ()N + g1 ()X + qo(x)). (7.15)

where q4, q3, g2, 1 and ¢ are the polynomials

qu(x) : =8 — 122 — 182 + 2727,
g3(7) : = 16 + 120 — 20422 + 2882 — 81a*,

() : = 2 (156 — 1224z 4 2484x* — 5508:c3>,
q(r):=2° <396 — 34567 + 76142* — 4662x3>,

qo(r) : = 3:U3<108 — 11162 + 25922% — 1620353).
Indeed, we first claim that on this domain it holds that

(2 —32)%(2 + 32) < @@\ + @3(2)N 4+ ()N + g (2) X + qo(w).
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To verify this, we borrow successively from each polynomial to derive the estimate

+<q1 (z) + Za* — 132° A
—l—qo(a:) + 26I5.

Noting that g4(r) = (2 — 3x)%*(2 + 3x), the claim thus follows if positivity holds on the
domain [0, 1] for each of the polynomials

g3(x) — a°,

@2 () + 32” + 2qu(z) — T
¢ (z) + Tt — 132°
qo(z) + 262°

which is simple to verify.

Finally, to establish positivity of the expression (7.15) it remains to verify that the

expression qu(2)A* + g3(2)A* + @2(2)A? + ¢1(x)A + qo(z) is positive for z = 2 as then

continuity implies positivity on an open neighbourhood of x = % However, this follows

easily from an explicit computation and thus the lemma follows. O

The desired integrated local energy estimate for solutions to the Regge-Wheeler and

Zerilli equations is then as follows.

Proposition 7.7. Let ® be as in Theorem 1. Then one has the bulk estimate

oo oo ] N
/. /ZMT?,((2—3u>2(||at*<1>||§gw+<1—u>||&<1>||§2* +rIVOl, )+l )df dr
75 s T, T, T,

R

S L (1oealB: = mllo.el + Vol )dr

2M 7‘0,7‘ 7‘0,7‘ TO,T‘

+f (HD<I>H33W+ W‘I’”?iw) ar. (7.16)
0’ 0’
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Let now VU be as in Theorem 1. Then one has the bulk estimate

[e%e) o) 1 N
/. /QMﬁ<(2—3M)2<!|3t*@|’§3*T+(1—M)|!3T‘P||§3*T+7”2H77‘1’H?93*T> +|!‘I’\|§3*T> dr* dr
70 ) ) ’ ’

R
SLo(Noewlke = pIok + 9ol )d
2M 70,7‘ ‘ro,'r TO,T
[T (IDwlE 9w, )dr (7.17)
0’ 0’

Proof. We consider the three smooth radial functions «, 5 and w on M given by

where § is as in Lemma 7.6.

Then from section 7.1.1 we have
I 01(00) = 10+ 00l + 200 p) 1+ 1)(0-2.0,0), — p(1 g0, 0%,
Ve, )
v >f'(<1 O, D)ss, 2 (0,0, B) s+ L ||‘I’||§3w>,
e o) = —1((1+ H@@Hégw 421 1) (000, 0,0) 2.+ (1= 102 |05 %,
(1= ) 1702, )
R (R S ) [T

and

T, 3,w 1%
R0 = 2F 0w+ (1= w00l — (% IFelRe, + 1=l IR, )
1 1

- f***

57 el

Now, as f and its derivatives are uniformly bounded on M, we have from Cauchy—Schwarz

combined with the Poincaré inequality of Lemma 3.9 the estimates®

—I201@)(0,) S T

S IR 10)(0,), (7.18)
—I125n(@10,) S Iy

£ [](0,) (7.19)

\]»—A\\»—l

3Note in particular the (1 — p) weight that appears with the radial derivatives in the expression

@] (0 ).
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and

2MJ“5W dr</ I r. (7.20)

Here, the 1-form J% 00[ ] is as in the proof of Proposition 7.4. Consequently, applying
the first half of Proposition 7.2 (noting that condition iv) is satisfied by estimates (7.18)
and (7.19) combined with the first half of Corollary 7.5) in conjunction with the first half

of Lemma 7.6 yields the estimate

'] ) 1
Lo 5 (0e@+ (= o0l + @ = 3022Vl + [[0f, ) drdr
To T, T*r o
R
SL(10e0lB: (=l + Vol )dr
2M 7—0 o 7'0 sT 7'0 N
0" 0T

Here, we have combined estimate (7.20) with the first half Proposition 7.4 to control the

flux terms arising in the first half of Proposition 7.2.

Similarly, from section 7.1.1 we have

B (W)(00) = (4 10, +2(1 = p)(1+ ) 00,0, W)z,
(1= w101, + ul Ve sV, )
y 1
(1 - ((1 0T, Wy =2 (0,0, W), + oL H‘I’H%zw)?
To,B,w _ 2 2 2 2
B2 )(0,) = —1((1+ 1) 100 WIs, + 20010 = ) (00,0, )2, + (1= ) 0,912,
(1= [ Vri50l e, )
1 roul—p
2 2¢/ U 2
LA e (R [

and

K50 (0] = 2F |10 W + (1= )0, 9|13,

1 1

ok ok 2
e

1
A(E e b, + 0l T B, ) - 5

Now, as f and its derivatives are uniformly bounded on M, we have from Cauchy—Schwarz

combined with the Poincaré inequality of Lemma 3.9 the estimates

~ () S IO (D), (7.22)
3o (w)(0,) < 00, 10(9,) (7.23)
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and
[ Irr o ar s [ TR0 (0,) dr, (7.24)
2M 2M

