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Resumo

Neste trabalho, apresentamos uma prova detalhada da limitagdo e decaimento das solugdes da
equagao de onda nos espagos-tempo de Minkowski e Schwarzschild, considerando dados iniciais reg-
ulares e de suporte compacto. Para tal, recorremos a métodos de energia, devido a sua robustez e
aplicabilidade a véarios espacos-tempos. Em particular, provamos uma estimativa integral de decai-
mento da energia local, que permite controlar a energia em regides espacialmente compactas e, em
seguida, deduzimos a chamada hierarquia de Dafermos-Rodnianski. No caso do espaco-tempo de
Schwarzschild, ocorre uma degenerescéncia da energia no horizonte de eventos e na esfera de fotoes,
estando esta ultima intimamente relacionada com o aprisionamento dos raios de luz nesta superficie.
Para resolver o problema no horizonte do buraco negro, construimos um fluxo de energia ndo degen-
erado apropriado, explorando a positividade da gravidade de superficie do horizonte de eventos, o que
indica que o fenémeno do desvio para o vermelho acaba por ser crucial para obter estes resultados.
Finalmente, utilizamos uma sequéncia diadica para deduzir o decaimento da energia ndo degenerada,
0 que, por sua vez, usando a simetria esférica destes espacos-tempos, leva a estimativas pontuais das

solucdes da equacgao de onda.

Palavras-chave: Equacao de onda, Método do campo vetorial, Desvio para o vermelho, Es-

fera de fotGes, Limitagao, Decaimento






Abstract

In this work, we present a detailed proof of the boundedness and decay of the solutions to the wave
equation on the Minkowski and Schwarzschild spacetimes, given smooth and compactly supported initial
data. For this purpose, we make use of energy methods, due to their robustness and applicability to
various spacetimes. In particular, we prove an Integrated Local Energy Decay estimate, which allows
us to control the energy on spatially compact regions, and then we deduce the so-called Dafermos-
Rodnianski hierarchy. In the case of the Schwarzschild spacetime, an energy degeneracy occurs at the
event horizon and at the photon sphere, the latter being intimately related to the trapping of light rays at
this surface. To solve the issue at the black hole’s horizon, we construct a well-behaved nondegenerate
energy flux by exploiting the positivity of the surface gravity of the event horizon, which shows that the
redshift phenomenon turns out to be crucial to obtain these results. Finally, we make use of a dyadic
sequence to derive decay of the nondegenerate energy, which then leads, using the spherical symmetry

of these spacetimes, to pointwise estimates of the solutions of the wave equation.

Keywords: Wave equation, Vector field method, Redshift, Photon sphere, Boundedness, Decay
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Introduction

General Relativity studies the 4-dimensional Lorentzian manifolds (M, g) which are solutions of the

Einstein field equations, first formulated by Albert Einstein in 1915 [14, 15]:
1
R;U/ - iRguV :87TT;UJ~ (11)

Here, R, and R denote the Ricci tensor and the scalar curvature, respectively, and 7)., is the energy-
momentum tensor describing the matter fields modeling the system of interest, so that the equations
connect the geometric properties of the spacetime (M, g), on the left-hand side, with a quantity modeling
the physical content of the system, on the right-hand side. In the absence of matter, these equations are
called Einstein vacuum equations:

R, =0. (1.2)

The trivial solution to this system of nonlinear partial differential equations is the so-called Minkowski
spacetime, corresponding to flat space, i.e. R'*+3 with the metric g = —dt? 4 da? + dy? + dz2. Arguably,
the second simplest solution to the Einstein vacuum equations (1.2) is the so-called Schwarzschild
spacetime, first discovered in 1916 [30], which describes a non-rotating black hole with zero electric
charge. In the years following the publication of this work, there was some misunderstanding regarding
the singularities found in the components of the metric of this solution, and what kind of system it did in
fact, describe. Nevertheless, eventually it came to light that the Schwarzschild spacetime corresponded
to a black hole, and that some of the singularities found in the metric components of the Schwarzschild
solution were merely an artifact of the choice of coordinates, related to the presence of an event horizon.
Other exact solutions describing black holes were also eventually discovered, such as the Reissner-
Nordstrdm [27, 28] and the Kerr [23] spacetimes. Nonetheless, in this work we will focus only on the
Schwarzschild spacetime, since it is the simplest such solution, describing a non-rotating black hole with
zero electric charge.

Even though these black hole spacetimes were found to be solutions to the Einstein vacuum equa-
tions, one can still pose the question of their stability, as a strong indication that this kind of physical
objects could indeed exist in our universe. However, the stability problem turned out to be quite hard to
formulate, and even more difficult to tackle. Only after the seminal contribution by Choquet-Bruhat [4]
on how to properly define, and solve, the so-called Cauchy problem for the Einstein field equations, was
it possible to start studying the stability problem. The first major result was the stability of the Minkowski
spacetime, proved by D. Christodoulou and S. Klainerman in 1993 [5]. Further developments have also
been made in the past few years regarding the stability problem for black hole spacetimes. An extensive

description of the formalism of this problem and the results that have already been proved, as well as



open questions, can be found in [18].

Due to the hyperbolic nature of equation (1.2), it turns out that simply understanding the properties of
solutions of the homogeneous wave equation on a fixed spacetime background is already a very useful
first step before addressing more subtle questions, such as the stability of the spacetime itself. Not only
does it require developing suitable techniques, but it also allows dealing with some of the interesting
aspects of each particular spacetime and how they might affect its stability properties. In particular,
given appropriate initial Cauchy data, one should check whether the solution to the wave equation is

bounded and, in that case, if it exhibits any decay properties.

The case of the Minkowski spacetime is already fully understood, given that an explicit formula for the
solution of the wave equation is a classical well-known result (see for instance [16]). Nonetheless, one
can make use of the simplicity of this spacetime to develop robust tools which might be useful in the
context of other spacetimes that share key properties with it, namely staticity and spherical symmetry.
One of the tools that has become quite significant in this setting is the so-called Integrated Local Energy
Decay estimate, first introduced by Morawetz in 1968 for the Minkowski spacetime [24]. These estimates
capture the fact that energy in spatially compact regions decays in time. Another remarkable result is
the Dafermos-Rodnianski hierarchy [9], which is a pair of inequalities controlling the behavior of energy

in non-compact regions away from the origin.

Unfortunately, no explicit solution is known for the wave equation on the Schwarzschild spacetime,
and so it becomes necessary to use other methods to understand its global properties. The proof of
boundedness of the solution to the wave equation was given by Kay and Wald in 1987 [22], and the
first result concerning decay was proved by Twainy in 1989 [31], without providing an explicit decay rate.
A couple of decades later, Dafermos and Rodnianski further improved Twainy’s result by determining a
decay rate [10], thus describing the main features of the wave equation on the Schwarzschild spacetime.
In particular, this work exploited the redshift effect phenomenon near the black hole’s event horizon to
overcome some additional difficulties arising in this problem when compared to the Minkowski space-
time case. Since then, refinements have been added to this proof, notably the fact that the Dafermos-
Rodnianski hierarchy is also valid in this case [9], and that various Integrated Local Energy decay esti-
mates hold [7, 21].

Although it is beyond the scope of this work, we also highlight the main results for the Kerr space-
time. A first decay rate was established in 2010 [11] for the full subextremal range under the assumption
that the solution of the wave equation is axisymmetric, and also for the very slowly rotating black holes,
without the axisymmetry assumption. The decay result for the full subextremal range with no additional
assumptions was later attained in [12, 13]. It is worth mentioning that the wave equation in Kerr’s space-
time poses additional difficulties, due to the presence of an ergoregion with the associated superradiance

phenomenon, and also due to the complexity of the trapping effect.



1.1 Thesis Overview

In this work, we aim to study the properties of the solutions of the wave equation,
0,0 =0, (1.3)

on two specific Lorentzian manifolds (M, g) corresponding to the two most fundamental spacetimes in
General Relativity: the Minkowski spacetime and the exterior region of the black hole in the Schwarzschild
spacetime.! Our main goal is thus to study the behavior of waves on these fixed spacetime backgrounds.
In particular, we intend to prove boundedness and a suitable notion of decay of the solutions of the wave
equation, given appropriate initial compactly supported Cauchy data.

In Sections 2.1, 2.2 and 2.3, we introduce some general concepts which will be useful for employing
techniques based on energy considerations. Then, in Section 3.1, we prove that the solution to the wave
equation in the Minkowski spacetime is bounded. In Section 3.2, we end the discussion of the Minkowski
spacetime case by deducing that the solution decays in time at a certain rate. Section 4.1 contains a
description of several coordinate systems for the Schwarzschild spacetime, and in Section 4.2 we set up
the Cauchy problem for the wave equation on this spacetime. Finally, Sections 4.3 and 4.4 contain the
proof of the boundedness and decay results for the solution to the wave equation on the exterior region
of the Schwarzschild black hole.

The results in this thesis can be essentially found in several lecture notes [2, 6, 8, 17]. However, there
is no one place in the literature where the proofs of these results are spelled out in full detail, as we
aim to do here. Our proof also differs slightly from those in the lecture notes above in that we adapt the
results of the recent paper [21] to obtain our Integrated Local Energy Decay estimates.

Throughout this work, we use a geometrized system of units, for which ¢ = G = 1.

1.2 Outline of the proof

The purpose of this Section is to provide a brief explanation, without excessive detail, of the way in
which we will approach the proofs of boundedness and decay of the solutions of the wave equation, on
the Minkowski and Schwarzschild spacetimes. Specifically, we will address some of the issues arising
throughout the proof of the main results and how they can be overcome.

First, we point out that our proof mostly focuses on energy-type estimates, as they have shown to be
quite robust, making them especially useful for spacetimes with less symmetry. We start by constructing
a certain notion of energy current, corresponding to the contraction of the energy-momentum tensor
of the massless scalar field, associated to the solution of the wave equation, with an arbitrary vector
field, usually called a multiplier. Then, we define the associated energy flux of this current across a
spacelike or null hypersurface, which should coincide with the boundary terms arising in the application
of the divergence theorem to the energy current over some spacetime region. It turns out that the

energy current associated to a Killing vector field has a vanishing bulk term in the divergence theorem,

"This is usually called the domain of outer communication.



easily yielding energy conservation identities. The energy flux of a global timelike Killing field of a static
spacetime is particularly important as it can be used to obtain pointwise bounds of the solution to the
wave equation. Therefore, one starts by proving energy boundedness and decay in order to deduce

pointwise estimates.

Unfortunately, for the case of the Schwarzschild spacetime, the presence of the event horizon of the
black hole comes up as an obstruction to deriving pointwise bounds from energy estimates, due to a
degeneracy phenomenon occurring at the horizon. Nevertheless, this challenge can be surmounted by
constructing a new multiplier, which coincides with the timelike Killing field away from the horizon, and is
equal to the so-called redshift vector field near the event horizon. Such a construction highly depends on
the fact that the surface gravity of the Schwarzschild black hole is positive, which is known to be closely
related to the gravitational redshift effect taking place in this spacetime. The proof of boundedness then

follows from the fact that the energy flux of the redshift vector field is bounded.

In order to derive decay estimates, one has to make a more careful analysis. In this work, we follow
the reasoning presented in [9] to achieve such a result. First, one has to choose accurately a collection
of hypersurfaces foliating the future domain of dependence of the initial data, such that one expects the
energy flux across these hypersurfaces to decay. In both spacetimes, a key characteristic is that these
hypersurfaces should be null near null infinity, so that one can capture the fact that energy is radiating
away to infinity. For the Schwarzschild spacetime it is also essential to define the hypersurfaces in such
a way that they cross the horizon transversally, instead of approaching the bifurcation sphere. The main
reason for this choice is that the solution of the wave equation does not necessarily decay towards
the event horizon, so one should not expect to recover pointwise estimates from energy decay results

involving hypersurfaces that meet at the bifurcation sphere.

After this groundwork, it is crucial to derive an energy-type result designated as an Integrated Local
Energy Decay estimate, first discussed by Morawetz in [24]. This is an inequality capturing the fact that
energy decays in spatially compact regions. For the Schwarzschild spacetime, we follow the approach
in [21] to obtain this kind of estimate. However, this energy-type result also degenerates at the horizon,
so one has to make use of the redshift vector field once again to derive a non-degenerate Integrated
Local Energy Decay estimate. Another feature of this result is that it also degenerates at the black
hole’s photon sphere, which has actually been proved to be unavoidable by Sbierski in [29]. Essentially,
this is related to a trapping phenomenon near the photon sphere, allowing the construction of light ray
trajectories that stay arbitrarily close to the photon sphere for an arbitrarily long time, thus preventing the
energy from decaying in a compact neighborhood of this surface. In spite of that, this degeneracy can
be sidestepped by making use of the staticty and spherical symmetry of the Schwarzschild spacetime,

applying commutations arguments in order to finally get a fully nondegenerate estimate.

Finally, one should deduce the so-called Dafermos-Rodnianski hierarchy, which consists of a pair of
inequalities relating the time integral of the energy flux through appropriately defined hypersurfaces with
the energy flux itself and also with the flux of the so-called radiation field through null hypersurfaces near
null infinity. Having established this hierarchy, one can then use a clever trick to obtain the energy decay

result.



All these techniques will be explained and fully developed in the following chapters, which comprise

the main body of this thesis.






Wave equation on curved spacetimes

The central problem of this work is to study the behavior of waves on a fixed spacetime background

(M, g), and analyze some properties of the solutions of the wave equation,
0,6 =0. (2.1)
Here O, is the Laplace-Beltrami operator for the metric ¢, given by

1
Dg¢ =V V0 = 73“( |g|g‘“’3y¢), (2.2)

Vgl

which, for the Lorentzian metrics of General Relativity, is a hyperbolic operator!.

As mentioned in the Introduction, we intend to study properties of boundedness and decay for solu-
tions of (2.1) on the Minkowski and Schwarzschild spacetimes, the latter not allowing for explicit solu-
tions, as is generally the case. We then need to rely on more robust methods, that can be applied and
exploited independently of whether explicit solutions are available or not. These will mostly be energy
methods adapted to the geometry of the spacetime, briefly described in Section 1.2 above, which we

now proceed to introduce in detail.

Although explicit solutions for the wave equation on the Minkowski spacetime do exist and are well
known, we will nevertheless start by applying the energy method here, to obtain boundedness and
decay of the solution to the wave equation, as it is a simpler setting on which to understand the most
important features. The Schwarzschild spacetime can then be tackled afterwards, with a better grasp of

the method, in order to deal with the added difficulties posed by this black hole spacetime.

We will now present the main mathematical tools that will be used to develop and apply the en-
ergy methods required to prove the boundedness and decay of the solutions of the wave equation on
Minkowski, and, more particularly, on the Schwarzschild background spacetimes. They are essentially
based on a precise use of the divergence theorem on carefully chosen regions in Lorentzian manifolds,
for certain energy currents derived from the energy-momentum tensor associated to the wave equation,
and appropriately chosen vector fields, namely Killing vector fields, therefore bringing together the analy-
sis structure of the wave equation with the geometric structure of the spacetime. The final mathematical
ingredient which we rely on are Sobolev inequalities, which allow us to derive pointwise bounds from the

integral energy estimates.

"The hyperbolic character of the Laplace-Beltrami operator in the case of Lorentzian metrics leads to the prevailing usage of the
d’Alembertian symbol O, instead of the Laplacian symbol A4, usually reserved for Riemannian metrics (where the operator
is elliptic).



2.1 Divergence Theorem in Lorentzian manifolds

The energy techniques that will be used require repeated applications of the divergence theorem. In
this Section, we describe how we can make use of this theorem in Lorentzian manifolds, since some dif-
ferences arise when compared to the Riemannian case. Consider a k-dimensional Lorentzian manifold

(M, g) with boundary oM. Given a vector field X, the divergence theorem, then, states that

/M VXt = /;M g(X,n), (2.3)

where n denotes a unit normal to the boundary d.M pointing as depicted in Figure 2.1.

n timelike

n null l

n spacelike M

|

Figure 2.1: Unit normal vector for the divergence theorem in Lorentzian manifolds.

Therefore, we take n to be pointing inwards if it is timelike, and outwards if it is spacelike. Note that
there is still the case where n can be a null vector, for which the notion of unitary vector cannot be
defined. In this case, we consider a positive orthonormal frame {E, ..., E; }, where E; is timelike and

pointing inwards and E- is spacelike and pointing outwards. Then, we take n to be
n=FE + Ey, (2.4)
and the volume element on the null portion of 9. M is given by
c=E5N..NE} (2.5)

(where E? is the one-form associated by the metric to the vector field E;). See [26] for a detailed

explanation on why we choose the normal vector as described above.

2.2 Energy currents and conservation

Consider a fixed background globally hyperbolic static spacetime (M, g), and denote by T' a future-

directed timelike Killing vector field. Let ¥, be a Cauchy hypersurface and define ¥; = (%), where ¢,



is the 1-parameter group of diffeomorphims generated by T'. Given t; < t,, define the spacetime region

M(t1,t2) = U e, (2.6)

ty <t<ty
delimited in the past and the future by the hypersurfaces 3;, and ¥;,, respectively. Denote by ny, the
future-directed unit normal of ;. Given a scalar field ¢, consider the following covariant two-tensor,

written in arbitrary coordinates as

1
Tuy[¢] = au¢ au¢ - i(aad) 8a¢)guu . (27)

From a physical point of view, this tensor represents the energy-momentum tensor corresponding to a
massless scalar field ¢, with Lagrangian £ = %g*“’augb o, = %6‘% 0.0, Whose Euler-Lagrange equation
is precisely the wave equation (2.1). It is, therefore, a particularly well-suited quantity for the study of
solutions of the wave equation on Lorentizian manifolds with geometry given by the metric g.

Given a vector field X, define the associated energy current J:X[¢] = T,.,[¢]X” and the associated
bulk term KX [¢] = T}, (7*)", where ¥ = 1Lyg is the so called deformation tensor of X. An easy
computation shows that

VETw[o] = 0,00y, (2.8)

implying that the energy current and the bulk term are related by
VAR = KX (0] + (X¢) Oy (2.9)

In particular, if X is Killing and ¢ is a solution to the wave equation then V“’Jj( [¢] = 0.
By the divergence theorem, assuming that ¢ has compact support on each 3;, equation (2.9) implies
that

/M( )(KX[¢] + (X¢) Oy0) dVolpy = g JX [¢]n, dVolg, — /Z JX [¢]nk, dVolg,,, (2.10)
tl,tz t1 to

where dVoly;, denotes the volume element of X;,. Defining now the energy as the flux of the current
JX[¢] through %4,
EX[g)(t) = / J X [¢]nk, dVoly, (2.11)
PP )

we finally conclude that, if ¢ satisfies the wave equation, then we have the following energy conservation
identity:
ET[¢)(t) = ET[¢](0),  Vt>0. (2.12)

2.3 Sobolev inequality

Our main goals of this work require deducing pointwise estimates for the solution of the wave equation.