Here, the 1-form ji;({;o[\lf] is as in the proof of Proposition 7.4. Consequently, applying the
second half of Proposition 7.2 (noting that condition iv) is satisfied by estimates (7.22)
and (7.23) combined with the second half of Corollary 7.5) in conjunction with the second
half of Lemma 7.6 yields the estimate

oo roo ] *
L (00w + (= wo.wl s+ 2= 305?90, + (101G, ) drdr
P T ,r T,T TTT

R
5/ (Haﬁ\m\?@* A A= pl0P[E, + VP, ) dr
2M To " Too" T T

+/R (||D\I/H§2* V]2 >dr. (7.25)
s s

Here, we have combined estimate (7.24) with the second half Proposition 7.4 to control

the flux terms arising in the first half of Proposition 7.2.

We consider now the three smooth radial functions «, 8 and w on M given by

a=pug,
B=(1-ug,
w=20

where g is the smooth radial function

Then from section 7.1.1 we have

325 [@)(0) = g(u(l + )0 @3, +2(1 = w)(1+ 1) (0P, 0,) 52,
(1= w10, @ e, + | Vx®Is, )
I @)(0,) = _g((1 + 1) 100 B[22, +2u(1 = ) (0p @, 0,8)s2, + (1= p)* |10, D3,

(1= ) I9+9l, )

r
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and
Re5(®] =g’ (|0 @2,
+0 ||u0n @ + (1 = )0, @[5, — g(ﬁ Vx2llsz, , + (1= wll[or T@'%E*"")
—(1—p)gd ||WT©||§E*’T

Now, as g and its derivatives are uniformly bounded on M, we have from Cauchy—Schwarz

combined with the Poincaré inequality of Lemma 3.9 the estimates

JE510)(0) S Tr2P (@) (0p), (7.26)
J550[@1(0,) S Trlon[@1(0,) (7.27)

and
2MJ“5"” dr</ I r. (7.28)

In addition, as both g’ and g vanish to second order at » = 3M with both g and %g

vanishing to third order as r — co, we have on any 2-sphere SZ, . the estimate

1
o li0e® + (1= 00,01, ~ o2 IFxlie, + -0l TR, )
~(1 = [[V12[%,

1 1 1
S 0@+ (1= 0,05, + (2= 30 VO, + |0, . (729

Consequently, Proposition 7.2 combined with Proposition 7.4, Corollary 7.5, estimate

(7.29) and the fact that the function g’ is non-negative on M yields the improved estimate

[ A (e s - maer,
2M T,

+2 =302 (110-0lZ, + VPl +119]E, )) dr* dr

R

s [, (o0l +a-ploelt +Ive|E: )dr
2M 5T 00" 70"

+ [T (IDalR Vel Yar
R 0" To"

from which estimate (7.16) follows.
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Similarly, from section 7.1.1 we have

T 100) = 8 (1 + ]10- IRz, +200 = 1)1+ (00,0, )z,
1= )10Vl e, o+ g l[Fr 50, )
B 11(0n) = =g (1 2) 100 W1 Rs, |+ 21 = ) (00,0, W), + (1= ) 0,913,

—(1—p) ||WT+7)\I]H§E*,T>

and
KO0 (W) =g’ |0 0| 52,
+' (|10 ¥ + (1= )0, P[5,
—g </7f V13952, + (=m0, T + 5]‘I’||~292*,T>
(1= md Vx5V, -

Now, as g and its derivatives are uniformly bounded on M, we have from Cauchy—Schwarz

combined with the Poincaré inequality of Lemma 3.9 the estimates

—IE000Y(0r) S T3 19 (0r), 7.30
—IT1(0,) S I (v)(o,) 7.31)
and
T IR (0, dr < /  I00[w)(8,-) dr (7.32)
2M 2M

In addition, as both g’ and g vanish to second order at r = 3M with both g and %g
vanishing to third order as r — 0o, we have from the elliptic estimates of Proposition

3.12 on any 2-sphere S, . the estimate
o' (100 ¥ + (1= )0, V| [5,
oIV, -l T+ AV, )
~(1 =g IV rs5¥l%, |
< 0w (1= )00, 42— 3P (VU I (733)

Consequently, Proposition 7.2 combined with Proposition 7.4, Corollary 7.5, estimate
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(7.33) and the fact that the function g’ is non-negative on M yields the improved estimate

oo poo
— (|10 U + (1 — )0, V|3
L Ly (0w 4= o,

#2302 (10U, + VU, + 19l )drdr
R

SLo(10ewiE + 0= wlo v +I9elE )dr
2M 7'0«7‘ 7‘0,7‘ 7‘0,7‘

[T (IDwE v, )dr
R "'Oﬂ‘ ‘rO,r

from which estimate (7.17) follows.

This completes the proposition. O

An immediate corollary of the above proof is the following estimate which shall prove

useful in the sequel.

In what follows, we recall the definition of the energy norm E from section 6.1.

Corollary 7.8. Let 77 > 15 be a real number.

Let now ® be as in Theorem 1. Then one has the bulk estimate

o rR
[ ] moe@+ (1= p o0l drdr S Elr o)),
Tf T*,r

Let now VU be as in Theorem 1. Then one has the bulk estimate

o rR
/* /2M||u8t*\11—|—(1—u)8r111||§2* dr*dr < E[r~10](7).
7.1 T* -

We make the following remarks regarding Proposition 7.7.