However, resorting to energy methods only leads to integral estimates, in particular, to weighted L2



norms of ¢ and its derivatives. Therefore, we will make use of the so called Sobolev inequality, which

gives pointwise bounds by integral quantities (for a proof, see for instance [20]):

Theorem 2.3.1. Let (M, g) be a compact n-dimensional Riemannian manifold, and let k be an integer.

Ifk >n/2 and f € H*(M), then f is continuous and there exists a constant C > 0 such that

Il ary < Cllfllaray,  Vf € HY(M). (2.13)

It might seem that this result cannot be employed in the context of the Minkowski and Schwarzschild
spacetimes, since we are working with Lorentzian manifolds whose Cauchy hypersurfaces are not com-
pact Riemannian manifolds. Nonetheless, they are spherically symmetric and therefore can be foliated
by spheres. It will be convenient to use coordinates (¢, r,w), where ¢ and r are the usual time and radial
coordinates and w € S?. We can then apply the Sobolev inequality on the unit sphere S?, which is a

compact 2-dimensional Riemannian manifold.

Corollary 2.3.2. Ifk > 1 and f € H*(S?), then f is continuous on S* and there exists a constant C' > 0
such that
I fllzeo(s2y < Cllfllars2y, VS € H*(S?). (2.14)

Therefore, to obtain global pointwise results, it will be enough to prove that |[é(t, 7, )| g2(s2) is uni-
formly bounded and decays. Actually, it turns out that it will be sufficient to obtain these results for
|(t, 7, )|l L2 (s2), sSince we can make use of the spherical symmetry of the Minkowski and Schwarzschild
spacetimes to apply commutation with angular Killing vector fields and obtain estimates involving higher
order derivatives.

Unfortunately, as we will see later, some difficulties will arise when trying to bound ||¢(z, 7, -) || g2 (s2) for
r — 0 in the Minkowski spacetime. To solve this problem, we will obtain bounds for ||¢(t, ) || 525 (o)), for

a fixed R > 0, and then apply the following result (see [1]):

Theorem 2.3.3. Let ) be a domain in R™ satisfying the cone condition: there exists a compact cone
C such that each = € Q) is the vertex of a cone C,., contained in Q2 and congruentto C. Ifk > 1 is an
integer such that k > n/2 and f € H*(Q), then f is continuous on 2 and then there exists a constant
C > 0 such that

I fllLe) < Cllfllar@), YfE H*(Q). (2.15)

For our purposes, we will take €2 to be the ball Bx(0) c R3, so that it is indeed enough to deduce

estimates for || (¢, -)|| m2(B,(0)) t0 Obtain pointwise results.

10



Minkowski spacetime

As an introduction to the problem of establishing boundedness and decay for solutions of the wave
equation on general spacetimes, we will first study it on the Minkowski spacetime. This is the trivial solu-
tion to the Einstein Field Equations, where the wave equation has long been fully understood, including
explicit formulas for the solutions; therefore, it serves as the simplest framework to develop, test and
gauge more general and robust methods, that can then be deployed on different spacetimes. Its metric
is given by

g = —dt* +dr? + r2dQ?, (3.1)

where dQ? = df? + sin” 6 dp? is the round metric on the unit sphere. In these coordinates, the wave
equation is
2 1
Oy¢ =0 —0i¢ +0/¢+ ~0rd + A2 =0, (3.2)

where Ag: is the Laplace-Beltrami operator on the unit sphere.

In this case, the timelike Killing field is T = 9,. The initial data is imposed on the hypersurface
Yo = {t = 0}, so we have X, = {¢t = 7}. As initial conditions, we set <;S|20 = ¢p € C(Xp) and
8@]20 = ¢ € C°(3). Note that this immediately implies that, due to the geometry of the hypersurfaces
Y., and the domain of dependence property of the wave equation, ¢(¢,-) has compact support in X, for

all t > 0. In what follows, ¢ will always denote the solution to the Cauchy problem described here.

In Section 3.1, we will show that the solution of the wave equation is bounded. In Section 3.2, we will
prove a certain decay property for the solution of the wave equation. In both Sections, we will completely
avoid any properties relying on the known explicit formulas for the solutions of the wave equation, mostly
making use of the fact that the Minkowski spacetime is static and spherically symmetric, so that the

same techniques can be employed to prove similar results for the Schwarzschild spacetime.

3.1 Boundedness

To deduce that the solution of the wave equation is bounded, one should consider a non-increasing en-
ergy flux from which Sobolev norms of the function ¢ can be controlled, thus yielding pointwise bounds,
by the Sobolev inequality. For this purpose, we consider the energy associated to the Killing field T = 9,

which satisfies energy conservation, as seen in Section 2.2.

Computing the energy current associated to the vector field T' = 9;, we have

11



T116) = (0060, — 5(0°60.0),, ) (21)”
= 040, — % <—(6t¢)2 + (0r9)* + %2 IVsz¢2> Gt (3.3)
= 000,04 5 (-0 + 0,07+ 5 Ver0l) 0.

where |Vs:6|* = (95¢)” + 55 (0,6)°. Therefore, given that the unit normal ns, is also d;, this yields

the energy density on the hypersurfaces ¥;:

Tk, = (atw#m (-0 + @02 + 45 Vewol? ) 1, ) (@0

L (3.4)
— 5 (002 + .02+ 1Vl
As seen in Section 2.2, the solution of the wave equation then satisfies energy conservation:
1 1
E'[6)(0) = E[9)(t) = 5 / {(atqsf + (8,0)° + = |ng¢2} r2dr dVolg>, Vt>0. (3.5)
b

It turns out that one has to consider two cases and prove that ¢ is bounded for r > Rand r < R
separately, for an arbitrary fixed R > 0.

Let us then fix R > 0 and first prove that the solution to the wave equation is bounded for » > R.
For arbitrary t, > 0, 7o > R and w € S?, we have the following pointwise estimate, that follows directly
from applying the fundamental theorem of calculus along the radial variable, at fixed ¢ = to, and Cauchy-

Schwarz’s inequality:

¢ therv (/ 8r¢ thT W > S (/OO (ar¢(t0arvw))2 72 dT) (/Oo :d’r>

| oo (3.6)
= [ @ttt < [ @t
To ro R 0
Integrating the previous equation in S%, we obtain
1 o0
Ft0,70,) dVolsa (@) < /S / (D,0(to, )2 12 dr dVolgs (w) < CRET[dI(t0),  (3.7)
S2 2 J0

where Cr > 0 is a constant that satisfies Cr — co as R — 0.
Denote by ;, : = 1, ..., 3, the three rotational Killing vector fields. Since these vector fields are Killing,
they commute with the wave equation operator, and so §2;¢ and Q;$2;¢ also satisfy the wave equation.

Therefore, equation (3.7) also holds for ;¢ and ,Q;¢ in place of ¢. This implies that

.3

1/2
[¢(to: ro, )l r2(s2) Sk (ET[¢](t0) + ZET{Q@]@O) + ZET[Qin¢](f0))

1/2
( +Z]ET Q,;¢](0 +ZETQQJ¢]()) 7

]
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where we used the fact that the energies E7[2;¢] and E7 2,92, ¢] are also conserved. Using the Sobolev
inequality on S? (equation (2.14)), we deduce that there exists a constant E, > 0, depending on

[boll 25 (529) @D (|1 || 122 (s3,)» SUCh that

9(to, 70, )| oo (s2) Sr Eo s (3.9)

for all to > 0 and ry > R. This yields a uniform pointwise bound for the solution of the wave equation ¢,
on the spheres that foliate the Minkwoski spacetime outside the radius R, as described in Section 2.3.

Because the constant in the previous estimate diverges as R — 0, we need to prove another estimate
for ro < R to get boundedness on the whole spacetime. We first prove a Hardy-type inequality to control
the L2 norm of ¢ for r < R:

/OOO(;Ser: [rqf)Q]::gO—Q/ooorqS(')rqurg ;/Ooogfdrm/ooo (8,0)% 72 dr . (3.10)

Integrating on the unit sphere, we obtain

¢72 2 T
5 dVoly, <4 (0r9)* dVols, S E [4](t), (3.11)
s T =,
which implies that
/ 9% dVols, Sp ET[](t) = E7[4](0), (3.12)
Z:n{r<R}

where the constant in the previous inequality diverges as R — ~o. Let T;, i = 1,...,3, denote three
independent translation Killing vector fields. Equation (3.12) also holds for T;¢ and T;T;¢ in place of ¢,

and so we have

1/2
9l 72 (s.n{r<r}) SR (ETW](O) + Z E"[T;¢](0) + ZET[ET7¢](O)) ) (3.13)

where we also used that the energies ET[T;¢] and ET[T;T;¢] are conserved. Since ¥,N{r < R} is a ball
of radius R in R3, it satisfies the interior cone condition, and so we can apply Sobolev’s inequality (2.15)
to conclude that there exists a constant £, > 0 depending, as for the » > R case above, on | Boll 3 ()

and [|¢1 || g2(s,), such that

6]l Lo (zonir<ry) Sk Eo- (3.14)

The constants involved in estimates (3.9) and (3.14) only depend on R and the initial data, so we

conclude that there is a constant C' > 0 such that the following bound holds:

lp| < C. (3.15)

Remark 3.1.1. Due to the fact that the Minkowski spacetime is translation invariant, the bound in (3.14)

is valid for arbitrary balls with fixed radius in ¥;. Therefore, by applying it to balls of unit radius, for
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example, centered at any point of the spacetime, this estimate is sufficient to prove that the solution to
the wave equation is globally bounded. However, we did not use this approach since it would not be

useful in the context of the Schwarzschild spacetime, where translation invariance is not available.