Remark 41. The use of the function f to derive the estimates (7.12) and (7.13) of Lemma
7.6 first appeared in the work!® of the author where it was motivated by earlier works of
Holzegel ™ on the Regge-Wheeler equation. See also[*.

7.1.2.2 IMPROVING THE WEIGHTS NEAR H™*

We continue by first removing the degeneration at r = 2M in the estimates of Propositions
7.4 and 7.7.

This will follow as a consequence of the following “red-shift” estimate.
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Lemma 7.9. Let o, 8 and w be three smooth radial functions on M given by

a =2,

SM
5: - T
w=20

Let now ® be as in Theorem 1. Then there exists an ri € (2M,3M) such that on any
2-sphere S2. . with v € [2M,r1] it holds that

10,0]%, < 35" (0](00) < R[] + ][Vl s,

< 0002, + 110,013, + (VP2

where ¢ is a positive constant.

Let now W be as in Theorem 1. Then there exists an ri € (2M,3M) such that on any
2-sphere SZ. . with r € [2M, ] it holds that

100, S I5010)(0) S KESVIW] + IV,
S 10 Wlze, + 11005, + 1YV,

where ¢ is a positive constant.

Proof. By continuity it suffices to establish on any 2-sphere SE*Q u the bounds

10,01, < I50(@)(0) < Re5(@]) + || P

T*,2M

2 2 2
< N0-®Is, +10.0l,  +IVOIEs, (739
and

100, < T (910 < Ra0 (0] + [T I s

T* 2M

< N0, + 0V, |+ IV, - (739

Indeed, from section 7.1.1 we have

55 0)00) = 410-01s, —4(000,00)s,  +21[0,0ll%, | +2([Vr Il

T* 2M
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and

11

o, B,w o 1
Keal®] = 37 10- 21, = 37 02 0@), 4557 10,25

T*,2M

Ve®lRe o+ 1[0 Y|

*,2M

=1
M
The upper and lower bounds in (7.34) then follow from applying Cauchy—Schwarz in

conjunction with the first half of Lemma 7.3 and the Poincaré inequality of Lemma 3.9.

Similarly, from section 7.1.1 we have

)0 = 41000 s, —4(000,0,0)ge | 20100 |Bs, + 2|V e

T*,2M
and

= B 5 1 11
K5 (0] = T 100932, — 17 0e .0V, 4o 110, )%

T, 2M

2
—ar Prea¥lls, , 10T+ 31001, .

The upper and lower bounds in (7.35) then follow from applying Cauchy—Schwarz in
conjunction with the second half of Lemma 7.3, the Poincaré inequality of Lemma 3.9

and the elliptic estimates of Proposition 3.12. O

We then have the following proposition.

Proposition 7.10. Let 75,77 > 75 be two real numbers.

Let now ® be as in Theorem 1. Then one has the estimate

E[r~'®](r;)
T35 oo ]
+/* /2M7ﬂ3((2—3u)2(||8t*<1>\|§2* +[10:®[ %2, + ||V P[22, >+ 12|12, >d7'*d7’
1 T,T T*,r T* o
SJE[T_ICD](TF)' (7.36)

Let now ¥ be as in Theorem 1. Then one has the flux estimate

E[r~ W] (r3)
5 oo ]
—|—/* /2M73<(2 - 3#)2<||8t*qf||§2* + ||ar\11||%«2* + 7‘2||W\11||?SQ* ) + ||\Ij||§2* ) dr* dr
Ty T*.r T* o g
SE[r (). (7.37)
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Proof. We consider the three smooth radial functions «, 3 and w on M given by

O[:3—X7
SM
5=<3—)x,
T
w =0

where y is a smooth cut-off function such that

1 for 2M <r <nr

0 for r > ry.

Here, 7, is as in Lemma 7.9 and ry € (r1,3M).

Then from section 7.1.1 we have

I [0](0,) = —2100- 0|3, — V12|

* 2M

Moreover, it follows easily from the Poincaré inequality of Lemma 3.9 and the fact that
x and its derivatives are compactly supported on M that on any 2-sphere Sf*m one has
the bounds

I 10)00) < xllov@llze, + (1 —x) I [2](0) (7.38)
and
K250 [0) S x'x 10:®[52, +X'(1=x) I [@)(0r). (7.39)

Here, ji’*o,;?[q)]((‘?t*) is as in the proof of Proposition 7.4. Consequently, applying the first
half of Proposition 7.2 (noting that condition #ii) is satisfied by estimate (7.38) combined
with the first half of Corollary 7.5) in conjunction with the first half of Lemma 7.9 yields

the estimate
" 0P 2, d +/T2 /r1 0P 2, drrdr < E[®](7)). 7.40
/ZMH HSTQ*,T r . | HST*’T 7 dr < E[®](7]) ( )

Here, we have used the first bulk estimate of Proposition 7.7 to control the bulk terms

arising from (7.39) in the region r < r <y, recalling that ro < 3M.

The estimate (7.36) then follows after adding the first estimates of Proposition 7.4 and
Proposition 7.7 to (7.40).
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Similarly, from section 7.1.1 we have

I255 0)(0,) = —21(00 VI, — || Vres ¥l

* oM

Moreover, it follows easily from the Poincaré inequality of Lemma 3.9, the elliptic estimates
of Proposition 3.12 and the fact that y and its derivatives are compactly supported on
M that on any 2-sphere Sf*jr one has the bounds

JE0](0) S x H&‘Ifllégw + (1= x) I 1) (0, (7.41)
and
RE010) < 00 0)%, +¥(1— ) T00091(0,). (7.42)

Here, J i*of[\lf] (Op) is as in the proof of Proposition 7.4. Consequently, applying the second
half of Proposition 7.2 (noting that condition ii7) is satisfied by estimate (7.41) combined
with the second half of Corollary 7.5) in conjunction with the second half of Lemma 7.9

yields the estimate

T1
2M

/|@m@ m+/2/W@m@ dr*dr < Elr0)(r7). (7.43)
TQ*,’I‘ Tf‘ 2M T*r

Here, we have used the second bulk estimate of Proposition 7.7 to control the bulk terms

arising from (7.42) in the region r < r <.

The estimate (7.37) then follows after adding the second estimates of Proposition 7.4 and
Proposition 7.7 to (7.43).

This completes the proposition. O

We make the following remark regarding Proposition 7.10.

Remark 42. One can prove the boundedness of the non-degenerate energy in the above

proposition without invoking the bulk estimate of Proposition 7.7 — seel7.

7.1.2.3 IMPROVING THE WEIGHTS NEAR Z7T

Next we improve the weights near Z* in the flux and bulk estimates of Proposition 7.10.
In what follows, we recall the flux and bulk norms F, and B, defined as in section 6.1.
Proposition 7.11. Let 75 > 77 > 75 and 1 < p < 2 be three real numbers.

Let now ® be as in Theorem 1. Then the following hierarchy of estimates hold:
Fplr™'@)(r3) + B,[r ' @[(y) < Fplr~'@)(ry) + E[r~"'®](r7). (7.44)

142



Let now ¥ be as in Theorem 1. Then the following hierarchy of estimates hold:
Fylr=0)(r3) + By[r =" 0)(r{) < Fp[r™O)(ry) + E[r " ¥](ry). (7.45)

Proof. We consider the three smooth radial functions «, 5 and w on M given by

I+p
o =——xr",
I—p
p=xr,
w =0

where y is a smooth cut-off function such that

0 for 2M <r <R
1 for r > 2R.

Then from section 7.1.1 we have

+p

(8} w 1
Q]]Til?rv [®](0)=) = (1 — p)*xrP ||D(I)H2SE* N 1 xr? ||WT(I)|’?9$* .

I5010)(0) = (1= > xr? [|D®[Fe, +xr” ||V ®[[3e,

R (0] =0 ((p(1 = ) = ) IDOI s, = p V@I, —rllion TIOI, )

' (IID®I, — IV+2lRs, ).
Now, as p > 1 and p > % for r > R, we have the bound

. (7.46)

W

p(L—p) —p=>

In addition, by the Poincaré inequality of Lemma 3.9 we have on any 2-sphere wa for

p < 2 the estimate
@) VeI, < IVl —r 0. Y@, (7.47)
whereas for p = 2
DIVl 0 VO], S VP2, (7.48)

Consequently, applying the first half of Proposition 7.2 (noting that condition i) is
satisfied by the first half of Lemma 7.3 combined with the fact that x vanishes for r = 2M)
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in conjunction with the first half of Lemma 7.3 yields for p < 2 the estimate

[Tl drs [ [T (m D0l @ - pr IV, ) drtdr
R 7‘5,7‘ 7-1* R T r T r
SEF'el() + [ 7D, dr. (7.49)
R Tf,'f
Here, we have used the first estimate of Proposition 7.7 to control the bulk terms

multiplying Y’ in Kfﬁ 2“[®] (noting that x’ vanishes for » > R) along with the fact
that |x| <1 on M.

The estimate (7.44) for p = 2 then follows after utilising Proposition 7.2 once more in
conjunction with estimates (7.48) and (7.47) with p = 1.

Similarly, from section 7.1.1 we have

- 1+
I N0e) = (1= wxr® || DY, + 5

1V,

BB 0)(0,) = —(1— P 1DV, + 307 (V3 91 e,
and

R0 = (01— 10 = ) DW= p IV eep®le, = l0n T + BV, )

' (|IDUIEs, = V5V, ).

In addition, by the Poincaré inequality of Lemma 3.9 and the elliptic estimates of

Proposition 3.12 we have on any 2-sphere 572_*7,4 for p < 2 the estimate
@ 19U, S —p P, — 0, X+ 300 (750)
whereas for p = 2
Vsl U0+ A, S VI, (751)

Consequently, applying the second half of Proposition 7.2 (noting that condition i) is
satisfied by the second half of Lemma 7.3 combined with the fact that x vanishes for
r = 2M) in conjunction with the second half of Lemma 7.3 yields for p < 2 the estimate

[TrDvi, e [T [T (N DUE, 4 @ 90, ) drtdr
TS T Tf T o

SEF)(r) + [ DU dr (7.52)
R Tf,'r

Here, we have used the second estimate of Proposition 7.7 to control the bulk terms

multiplying x/ in K% [¥].

T*, T
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The estimate (7.45) for p = 2 then follows after utilising Proposition 7.2 once more in
conjunction with estimates (7.51) and (7.50) with p = 1.

This completes the proposition. O

An immediate corollary of the above proposition is the boundedness of smooth and
compactly supported solutions to the Regge-Wheeler and Zerilli equations in the norms
F and I of section 6.1. This in particular yields the (n = 0 case) of parts i) in Theorem
1.