3.2 Decay

To prove pointwise decay of ¢, we will first show an energy decay result and then apply estimates from
Section 3.1 to get the desired result. Once again, we need to separate in the cases » < Rand r > R.
For the former, we will prove what is usually called an Integrated Local Energy Decay (ILED) estimate,
which is a certain energy estimate that captures the fact that energy in a ball with finite radius decays

with time. For the latter case, we will establish the so-called Dafermos-Rodnianski hierarchy [9].

3.2.1 Energy estimates and decay

The goal of this work is to obtain pointwise results using energy estimates, since this has shown to
be a robust method that can also be applied to more complicated spacetimes. However, as seen in
Section 3.1, the energy flux through hypersurfaces of constant time is conserved, suggesting that we
should actually consider different hypersurfaces in order to be able to obtain decay properties. The idea
will be to pick surfaces that extend to infinity along null directions. Before defining these hypersurfaces,

we introduce the so-called null coordinates (u, v):

u=t—r,
(3.16)
v=t+r.

In these coordinates, the metric is given by

g = —dudv + 1 dQ*. (3.17)
In what follows, the derivatives 9,, and 9, are taken with v and u constant, respectively, whereas 9,
and 9, are taken with r and ¢ constant. These vector fields satisfy the relations
1 1
au = 5 (815 - 87) 5 61) - 5 (at + 87) . (318)

The wave equation in null coordinates is as follows:

2 1
g6 =0 & ~40,0,6 + - (006 — 0u0) + 5 Ag20 = 0. (3.19)

To prove energy decay estimates, we consider hypersurfaces that capture the fact that energy is
radiating away to infinity. We will construct them so that they maintain constant time up to a fixed
radius, but from that point continue to infinity along the null direction of constant u. Observe that the
solutions ¢ of the wave equation, in general, are no longer compactly supported on such surfaces, as

the propagation at the speed of light makes them evolve to infinity precisely along the null directions.
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Hence, we fix a value of the radius R > 0 large enough such that the support of the initial data is

contained in {r < R}, and we define

S,={t=r,r<R}U{u=7—R,r>R},

N, =%, n{r> R},

R = U v, (3.20)
T1<ST<T2

pp= J M,
T1<7<T2

where (u,v) are the previously defined null coordinates (see Figure 3.1)."

r=~R

Figure 3.1: Hypersurfaces used in the proof of the energy decay estimates.

Let us now define the energy flux, associated to the vector field X, through 3, (recall the choice of

normal for null surfaces, described in Section 2.1, so that ny, = 9, and o = 7?dv A dVolg:):

EX[¢)(7) = / J X0 (8" r? dr dVolg: + / JX16](9y)" r? dv dVolg: (3.21)

{t=1,r<R} N,

which should coincide with the boundary terms arising in the divergence theorem applied to the energy
current .JX [¢] on the region R7:. We also define the energy flux at null infinity as the limit of the flux

across hypersurfaces with constant v:

JX[8] (0u)! 1° du dVolgz = lim JX[¢] (Du)" r* du dVolg2 . (3.22)

I+ vo—r+00 {v=vo}

"This, and the ensuing figures, display so-called Penrose (or Penrose-Carter) diagrams, corresponding to two-dimensional con-
formal representations of the quotient M /SO(3) of spherically symmetric spacetimes as bounded subsets of R+, which
preserve the causal structure, and whose boundary is a finite representation of conformal infinity. They are frequently used in
Mathematical Relativity as convenient depictions of Minkowski and black hole spacetimes (see [19, 26] for detailed expositions
on Penrose diagrams).
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Given , > 11, an immediate application of the divergence theorem to the region R7? with the current

J'[¢] implies the following energy identity:

B (6](r) = ET[6])(r2) + /

1
((au¢)2 +— VSQ¢|) 2 du dVolse , (3.23)
F+n{r—R<u<r,—R} 4r

where, using (3.3) and ny, = 9, = (9, + ;) on the null component N, of the hypersurface 5., yields

JIT[QS] (a”)ﬂ = (at¢all¢ + % <(at¢)2 + (aTQS)Q + +Ti2 |VS2¢2) 5t/¢) ((%1)”
:i (0r9)” + %&qﬁfw + i (8,0)° + # |Vs2 | (3.24)

1
=(0:0)" + 5 [Vedl*,

and the energy now takes the form

~ 1 1
E" [¢](7) :7/ <(at¢>)2 +(000)° + |ng¢>|2> r? dr dVols: +
2 {t=7,r<R} r
1 (3.25)
2 2
+/NT <(8v¢) + @ |VS2¢| )7"2 dv dVOlSZ .
Unfortunately, this only implies that
ET[¢](r) <ET[g](r1), T2 >m >0. (3.26)

Indeed, we no longer expect energy to be conserved for the hypersurfaces ¥, as ¢ propagates to infinity
along null directions and thus the boundary term in (3.23) accounts for the energy radiating to infinity.

So we need a more careful analysis to prove that actually the energy flux through 3, decays with .

3.2.2 Integrated Local Energy Decay estimate

To prove an energy decay result, we will obtain estimates involving the integral over 7 of the energy

flux through .. For instance, by using the mean value theorem for integrals, an inequality of the type

/ P ETg)(r) dr < ET(g)(m). (3.27)

would imply the existence of a sequence of times tending to infinity with exponentially decaying energies
which, together with equation (3.26), would then lead to an exponential decay of the energy globally
in time. Now, we know that such a strong result does not hold, so we need to deduce other integral-
type inequalities similar to (3.27). However, it turns out that this inequality does hold if we replace the
integrand on the left-hand side by the energy flux through any compact subset of 3. This kind of result
is designated an Integrated Local Energy Decay estimate, and is quite useful when deducing decay
results, as it implies that the energy flux through compact subsets of ¥, is integrable as a function of r,
and so it must decay to zero as 7 — oc.

Before moving on to the Integrated Local Energy Decay estimate, we need the following Hardy-type
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inequality, which provides an upper bound for an r-weighted L2 norm of ¢ over 3. For the proof of this

result, we follow the reasoning presented in [17].

Proposition 3.2.1. If ¢ satisfies the wave equation with compactly supported initial data, then, for > 0,

/; ¢*dr dVolg < E[)(1). (3.28)
=,

Proof. To prove this inequality, we perform an integration by parts on both components of 3, as in
(3.10), to obtain:

R [e%s)
/~ $? dr dVolg: = / / $2(7,7,w) dr dVolg + / / $*(T + 7 — R, r,w) dr dVolg
po sz Jo S22 JR

= 72/ r¢0-¢ dr dVolgz — 4/ r¢0, ¢ dr dVolgz +
{t=7,7<R}

-

+ lim r¢*(T + 1 — R,7,w) dVolge
S2

(3.29)
1
< g2 / ¢” dr dVolg> +— / (8,¢)° % dr dVolgz +2¢2 / % dr dVolgz +
{t=7,r<R} €% J{t=r,r<R} N,
2
+ = / (8,0) r* dr dVolg: + lim r¢* (T +r — R,r,w) dVolg
£ N, r—oo Jg2
2 ~
< 22 / ¢ dr dVolg: + SE"[¢](7) + lim [ r¢* (7 +r — R,r,w) dVolg: .
iT £ 700 S2
Taking € > 0 sufficiently small, we have
/ ¢*dr dVolg: <ET[¢](7) + lim [ r¢*(r +7 — R,r,w) dVolg: . (3.30)
i‘r r—00 s2

We will now show that the second term on the right hand side of the previous inequality can be
bounded by the energy flux through ., and the conclusion will follow. First, we apply the fundamental
theorem of calculus along a curve with constant v = vy (we now consider ¢ to be a function of the null

coordinates (u, v)):

/S2 (#(uo,vo, w) — ¢(—U0,Uo,w))2 dVols2

ug 2
= / ( Oud(u, vg,w) du) dVolg2
S2

—vg

W . (3.31)
2 92 R
< /Sz (/UO 77‘2(’117’00) du> </v0 (Oud(u,vo,w))” 7% (u, vo) du) dVolg
1 1
< . T
S (ot - e ) ETI0),
where we used the fact that
/ / (Bud(u, v, w))? r2 (u, vy) du dVolgz < ET¢](0) . (3.32)
S2 J—wvg

This inequality can be easily obtained by applying the divergence theorem on the spacetime region

delimited by the hypersurfaces ¥, {v = vg, —vp < u < up} and X w,+., (S€€ Figure 3.2).
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Figure 3.2: Hypersurfaces used in the proof of estimate (3.32).