In what follows, we recall that since the solutions ® and ¥ to the Regge-Wheeler and

Zerilli equations of Theorem 1 are compactly supported on g (cf. Definition 5.3) then
Efre](r)+ [ PIDalfy, dr $Blre)

and
E[r'0](rg) + /Roo r2||D\If||§287T dr <D[r~ ']

where D is the initial data norm of section 6.1.

Corollary 7.12. Let ® be as in Theorem 1. Then one has the estimate

Flr—'®] +I[r~'®] <D 'a]. (7.53)

Let now ¥ be as in Theorem 1. Then one has the estimate

Flr— '] +1I[r~ 0] < D[] (7.54)

~J

7.1.2.4 IMPROVING THE WEIGHTS NEAR r = 3M
It remains now to remove the degeneration at » = 3M in the bulk estimates (7.36) and
(7.37) of Proposition 7.10.

For this we will need the following Lemma which states that the Killing fields of (./\/l, gM)

commute with the Regge-Wheeler and Zerilli equations.

Lemma 7.13. Let {;}i—123 be a basis for SO(3).

Let now ® be a smooth solution to the Regge—Wheeler equation on M the Cauchy data
of which is compactly supported on Xg. Then for i = 1,2,3 0p® and Q;(P) are also
smooth solutions to the Reqgge—Wheeler equation on M with Cauchy data that is compactly
supported on Y.
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Let now W be a smooth solution to the Zerilli equation on M the Cauchy data of which is
compactly supported on Xr. Then fori=1,2,3 0V and Q;(V) are also smooth solutions
to the Regge—Wheeler equation on M with Cauchy data that is compactly supported on
YR

Proof. Direct computation, in particular noting that the operators 0, and €2; commute

with the operator A and hence with the operator ¢ P for any p. O]
Utilising the above lemma thus allows one to remove the degeneration at » = 3M as
follows.

In what follows, we recall the norm I,. defined as in section 6.1.

Proposition 7.14. Let 77 > 75 be a real number.
Let now ® be as in Theorem 1. Then one has the integrated local energy decay estimate
3

Loc[r @] (77) < E[r'®](r) + E[r "0, @) (77) + Y _E[Q(r—®)](7). (7.55)

~
i=1

Let now ¥ be as in Theorem 1. Then one has the integrated local energy decay estimate
3
Loc[r " W)(77) S E[r " U)(7f) + E[r "0 W](77) + D_E[Q(r ' 0)](7)). (7.56)

i=1

Proof. We recall from the first half of Corollary 7.8 the estimate
o rR
[ [ noe@+ (1= ) o0l drdr S E[@)(r). (7.57)

Recalling further from the first half of Proposition 7.10 the bound

o rR
/* /2M ((7" —3M)*||0, D5, + [P, ) dr*dr < E[r®](r7), (7.58)
1 T T*,r

we thus have from the first half of Lemma 7.13 the estimate

00 R 3
/* /2M (||8t*<1>||§2* + V|3, )df* dr < E[r 10 0)(r5) + Y. E[rtu(®)](77).
KR T, T,

=1

(7.59)

The estimate (7.55) then follows from summing estimates (7.57)-(7.59).

Finally, the estimate (7.56) follows in a similar fashion and this subsequently completes

the proposition. O
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An immediate corollary of the above proposition and Proposition 7.7 is the boundedness
of smooth and compactly supported solutions to the Regge—Wheeler and Zerilli equations
in the norm M of section 6.1. This in particular yields, when combined with Corollary

7.12, the (n = 0 case) of parts ii) in Theorem 1.

In what follows, we recall the higher order norms defined in section 6.1. In addition, we
note that for smooth functions f on M one has |7“Y7f|§M <y, |Ql(f)|§M < |7"Y7f|;M.

Corollary 7.15. Let ® be as in Theorem 1. Then one has the estimate

M[r—t®] < D'r ']

Let now V¥ be as in Theorem 1. Then one has the estimate
M[r—'¥] < DYr 1y

Remark 43. To prove Proposition 7.14 it in fact suffices to commute only with the
operator Op. Indeed, once 0;+® and 0+ are controlled non-degenerately, choosing a
sufficiently regular g in the proof of Proposition 7.7 allows one to in addition remove the
degeneration on the angular terms. This in particular allows one to weaken the norm
that appears on the right hand side of estimates (7.55) and (7.56) and therefore also in

the above.

7.1.3 HIGHER ORDER ESTIMATES

In this section we prove the higher order cases of both parts ¢) and i) in Theorem 1.

In fact, with the bounds of section 7.1.2 now understood, their higher order versions
follow entirely analgously as to how one derives the higher order estimates for the scalar
wave as discussed in section 2.5.4 of the overview. For this reason we shall not give an

explicit proof of the following proposition explicitly in this thesis.

Proposition 7.16. Let 75 > 77 > 75 and 1 < p < 2 be three real numbers with n > 0 an

integer.

Let now ® be as in Theorem 1. Then one has the energy estimate

E"[r 1®](r5) < E"[rt®](7}), (7.60)

~Y

the integrated local energy decay estimate

e [P RY(]) S B @)(m)) + E"[r 0 @) (17) + D E"[r i (@)](7) (7.61)

loc
i=1
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and the p-weighted hierarchy
Fy[r='®)(r3) + By[r—@)(ry) < E"[r@)(ry) + Fy[r— @)(r). (7.62)

In addition, parts i) and ii) in the first half of Theorem 1 hold true.

Let now ¥ be as in Theorem 1. Then one has the energy estimate
E"[r~'¥)(ry) S E"[r~"O](r7), (7.63)

the integrated local energy decay estimate

]ITL

loc

[ () S B () + B 0 () + DB (D)) () (7.64)

i=1

and the p-weighted hierarchy
Fo[r = 0](r3) + B[r ' O)(ry) < E"[r=](ry) + Fplr "0 (y). (7.65)

In addition, parts i) and ii) in the first half of Theorem 1 hold true.

7.1.4 POINTWISE DECAY BOUNDS

In this section we prove both parts iii) of Theorem 1 using the higher order estimates of

Proposition 7.16.

Indeed, the desired pointwise bounds follow as an immediate consequence of the following
proposition utilised in conjuncton with a Sobolev embedding on the 2-spheres SE*J and

an application of the fundamental theorem of calculus.

Proposition 7.17. Let 7 > 7§ be a real number with n > 0 an integer.
Let now ® be as in Theorem 1. Then one has the decay estimate

E"[®])(7*) < . D" [®]. (7.66)

~ 7-*2

Let now ¥ be as in Theorem 1. Then one has the decay estimate

B [)(r) < — D™2[0]. (7.67)

~ 7—*2

Proof. The proof proceeds entirely analogously as to the proof of energy decay for solutions
to the scalar wave equation on (./\/l, gM) established by Dafermos and Rodnianski in!%%).

For this reason we will not provide a plethora of details in what is follow.

We first observe that the estimates (7.62) and (7.61) in the first half of Proposition 7.16
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imply that there exists a dyadic* sequence of times (7),en such that

1 1
E"[®@](7)) < D"[®] + (E" : E"[Q )

[@)(7) < ) (@] + - (02 @] (73) + Z )
Thus, combining the first half of Lemma 7.13 with the estimate (7.60) in the first half of

Proposition 7.16 we therefore conclude that for each 77 one in fact has the bound

E*[®@] () drdr < D" *2[P].

1
(77:)?
The estimate (7.66) then follows from estimate (7.60) of Proposition 7.10 and the fact

that the sequence (7

) is dyadic.

Finally, the estimate (7.67) follows in a similar fashion and this subsequently completes

the proposition. O

This completes the proof of Theorem 1.

7.2 PROOF OF THEOREM 2

In this section we prove Theorem 2.

The proof in fact essentially follows from Theorem 1 combined with Proposition 5.7 and
Corollary 5.8.

7.2.1 BOUNDEDNESS AND DECAY FOR THE PURE GAUGE AND LINEARISED KERR
INVARIANT QUANTITIES

We begin in this section by first applylng Theorem 1 to the gauge-invariant quantities )
and U associated to the solution 5” of Theorem 2. Indeed, this is immediately applicable
courtesy of Theorem 4.3 and the fact that ® and ¥ were assumed to have compactly

supported Cauchy data. We thus have:

Proposﬂzlon 7.18. Let 5” be as in the statement of Theorem 1. Then the quantities i

and U assoicated to 5” satisfy the assumptions and hence the conclusions of Theorem 1.

7.2.2 COMPLETING THE PROOF OF THEOREM 2

In this section we complete the proof of Theorem 2 with the aid of Corollary 5.8.

A sequence such that 7;* < 7%, < 287* for some fixed integer k.
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Proof of Theorem 2. We have from Corollary 5.8 that the solution 7 satisfies
7 =V&d? (T{I}) + 6p drég[”a\(ﬁ,

(1)

g =0,
6=} (& () — 2 ¥,07(rd) — 20r 8,
?;_rvewl(iﬁ 3),

thy = 4T 4+ 1207 (1 — )¢ W

where ® and W are as in Proposition 7.18. All the estimates that were derived for solutions
to the Regge— Wheeler and Zerilli equations in section 7.1 can thus be shown to hold for
the solution 5” (but with an additional r weight placed on 5” ) by dilligently commuting
and evaluating the above expressions in the frame {0, d,} of section 3.2.2.3, keeping
careful track of r-weights, and then applying the higher order estimates of Proposition
7.16. This in particular yields the pojntwise decay bounds of part iii) in the statement
of Theorem 2 courtesy of the Sobolev embedding on 2-spheres. Since however this would

be rather cumbersome to carry out in practice we only note the key points:

e Propositions 3.1 and 3.2 allows one to perfom all necessary computations in the
{04+,0,} frame. In particular, the connection coefficients in this frame are of
order O(r=2) and hence play no role when evaluating the (commuted) tensorial

expressions

e to control higher order angular derivatives of the solution . one commutes with
the family of angular operators .Agfk],Aék] and A[f] of section 3.2.6.2, noting the
commutation relations of Lemma 3.14, and then apply the elliptic estimates of

Proposition 3.10

e by definition of the flux and integrated decay norms the derivatives D and YV always

appear with an additional r-weight, thus gaining in regularity towards Z+

e by Lemma 3.3 ‘contracting’ the operator d” in the frame {0, 0,} always returns a

D derivative which gains an r-weight by the previous point

e to bound the (commuted) terms involving the operator ¢ " one applies the commutation

relations of Lemma 3.14 along with the estimates of Proposition 3.12

We make the following remark.
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Remark 44. We emphasme the role played by the operator d” in preservmg the estimates
as one transfroms from ® and ¥ to the - weighted collection given by rS (cf. section
A.2.2 in the appendix).
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THE REGGE—WHEELER GAUGE

In this chapter of the appendix we consider the so called Regge-Wheeler gauge and show
how it connects to the modified Regge—Wheeler gauge associated to the equations of
linearised gravity as defined in section 5.2.1. In particular, we recall from the discussion
at the end of section 2.3.1.1 in the overview that this former gauge played an important
role in the definition of the map f of section 3.3.1.