Since ¢ has compact support on ¥, we have ¢(—wvg,vg,w) = 0 for vy large enough. Hence, equa-
tion (3.31) implies that
lim $*(ug, v, w) dVolgs = 0. (3.33)

vo—+00 s2

Commuting with the angular Killing vector fields and applying the Sobolev inequality on the unit sphere,

we can actually conclude that

lim [[¢(uo,vo,*)||eo(s2) = 0. (3.34)

vo—+00

All the ingredients can therefore be gathered to finally yield the bound:

/ (g, vo)d? (ug, vo, w) dVolg
SQ

e’} 2
= / Yo — o (/ OwP(ug, v, w) dv) dVolg2
2 2 vo
Vo — Up e 1 ° 2 2
< [ =0 L )
< /s2 5 (/DU 20, 0) dv> (/UO (0 d(ug,v,w))” r*(ug, v) dv> dVolg

= 2/ /OO (6v¢(u0,v,w))2 r2(u0,v) dv dVolg: < ]ET[qﬁ](uo +R).
S2 Jwg

(3.35)

O

We now have the tools to prove an inequality which is weaker than the one in equation (3.27), but is
sufficient to deduce an Integrated Local Energy Decay estimate. The main idea behind the proof of the
following result will be to apply the divergence theorem on the region R7? with a modified energy current,
for which the energy bulk term is a semi-definite quadratic form of (¢, 9,¢) and the energy flux through

5., can be bounded by ET[¢](r). The coefficients of the aforementioned quadratic form will be positive
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functions of the radius that tend to zero as » — oo, thus only allowing to control the energy on compact

subsets of ;.. In what follows, we take the same approach as in [2].

Proposition 3.2.2. If ¢ satisfies the wave equation with compactly supported initial data then, given

arbitrary . > 1 > 0,

/m ( ~ (00)° + ﬁ (06 + =5 Va0l + r(r+11)3¢2> rdtdr dVolg: < E'[g)(m).
(3.36)

Proof. Consider the vector field

V= f(r)or, (3.37)

where f is a function depending only on the radius. The energy current for this vector field is given by

el = L@k + Loor - L vl
(3.38)
JY 6] = f0,00,0, p=t0,.
The deformation tensor is
%Efmarg = f'dr® + frdQ?, (3.39)
so that we have
&= (S L) @or+ (5 - L) @or - L5 iwaor (8.40)

The bulk term KV is not a positive semidefinite quadratic form of the derivatives of ¢, so let us define

the following modified energy current:

Vi 7V f! / 2 f’ f 2

T8l = 0+ (T + 55 ) Vi (67) =V ¢ (3.41)
T 4

Considering that, for a function F' depending only on the radius, O,F = F" + % we have

KY[g] = v“jﬂv[m:KV[qs]Jrz(f f>vu¢v#¢ (f4 C) 42

=@+ g wee - (G4 D)o

We now apply the divergence theorem to the region R7> N {r > ¢} and then let ¢ — 0. For e < R, we

(3.42)

have
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/ KV [¢] r?dt dr dVols»
R72N{r>e}

— / TV (6] (0)" 1? dr dVolgs + / JY (6] (9,)" 12 dv dVolg: —
{t=71,e<r<R} N, (3 43)

- / JY 9] (0p)" r* dr dVolsa — / JY (6] (9)" r? dv dVolge —
{t=72,e<r<R}

N.,

- / j;/[(b] (ar)u dVOl{r:a} _/ j;/ [Qi)] (au)ll 7'2 du dVOls2 .
R:fﬂ{rze} SF+tn{r1—R<u<to—R}

Setting f = 1, we obtain

~ 1
KY[¢] = 3 V20|,

Y16 = 000,04 20010, (3.44)
i 1 1 1 1 1
Ty (8] = 3 (0:0)” + 3 (0r9)" — 22 Ve + S0+ 5 2.

Using Young’s inequality, inequality (3.26) and Proposition 3.2.1, we can control the integrals over fjn,

for i € {1,2}, as follows:

/ ﬂMHWW%H/ (J16)+ 7Y ¢]) r* dr dVols:
{t=7;,7<R} N,

2 1 2
< / <(at¢)2 + (0,9)° + 2) 2 dr dVolge +/ <(av¢)2 + =5 [Veo|” + ¢2> 2 dr dVolge
{t=7:i,r<R} r N r r

2 2 2 1 2 ~
S /{ . ((8t¢) + (9,0) )¢2 dr dVolss + /N ((&Jé) + =5 V520 )r2 dr dVolg +ET[4](r,)
SET[¢)(rs) <ET[g)(r1).
(3.45)

Since dVoly,_.; = &? dt dVols, we have

lim JV 4] dVoly,—_.
e—0 RZ2M{r=¢} [] t ’
= li —1|v 2.1 2 avol
= ey \ T2z VOl T 50T Vol
n o . (3.46)
= / / (2 Vs2p(r = 0)* + 5(1)2(7’ = 0)) dt dVolg:
T1 S2
= 277/ *(r =0)dt.
Regarding the integral at null infinity, one can show that it is also bounded by the initial energy:
1 /-~ -
/ 5 (JtV (6] — JV [¢>}) r2 du dVolg
SI+tn{r1—R<u<ta—R}
2 1 2 #°) 2 3.47
< (0u9)” + = |Vs29|” + =5 | r* du dVols: (3.47)
F+n{r1—R<u<ro—R} r r
< IET[¢](T1) —l—/ ¢2 du dVolg: .
ﬂ+m{T1—RSUST2—R}
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Recalling the definition of integral at null infinity, we obtain for the last integral

/ &% du dVols:
SF+n{r1—R<u<ty—R}

= lim ¢” du dVolg: (3.48)

Vo= J{r —R<u<ts—R,v=1v0}

TQ*R
/ ( lim / | _ dVolgz> du=0,
H-R vo—00 Jg2 V="vo

where we used equation (3.33) to both apply the Dominated Convergence Theorem and conclude that

the integral is zero.

Letting € — 0 in equation (3.43), the previous estimates imply that

/ %\Vszgﬂ 2 dt dr dVolS2+/ o*(r = 0)dt <ET[g)(1), (3.49)
RTz

T1

which controls the angular derivatives. Note that we used

lim JY[¢] % dr dVolg: =0, (3.50)

e—0 {t=7,r<e}
due to the fact that J)" [¢] ~ L when r — 0.

We will now make a similar reasoning using different functions f to control the radial and time deriva-

tives. First, we set f(r) = —i to control the radial derivative and ¢2. In this case, we have

Vv - 1 2 1 2 7’-’—4 2
K [¢] - (7"—|— 1)2 (8T¢) (T‘ ) ‘v82¢| + 2T(T+ 1)4¢ )
T 16) = 5 016 0,6 - %¢ oi9, (3.51)
SV 1 2, r+2 _7“2—|—37“+1 9
Jr [(b] _2(T+1) <<at¢> ( 7‘¢ |VS2¢| > 27,(7,+ 1)2¢8T¢ 27”2(7’+ 1)3¢ .
The energy current satisfies
~ 2
Y16 £ @0 + @0 + %
- - 2
7161+ Y 6] £ 00 + 5 Va0l + 5 (3.52)
~ ~ 2
7161~ Y 18] £ 0u0)* + 5 Vol + %

implying that, as before, the boundary integrals on 3, and at null infinity can be controlled by the initial

energy. Regarding the integral on the hypersurface {r = ¢}, we have

lim JV [#] dVoly,_.
e—0 Tzﬂ{r e} [ ] { 4
1
/ / < IVer o O)|2—2q§2(7‘:0)> dt dVoles (3.53)

:—27T/T1 P (r =
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In this case, we also have JY [¢] ~ 1 when r — 0, so equation (3.50) also holds. Therefore, the

divergence theorem, together with equation (3.49), allows us to deduce the following estimate:

/ <1 (&(JS)Q + 13¢2> r2 dt dr dVolsz
R7? r )

(r+1)2 (r+1
1 2 T + 4 2 2
< —_— —_— ls2
</, (s 00 + g ) v
~ 1 T2
<ET . |Ved?r? ) 2(p = (3.54)
SE ¢](m) +/R:% ST |Vsz2p|” r* dt dr dVolg —1—27T/T1 ¢ (r=0)dt
< ET[¢](11) —|—/ % |Vs20|? 72 dt dr dVolge +/ *(r = 0)dt
R T -
SE"[g](n)
Finally, we will control the time derivative by setting f(r) = (H’”W . For this choice of f, we will use the
non-modified currents, so that we have
Vigle 13 g2 3Tt g2, T2 2
T
I ¢l = maﬂb 0r¢, (3.55)
Vi _ r 2 r 2 1 Lo2
T 1ol = 2(r +1)2 (9:¢)" + 2(r +1)2 (9:9) 2r(r +1)2 Vol -

Applying the divergence theorem as before, there is no contribution from the boundary integral at {r =
e}, since JY [¢] ~ 1 as r — 0, implying that the corresponding limit is zero. The boundary integrals can

be bounded by the initial energy once again, since the energy current satisfies

|Jtv[¢]| < (0i9)° + (819)%
Y161+ Y16 S (006 + 5 Vel (3.56)
¥16) — TV 61| £ (0ub)® + 5 [Veeo

Therefore, we can control the time derivative as follows:

1 2 9
———— (0r¢)” r* dt dr dVols2
/Rzg (r+12 " ’

T + 3 2 2
< —_ 2
N/R? TR (0r¢)” r* dt dr dVolg
' (3.57)
~ 3r+1 1—r
< T - <o g 2 S, 5 2 2 2 1 2
B + [ (G 00 + gy V) o der vl
~ 1 1 ~
< ®wT 2 L ) 2 2 lez < T )
Bl + [ (e 000 + s Vol ) o dear Vol S BVl
Putting equations (3.49), (3.54) and (3.57) together we obtain the desired estimate.
O

Proposition 3.2.2 immediately implies the Integrated Local Energy Decay estimate:

Corollary 3.2.3. (Integrated Local Energy Decay) Let Ry > 0 and » > 11 > 0. If ¢ satisfies the wave
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equation with compactly supported initial data, then
1 ~
/ ((atqs)? +(0:0)" + — [Veeol” + ¢2) r*dtdr dVols: S, B [g](71). (3.58)
R7ZN{r<Ro} r

3.2.3 Dafermos-Rodnianski hierarchy

In this Section we will follow [9] to obtain a pair of inequalities, called the Dafermos-Rodnianski hierar-
chy, by making use of the Integrated Local Energy Decay estimate proved in Section 3.2.2. This result
relates the energy fluxes through 3, and N, in such a way that allows us to prove an energy decay
estimate.

Since the estimate in Corollary 3.2.3 already controls the energy flux for » < R, we now focus on the
spacetime region D72. Therefore, we start by proving an r-weighted energy estimate satisfied by the

solution of the wave equation, by applying the vector field method on D72 with an appropriate multiplier.

Proposition 3.2.4. Let p € R and define the radiation field iy = r¢, where ¢ satisfies the wave equa-
tion with compactly supported initial data. Then, given » > 11 > 0, there exists a constant C > 0,

independent of 1 and T2, such that

2 — 1
/ P72 (9,1)% r? dv dVolg: + / (p P73 (By1)? + —prp—lﬁ |vgz¢|2) 2 dt dr dVolg:
N.

o 4
N _ o (3.59)
< CETg)(n) + / =2 (0,6 12 dv dVolgs
N.

T1

Proof. Consider a smooth cut-off function ¢ depending only on the radius function r, satisfying {(r) = 0
forr <R+ 1/2and ((r) =1forr > R+ 1. Let V be the vector field defined as
V =r19,, (3.60)

where ¢ = p — 2. Applying the divergence theorem to the current Jl‘j [C+)] in the region D72, we have

/D | (EYIG0] + Oy (Co)(V (¢¥))) 7 di dr dVols
:/N Ty (691 (80)" dv dVolg: — /N TV [C0] (0,)" dv dVolg: — (3.61)

- / TV C] (8u)" du dVolgs

SF+n{r1—R<u<to—R}
Note that there is no boundary integral term in the hypersurface {r = R}, since we have .J\ [(¢] = 0 for
r < R+ 1/2. Now, let us first compute the bulk term. Considering the metric in null coordinates, the

deformation tensor of V' is given by

rd+1

1 1
= " du? — Sqrt T dudv + —— dQ?. (3.62)

Using this formula, one can compute the first part of the bulk term
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ri—1 1
4 r2

KV[¢y] = 277710, ()0 (C) + qrT™ ! (8,(¢¥))? — ¢ Ve Co” (3.63)

which can be written as the similar bulk term for ¢ plus error terms supported on {r < R+ 1}:

KY[¢)] =KV [y] — (1 = VKV [9] + 2r9 1 (0u0) (060)1* + 277 (0u0)C(0uh) ) +
+ 2771 (9,0)C(0u0)Y + qrTH(9,0)2 Y% + 2qrTH(0uC)C(B)Y = KV ] + Z1[(, 1)) -

(3.64)

Since ¢ is smooth, all coefficients in the definition of Z; [(, ¥] are bounded; by applying Young’s inequality,

we then have, for R<r < R+1,

G0 Sr O + O + 5 [Vl + 7
S (0u0)* + (00)" + 5 V6 + 6 (3.65)
~ (@10 + (0,0 + = Va0l + 62,

We now follow a similar procedure for the second part of the bulk term. First note that, since ¢ satisfies

the wave equation, ¢ satisfies

—40,0,¢ + T%Asz’d) =0. (3.66)

Hence, we see that

0,(C8) = ~40,0,(C6) + = (Du(C8) = 0u(C)) + A2 (CV)

5 9 (3.67)
Therefore, we can write the second part of the bulk term as
Oy (C) (V(Cy)) = 27971 (u1)? — 2771 0,1 0ut) + Zo[C, 9], (3.68)
where Z5[(, 1] is an error term supported on {r < R + 1}, given by
ZQ [Ca 7/)] = <_4¢8uav< - 43uC3M/1 - 43UC3u1/) + % (3UC - au() 1/J> (7"%/151;( + TqCavw) + ( )
3.69
209710, (Dt — Du) — (1= ¢3) (20771 (0u)° — 270,000 .
Just like in the case of Z;[¢, ], one easily shows that, for R<r < R+1,
12060 Sk 9)° + (0:6)* + 5 [Veedf + 67, 3.70)

Using the Integrated Local Energy Decay estimate in Corollary 3.2.3, one then proves that the error

terms can be bounded by the initial energy:
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/DT2 (|Zl[<7w]‘ + |Z2[<,1/JH)7"2 dtd’l"dVOlS2

T1

<

<r ((8@)2 + (8,0)° + %2 V20> + ¢2) 2 dt dr dVols: (3.71)

/lem{R<r<R+1}
SrET[)(n).
The remaining part of the bulk term is given by

rat1

KV ] + 2r7=1(0,9)? — 2r97 10,2001 = (q + 2)r7 1 (0,10)* — ¢ 1

1
= Vs20|? . (3.72)

We use a similar procedure to control the error terms arising in the boundary integrals:

TV CP(0)" = 19(0,(C))? =

(3.73)
= rq(av'(/))Q - (1 - CQ)Tq(avw)Q + rq(avC)Q'd}Q + 2rq(av<)<(avw>w = Tq(8u¢)2 + Z3[Ca W ’

where Z3[(, ] is an error term supported on {r < R+ 1}. Applying Young’s inequality and the fact that
¢ is smooth, we have, for R <r < R+ 1,

¢2

r2

|Z3[¢,9]| Sk (009)? + (3.74)

Using equation (3.26) and Proposition 3.2.1, we have

/ | Z3[¢, ¥)r? dv dVolgs

i

< ha
r2

<r ((avgb)? + ) 2 dv dVolse < E[¢](71)

/Nnﬂ{RgrgR-H}

for i = 1, 2. Finally, we just have to notice that the integral over .# ™ is non-negative:

1% Ko . = 2| 3
TV [0 = 0u(C) Dy (C1Y) 2( 40,(C)0u(CY) + — [V (Y| ) X ( 2) (3.76)

1
) Va2 (yp* > 0.

q+1

1
((q +2)r97 1 (9,)* — qr—r—2 vwﬁ) r2 dt dr dVolse

Using all these results in (3.61) allows us to conclude the result:
r? (8,1)? r* dv dVolge +/ 1

/.

T2 T1

<- / Z5C, ] do dVols — / (0] + Zol¢, ) r2 dt dr dVolgs +
N Pr (3.77)
9(9,0)? + Z5]C, 2 dv dVolg:

[ (1700 + Zalc.01) o avol

T1

<Cgr ]ET[gb](ﬁ) +/ 4 (8,1p)° % dv dVolge .

N,
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As mentioned before, Proposition 3.2.4 is the main tool to deduce a pair of inequalities, known as the

Dafermos-Rodnianski hierarchy, which will be crucial to obtain an energy decay estimate.

Proposition 3.2.5. (Dafermos-Rodnianski hierarchy) Let ¢ be a solution of the wave equation with
compactly supported initial data, and let ) = r¢. Then, given 5 > 11 > 0, there exists a constant C > 0,

independent of 7, and ,, such that

T2 _ 2
/ E”[g](r)dr < CE"[¢](m1) + C / O) 24, dVolg: ,
T1 N-, r

(3.78)

T2 2
/ ( / OA) 2 g, dVolSz> dr < CE"[g](r1) + / (0,4)* r* dv dVolge .
T1 N N

r

T T1

Proof. The second inequality in the hierarchy follows trivially from setting p = 2 in Proposition 3.2.4. To

prove the first inequality, we set p = 1 in Proposition 3.2.4 to obtain

2
/ ((avlp)2 + i |VSQ¢|2) dt dr dVolg: < CET[¢](1) + / @ﬁ dv dVols . (3.79)
D2 N.

T1 71

Consider now the following computation regarding the first term on the left-hand side of this inequality:

/ (8,1p)° dt dr dVolgz
D72

Tg*R o0
= ! / / / (8,“(r¢))2 dv dVolg: du
2 T1—R S?2 Ju+2R
1 Tng oo 9 ) 1 )
=3 (0v®)” 1 +1¢Dyd + ~¢? | dv dVolge du
2 m1—R JS?2 Ju+2R 4

1 T2—R 00 1
D) / / / ((5v¢)2r2 + av(ms?)) dv dVolgz du.
2Jn-r J2 Jut2r 2

Notice that we cannot bound the boundary integral on R72 N {r = R}, therefore, instead of applying the

(3.80)

Fundamental Theorem of Calculus on the second term of the previous equation, we make use of the

cut-off function introduced in the proof of Proposition 3.2.4 as follows:

To—R [e%s)
/ / / Dy (r¢?) dv dVolgz du
1—R S?2 Ju+2R

T2—R %)
:/ R /S / on (9u(r(®) + 0u(r(1 = ¢)¢?)) dv dVols: du (3.81)
T1— 2 Ju+

To—R [e%s}
> / / / Dy (r(1 = ¢)¢?) dv dVolge du.
T1—R S?2 Ju+2R

The last expression is an error term supported on {r < R + 1}, which is bounded by the energy at , by

applying Young'’s inequality and Corollary 3.2.3. Therefore, we have
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/ (/ ((avqs)? + 4—:2 ng(b|2) 2 dv dVolsz) dr
T1 N,

2 To—R o]
< ET[¢)(m) +/N Mﬁ dv dVolg: —/ » /S /+2R&J(r(1 —()¢?) dv dVolg: du (3.82)

T
T1

2
(&,;p) r? dv dVolg .