We note that this section is a summarised version of our recent ).

A.1 THE LINEARISED EQUATIONS

The Regge-Wheeler gauge is to be realised as a ‘residual gauge’ choice associated to the
system of equations that result from linearising the Einstein vacuum equations, as they

are expressed in a generalised f—wave gauge with respect to g/, about (/\/l, gM). Here,

o

f is the map of section 3.3.1.1.

Definition A.1. Let © denote the collection
6 = (67 trgngﬁ)’ ﬁ7 tﬁg)
where

(1)
® g is a smooth, symmetric, traceless 2-covariant Q-tensor field
9, .
o tr;,, 8 is a smooth function on M

e § is a smooth Q® S 1-form
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(1)

° ﬁ is a smooth symmetric, traceless 2-covariant S-tensor field
o t/f;zj] is a smooth function on M

Then we say that G is a smooth solution to the linearised Einstein equations on (/\/l, gM>

in a generalised f—wave gauge with respect to g iff each quantity in & satisfies the

following system of equations:

~ 7 Yo 2= % 2,=.% 4pd 1 2~ w 2 2,40 1.2~ 0
Op + &g+ -Vpg — - (Veg), — -5 = - drddtrg, g + - dridivg — — dridig,
T T P rr T r r
(A.1)
Otrg,, § + Atrg,, g = 0. (A.2)
=~ (1) 2"’ () 1 ) 2 ) 2 3 N
Og + Ag — Vg, — (- pg+ 5 drog, = ;dr@sdivg. (A.3)
S0 2= W 4
Of+ 44— ~Ved - -2g =0, (A4)
~ (&) &) 2~ (&) 2 () 4 g) 2 S
'“2] o) 1~ 0
—0g + divg — idt/rg =0, (A.6)
)0 1 I} N
5 ¥ty 8+ divg =0 (A7

Note that one can indeed verify from the formal linearisation procedure of section 3.3
that the system of equations (A.1)-(A.7) define the system of equations that result from
linearising the Einstein vacuum equations, as they are expressed in a generalised fo—wave
gauge with respect to gys, about (./\/l, gM). In particular, we note that the map f satisfies

o

f(gnr) = 0. Moreover, the motivation behind choosing such a map is made manifest by

the observation that this choice of map forces the pair of quantities ¢ and ﬁ to actually

decouple from the rest of the system.

Finally, we note that there exists analogous definitions of pure gauge and linearised Kerr
solutions associated to the system (A.1)-(A.7) just as in section 3.4. In addition, one
can formulate a well-posedness theory for the system (A.1)-(A.7) analogously to the one

established in section 5.1 for the equations of linearised gravity. Seel® for specifics.
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A.2 THE REGGE-WHEELER GAUGE

In this section we define what it means for a solution & to the linearised Einstein equations
on (M, gM) in a generalised f—wave gauge with respect to gy to be in the Regge-Wheeler
gauge.

A.2.1 THE REGGE-WHEELER GAUGE

The definition is as follows.

In what follows, we recall the notation Cxf from section 5.2.1 to denote the mapping
onto Cauchy data of f on ¥. Note also that the projection maps of section 5.2.1.1 apply
readily to the collection &.

Definition A.2. Let G be a solution to the linearised Finstein equations on (./\/l, gM) na
generalised f—wcwe gauge with respect to gpr. Then we say that & is in the Regge—Wheeler
gauge iff the following conditions hold on X:

(1)
e the quantities § and ¢ associated to the projection &' satisfy

(1)

nge = O,
Csg =0

Note that since the condition for the collection & being in the Regge-Wheeler gauge is a
condition on Cauchy data associated to G, as in section 5.2.1 one can say that a solution
S to the linearised Einstein equations on (/\/l, gM) in a generalised f-wave gauge with

respect to gy that is in the Regge—Wheeler gauge is initial-data-normalised.

We further note that one can prove an analogous result to Theorem 5.5 in that given
any smooth solution & to the linearised Einstein equations on (M, gM) in a generalised
f—wave gauge with respect to gps then one can add to it a pure gauge solution to the
linearised Einstein equations on (/\/l, gM> in a generalised f—wave gauge with respect to

g such that the resulting solution is in the Regge-Wheeler gauge — see ",

A.2.2 GLOBAL PROPERTIES OF SOLUTIONS IN THE REGGE-WHEELER GAUGE

As in section 5.2.3 we have that the conditions associated to a solution & to the linearised
Einstein equations on (/\/l, gM> in a generalised f—wave gauge with respect to gy, being in

the Regge-Wheeler gauge actually propagate under evolution by the equations (A.1)-(A.7).
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Proposition A.1. Let G be a smooth solution to the linearised Einstein equations on
(/\/l,gM) in a generalised f-wave gauge with respect to gy that is in the Regge—Wheeler
gauge. Then the following hold on Dt (X):

e the quantities g and ﬁ associated to the projection &' satisfy

)

ge = O?
@)
~

g=0
Moreover, the quantity trgM(ﬁm associated to the projection & vanishes on D' (X):
tI‘gMg =0.
Proof. Proceed analogously as in the proof of Proposition A.1. Seel! for details. O

As previously, we have the following corollary to Proposition A.1.