<n ET[6)(m) + /

N.,

Adding the Integrated Local Energy Decay estimate in Corollary 3.2.3 with Ry = R to the previous

inequality we get the first inequality of the hierarchy. O

Remark 3.2.6. Note the similarity between the first inequality of the hierarchy and equation (3.27). In
the hierarchy, we have an additional term that is not bounded by the energy ET [¢](m1), essentially due to

a factor of r in the integrand function, thus preventing us from obtaining an exponential decay estimate.

3.2.4 Energy decay and pointwise estimate

We conclude this chapter by establishing an energy decay result, as a consequence of the Dafermos-
Rodnianksi hierarchy, with a proof based on the mean value theorem for integrals, analogous to the
reasoning that (3.27) leads to exponential decay. Afterwards, we deduce a pointwise decay estimate,
in the same way as we used energy conservation to prove that the solution of the wave equation is
bounded.

Theorem 3.2.7. If ¢ satisfies the wave equation with compactly supported initial data then there exists

a constant C' > 0 such that

ET[¢](r) < % VT > 0. (3.83)
T
Proof. Denote the integrals over N in the hierarchy by
2
filr) = / Mﬂ dv dVolg ,
N T (3.84)

fa(T) = /N (0y1)*r? dv dVolge .

-

Then the Dafermos-Rodnianski hierarchy can be expressed as

/ " ET6)dr < CET[gl(n) + Chi(m).

_ (3.85)
fi(r)dr < CET[¢)(11) + fa(m1) -
First note that the energy decays with 1/7:
rETln) = [Tl o < [ BT o < CET0) +CRO). (386)
0 0
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Setting R large enough so that the support of gb|EO is contained in {r < R}, we have f;(0) = f2(0) =0,

so that the energy satisfies

_ T
EX[¢] () < M. (3.87)
The second inequality of the hierarchy implies that the function f; is integrable on [0, co):
/ fi(r) dr < CET[¢](0) < 0. (3.88)
0

Using the mean value theorem for integrals, define a sequence {7, },en such that -, € [2,2"+1) and

gntl
filmn) = W, Vn € N. (3.89)

Therefore, f, satisfies

wT
fi(m) < CF 3](0) N inﬂ < Ti (3.90)

2n n

where the constants do not depend on n. This immediately implies that

f;j“]E%](T)dTScET[¢](Tn)+Cf1(Tn) 11

wT
< . .
E [¢K7h+2)4— Tnt2 — Tn on+2 _ 9n+1 mehzn N)Tﬁ+2 C391)
Given 7 > 0, let n € N be such that 7 € [2,2"*1). Then,
wT T n T 1 1 1
E'[ol(r) <E7[9l(2") <E'[¢l(Tn-1) S 57— S 53— < - (3.92)
Tﬁfl 7ﬁ+1 T
O

Finally, we can use this energy decay to obtain a pointwise decay result, by proving that the L> norm

of ¢* over %, can be bounded by a sum of energy fluxes.

Theorem 3.2.8. Let ¢ be a solution of the wave equation with compactly supported initial data. Then

there exists a constant C' > 0 such that

sup [6(@)| < S, wr>o. (3.93)
mEfZT T
Proof. First note that Proposition 3.2.1 implies that
~ 1
/ ¢*r* dr dVols: SrET[0)(1) S = . (3.94)
{t=7,r<R} T

Note that this equation also holds for T;¢ and T;T}¢ in place of ¢ so we have

1
HQS”%IZ({t:T,rSR}) Sk 2 (3.95)
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Then, using the Sobolev inequality on the ball of radius R, we have

1
9l oo (ft=7,r<R}) SR . (3.96)

For the points in N, note that equation (3.35) implies that, for r > R,

~ 1
O(T 47— R,r,w)® dVolg: SprE"[¢](1) < = . (3.97)
S2 T
This equation also holds for ;¢ and ©,;$2;¢ in place of ¢, so we have that, given r > R,
2 < 1
||¢(T+7‘—R,7'7')||H2(S2) ~R ﬁ (398)
Applying the Sobolev inequality on the unit sphere, we have
1
H(b(T"‘T_R,T,')HLoo(SQ) SR ;7 (399)
and the result follows. O

The proof of the decay result presented in Theorem 3.2.8 only makes use of the translation invariance
of Minkowski spacetime to obtain decay in a ball of finite radius centered at the origin. Therefore, it is
to be expected that most of the techniques used up until now may be adapted to the Schwarzschild
spacetime, since we aim to prove boundedness and decay of the solution to the wave equation in the
domain of outer communications.

The decay estimate in Theorem 3.2.8 is not quite the classical decay result for the wave equation
in flat spacetime, stated in Theorem 3.2.9, because it makes use of the hypersurfaces ¥, instead of

hypersurfaces X of constant time.

Theorem 3.2.9. Let ¢ be a solution of the wave equation with compactly supported initial data. Then

there exists a constant C' > 0 such that

sup [¢(z)| <
TEX

Vr>0. (3.100)

S 1Q

Remark 3.2.10. Note that one cannot apply the same reasoning as for the boundedness result to derive
the classical decay result for the solutions of the wave equation. This is due to the fact that the hyper-
surfaces 3., and consequently the energies E[¢](7), are not translation invariant, as opposed to the

hypersurfaces of constant t used in the proof of boundedness of the solutions of the wave equation.
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Schwarzschild spacetime

Apart from the trivial Minkowski spacetime, the Schwarzschild spacetime was the first solution to be

found for the Einstein vacuum equations,

R, =0. (4.1)

It describes the physical system composed by a non-rotating black hole without electric charge. ltis a

static and spherically symmetric spacetime, which is also asympotically flat.

4.1 Coordinates

4.1.1 (t,r) coordinates

To describe the region of this spacetime outside the black hole, one tipically chooses the usual time

and radius coordinates, here denoted by (¢, ). The metric is written in these coordinates as

-1
2 2
g=— (1 - :ﬂ”) di® + (1 - m) dr? 4+ r2d0? (4.2)
.

where m > 0 is the mass of the black hole. In what follows, we consider the convention that 9; and 9,
correspond to derivatives with r and ¢ constant, unless otherwise indicated (by adding a subscript with
the variable which is held constant).

Although these might be the most intuitive coordinates, they are not well defined for » = 2m, which cor-
responds to the black hole’s event horizon. For this reason, it is often useful to consider other coordinate

systems which can be extended across the horizon.

4.1.2 Regge-Wheeler coordinates

We now define a new set of coordinates by redefining the radial coordinate using the so called tortoise

function,

r* =r+2mln(r —2m), (4.3)
which satisfies
dr* 1
= . 4.4
dr 1-—2m “4-4)

In these coordinates, known as Regge-Wheeler coordinates, the metric can be written as
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2 2
g=— (1 ~ m) dt? + (1 - m> dr*? + 2 dQ2 . (4.5)
T T

The tortoise coordinate transformation (4.3) is only valid for » > 2m and despite, in these coordinates,
the metric no longer exhibiting the singularity at the event horizon r = 2m, as in (4.2), it still degenerates
there.

The coordinate vector fields satisfy the following relations:

(01) = Ok,
(0,-), = (1 _ 2’”) 5. (4.6)

r

We always consider that 0, denotes partial derivation with constant .

4.1.3 Lemaitre coordinates

The Lemaitre coordinates correspond to the following coordinate transformation:

t* =t+2mln(r — 2m). (4.7)

In the coordinates (t*,r), the metric is written as follows:
2 4 2
g=— (1 - ;”) e + det* dr + (1 + ;”) dr® + r2d0? . (4.8)
Note now that, although the coordinate transformation is only valid for » > 2m, as in the Regge-Wheeler
case, the metric in (4.8) is well defined for all » > 0, which is why it describes both the exterior and

the interior of the black hole, as well as across the event horizon. For these coordinates, the following

relations are satisfied:

4.1.4 Ingoing Eddington-Finkelstein coordinates

We also define another useful coordinate system by redefining the time variable as

e f(-2)

so that the metric can be written in the following form:

1
dr=t+7r+2mln(r —2m), (4.10)

g<12m) dv? + 2dv dr + r2dQ2 . (4.11)
T

These coordinates also have the advantage that they can be extended across the horizon to describe

the interior of the black hole. The coordinate vector fields satisfy
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(4.12)

4.1.5 Null coordinates

Sometimes it is also useful to define a pair of null coordinates, whose level sets correspond to ingoing

and outgoing light rays:

~1
uzt—/<1—2m> dr=t—7r—2mln(r —2m),
r

1 (4.13)
2m
U:t+/<1_r) dr =t+r+2mln(r — 2m).
In null coordinates (u, v), the metric is given by
2
g:_<1—:") dudv + 12 dO2? . (4.14)

Just like in the case of (¢, r) coordinates, d,, and 9, denote derivation with constant v and u, respectively,

unless otherwise indicated. These vector fields satisfy

Dy == (0, - 0,-)
f (4.15)
Oy =3 (0 +0,)

4.2 Wave Equation on Schwarzschild Spacetime

In this Section, we consider the covariant wave equation on the Schwarzschild spacetime, (M, g).
We start by working in the usual (¢,r) coordinates. The wave equation in these coordinates takes the

following form:

-1
Oy =0 < — (1—2:”> a§¢+7i2ar (7‘2 (1—27”) ar<z>) +%Agz¢zo (4.16)
, : "

r

We focus on the exterior region of the black hole, which we denote by R. The timelike vector field we
consider is T' = 9,. Once again, the initial data is imposed on £y = {t = 0}, so that ¥, = {t = 7}. As
initial conditions, we set ¢|;, = ¢o € C°(20) and 9,¢|y, = ¢1 € C2°(Xo). The domain of dependence
property also holds for the Schwarzschild spacetime, so we have that ¢(¢, -) has compact support in %;.
In particular, for fixed ¢, ¢(t,r,w) — 0 as r — 2m and as r — oo, and the same holds for all derivatives.
In this Chapter, ¢ will always denote the solution to the Cauchy problem described here.