Corollary A.2. Let & be as in Proposition 5.7. Then the following identities hold on
DT (X%):

Qv
|
RS
(@]
/N
=
1S
~—
+
D
=
o,
3
&
X
oy
1S

’r/rg = —27’4&\11 + 4dp\I/ + 12ur~ (1 — M)Q‘[I]\(I‘J)
where ® and U satisfy the Regge—Wheeler and Zerilli equations respectively.
Proof. Proceed analogously as in the proof of Corollary 5.8. Seel! for details. [

We note that one can use Corollary A.2 to show that sufficiently regular solutions to the
linearised Einstein equations on (./\/l, gM) in a generalised f—wave gauge with respect to
g that are in the Regge-Wheeler gauge actually decay to a member of the linearised Kerr
family, with the the caveat that the solutions are not asymptotically flat as in Theorem
2 (cf. Remark 40.). Seel” for the full proof.

We make the following remark.

Remark 45 We note that the ansatz given above for the collection of quantities

g trgMg g, g and t/rg was the original definition of the Regge-Wheeler gauge for solutions
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to the linearised Einstein equations given by Regge and Wheeler in?*. In particular, it
is important to realise the distinction between Definition A.2 — see the discussion at the
end of section 2.3.1.1 of the overview.

A.3 THE CONNECTION WITH THE MODIFIED REGGE-WHEELER GAUGE

Finally, we now reveal the connection between solutions to the linearised Einstein equations
on (./\/l, g M) in a generalised f—wave gauge with respect to gys that are in the Regge—Wheeler
gauge and solutions to the equations of linearised gravity that are in the modified
Regge-Wheeler gauge.

In what follows, we note that one can prove the same versions of Proposition 4.1 and
Theorem 4.3 for the linearised Einstein equations on (./\/l, gM) in a generalised f—wave

gauge with respect to gy; (cf. in particular Remark 15). Seel for specifics.

Proposition A.3. Let & be a smooth solution to the linearised Einstein equations on

(M,gM) in a generalised f—wave gauge with respect to gy that has vanishing projection

to l = 0,1, that is moreover in the Regge-Wheeler gauge, and let ® and U be the
gauge-invariant quantities associated to it in accordance with Proposition 4.1. Moreover,
let

6 = (aa tr@g@,%, §7 %g)

denote the collection of quantities

5 = Ve,
trgMg = —260,
§=Yo-+df — i&r@s}é,
§ = Ve,
t/r;zlf = 2divy + iﬁp

where © and ¥ are the smooth Q 1-form and smooth S 1-form defined according to
p:=—%d <7’\(Ill)>,

)zf:r]D;(\(I},éID))
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Then the collection ,50” defined according to
50” =6+6

is a smooth solution to the equations of linearised gravity that is in a modified

Regge—Wheeler gauge with trivial parameters.

In addition, the quantities 0 and ¥ satisfy the system of equations

N 2 1 _~f g /0
6 + Ab — ;(VU)P + 5 drip = _rQ*d(r 3(\1/)),
~ 2~ 1 2 /O W )
Op + A9 = Vg + 53— dp)p = ~(1-20)P| (V. 2) +rV3(V)
where B is the operator defined as in section 3.3.1.5.

(1)

Proof. Direct computation, noting in particular that the gauge-invariant quantities

(1) <o

o
and ¥ associated to & and .¥ agree from Remark 15. O

In particular, we see that solutions to the equations of linearised gravity that are in
the modified Regge—Wheeler gauge are derived from solutions to the linearised Einstein
equations on (./\/l, gM) in a generalised f—wave gauge with respect to gp; that are in
the Regge-Wheeler gauge via a collection of quantities that almost define a pure gauge
solution of Proposition 3.15, and it is their failure to do so which defines the map } of
section 3.3.1.3.

Finally, the reason for considering the pair b and ¥ as potential generators for a pure
gauge solution is due to the good asymptotic properties of the operator d* (cf. Lemma

3.3).
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The restricted nonlinear stability conjecture
for the Schwarzschild exterior family of

Dafermos, Holzegel and

Rodnianski

In this section of the appendix we state the restricted nonlinear stability conjecture of
Dafermos, Holzegel and Rodnianski regarding the Schwarzschild exterior family which
should in principle be possible to resolve in the affirmative by utilising a generalised wave

gauge combined with the insights of this thesis.

The conjecture, lifted verbatim from!!, is as follows.

Conjecture (Dafermos—Holzegel-Rodnianski). Let (37, gar, Kpr) be the induced data
on a spacelike asymptotically flat slice of the Schwarzschild solution of mass M crossing
the future horizon and bounded by a trapped surface. Then in the space of all nearby
vacuum data (X, g, K), in a suitable norm, there exists a codimension-3 subfamily for
which the corresponding maximal vacuum Cauchy development (M, g) contains a

black-hole exterior region (characterized as the past J~(Z") of a complete future null
infinity Z), bounded by a non-empty future affine-complete event horizon H*, such
that in J~(Z") (a) the metric remains close to gy, and moreover (b) asymptotically

settles down to a nearby Schwarzschild metric g;; at suitable inverse polynomial rates.
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