Under these conditions, we aim to prove boundedness and decay of the solution of the wave equation,
using a similar approach as to what was done for the Minkowski spacetime. However, an energy degen-

eracy phenomenon will occur at the horizon, posing additional problems that need to be addressed.
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4.3 Boundedness

As was seen in the case of the Minkowski spacetime, we need to be careful when choosing the
hypersurfaces we are working with. For the Schwarzschild spacetime, we will define hypersurfaces
suited to prove both energy boundedness and decay estimates. For this purpose, just like we did for the
Minkowski spacetime, it will be convenient to work with null hypersurfaces near null infinity. Unfortunately,
near the horizon, some additional problems (related to a degeneracy phenomenon) arise with the energy
flux through the level sets of t. Moreover, the energy on these hypersurfaces is never allowed to enter the
black hole, and so we should not expect to find that the energy flux through constant time hypersurfaces
(that presumably bounds ¢ pointwise) decays to zero.! Consequently, we will make use of spacelike
hypersurfaces crossing 57+, whose normal is timelike on the horizon, which will allow to define a non-
degenerate energy flux satisfying the necessary properties to obtain decay. Specifically, we make the

following definitions (see Figure 4.1):

L, ={t"=742mln(rg —2m), 2m <r <rg},
S‘r:{t:’rvTOSTSR}v
N, ={u=7—-R-2mIn(R —2m), r > R},

S, =L,US, UN,,

} - (4.17)
R? = U >,
T1<7<T92
cr= J L.,
T1<T7<T2
pp= |J N,
T1<7<72

where ro and R are taken such that the supports of ¢, and ¢, are contained in {ro < r < R}. Note that,
for these values of ry and R, the hypersurfaces 3, foliate the causal future of the support of the initial

data, which is the region where the solution to the wave equation might be nonzero.

Given a vector field X, let us define the energy flux across these hypersurfaces:

EX[¢](r) = / JX (9] ((1 + 2;”) ™" — 2;”w> r2 dr dVolg: +
L,

—1 (4.18)
+ / JX () T (1 - 2m> r? dr dVols: + / JX[8] (8u)" r? dv dVolge .
s r N

T T

In particular, for the timelike Killing field 7', we have

TIn fact, one cannot expect to prove a pointwise decay result using these hypersurfaces, as they accumulate on the event horizon,
where the solution to the wave equation does not have to be zero.
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E”[¢](r) =/LT (; (1 + 2:”) (T9)* + E <1 — 2;”) (Y¢)? + 2—:2 VS2¢|2> r2 dr dVolg: +

1 om\ ! 1 om 1
+ /S (2 (1 - T) (Th)? + 5 <1 — r) (0r0)* + 5,2 IVsz¢|2> r?dr dVols:  (4.19)

—1
+/ (2 <1 - 2m> (8,0)° + % V§z¢|2> r2dr dVolg: .
N, r 2r

Note that the extra factor of 2 in the last integral is due to changing the integration variable from v to r,
when comparing with the energy for the Minkowski spacetime in equation (3.25). The main difference
one notices immediately is the aforementioned degeneracy phenomenon, since the term incorporating
the radial derivative vanishes on the horizon. This makes it impossible to prove uniform bounds over the
whole hypersurface 3., since we lose control of the radial derivative when we are arbitrarily close to the

event horizon. The energy flux also satisfies

B o)(r) ~ |

L,

(To)? + (1 — 2m (Y¢)? + 1 |ng¢|2 r2 dr dVols: +
r r2
+ / <(T¢)2 + (0r0)* + %2 v52¢|2> 2 dr dVolge (4.20)
S,
1
+ [V <(3v¢)2 + 7“72 |V§2¢2> 7‘2 dr dVOlgz s

r

where the constants involved in the previous relation depend only on the fixed quantities ro, R and m.

Given 7, > 7 > 0, an immediate consequence of the divergence theorem in the region delimited by
5, and %, is that

E”[¢)(r2) < ET[¢](11). (4.21)
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This inequality is true since the bulk term is zero and the boundary terms arising on the horizon and at

null infinity have the correct sign.

Remark 4.3.1. The flux of a vector field at null infinity is defined just like for the Minkowski spacetime
in equation (3.22), but now we consider (u,v) to be the null coordinates defined for the Schwarzschild

spacetime.

In what follows, we employ the procedure in [2] to try to find a vector field with an associated non-
degenerate energy, whose bulk term should also be a positive definite quadratic form on the derivatives
of ¢ near the event horizon. This multiplier will be designated the redshift vector field, since its construc-
tion depends crucially on the fact that the surface gravity of the event horizon of the Schwarzschild black
hole is positive. For more insight on why the positivity of the surface gravity implies the occurrence of

the redshift phenomenon see for instance [26].

Proposition 4.3.2. (Redshift vector field) There exists 1, > 2m and a vector field N which satisfies

the following conditions in the region {2m < r < min{rg, r1}}:
1. N is timelike future-pointing;
2. KN[g] ~ T [pIN#nY ~ (T§)? + (Y$)? + % |Vl
Proof. For this proof, we will first work with ingoing Eddington-Finkelstein coordinates, since they are
defined across the horizon and make the computations much simpler. Note that
(T9)* + (Z9)* ~ (T9)* + (Y ¢)*. (4.22)

We make the following ansatz for N:
N =a(r)T +B(r)Z. (4.23)
Given such a vector field, we have

Ty [¢IN# 0
~ T, [¢)N* (<1 + 2;”) T — MY”)

= Ty [d)(aT + BZ)* (T” - 2:12> (4.24)

I
2
S
&
[\v]
+
N | =
7N
7 N
=
|
‘w
3
N———
|
7/ N
=
+
‘M
3
N———
=
N———
N
&
(V]
+

The deformation tensor of NV is

r

2
N = _%ﬂ dv? + (5’ - (1 - m) a’) dvdr + o dr® +rBd0?, (4.25)
T

and the energy bulk term is
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KN[¢] =/ (T¢)* + [(1 - 2?) (g - f) - rﬂ? } (Zo)"+ (4.26)

om\ , 28 1,1
#|(1- 2 ) - 22 rorzo) - 55 Vel

At the horizon, we have

= a(2m)(T6)? — BEM)(Z6)* + — (a(2m) — B(2m)) [V o] |

r=2m 8m

N _ > 1 2_5(27”) I 2
KN6]], Ly, = & @m)(T9)° = —5(2m)(29)* = =—2(T6)(Z26) — o5 (2m) [Ve:o|
(4.27)
which trivially satisfy
" 2m L, 2m_ ., 9 9 1 2
T [o)N I+ — )17 - —Y S (Té)” + (Z6) +ﬁ\Vsa¢| ,
T T r=2m m (428)
1
EN[B]], g S (T0)* +(Z6)* + 1 V2ol
For the second condition in the statement to hold at » = 2m, it is necessary that
a(2m) > 0, B(2m) < 0, a/(2m) > 0, B'(2m) < 0. (4.29)
Under these conditions, we have
" 2m L, 2m_ ., 9 9 1 2
T [o]N e —TY szmz(Téb) +(Z9) +W\Vs2¢| :
Fem) o o (pem) 1 (430
N > / o m 2 _ m = 2 - o ) 2
ko)l . 2 () - E2) rop 4 (22 - LY (2o - Loom) (Vo
It is then clear that the functions o and g must also satisfy
2
o/ (2m) — g (2m) >0,
2m (4.31)
_Bem) 1
4m 2m ’
Regarding the first condition in the statement, we have
g(N,N)| ., =2a(2m)B(2m),
(NN, o (2m)B(2m) 4.32)

g(N.T)],_,,, = B2m),

and so, once again, we need that «(2m) > 0 and 3(2m) < 0. Conditions (4.29) and (4.31) are satisfied,

for instance, by the following two functions:

a(r) =14 —(r —2m),
ml (4.33)
B(r)=-3— E(T—Qm).
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For such functions, both conditions in the statement are satisfied at the horizon, and so, by continuity,
there exists an r; > 2m such that they are also satisfied in the region {2m < r < min{ro, r1}}.
O

Remark 4.3.3. If the surface gravity was negative, the coefficient proportional to (Z$)? in the energy
bulk term in equation (4.27) would have the opposite sign. Hence, it would be impossible to construct
a vector field such that both the energy flux and the bulk term were simultanesouly positive definite
quadratic forms of the derivatives of ¢ near the event horizon. This makes it clear how the redshift effect
is a key phenomenon to overcome the degeneracy of the energy flux, which is an obstacle to obtaining

pointwise estimates of the solution to the wave equation.

If necessary, we now redefine ry so that o < r; and the vector field N satisfies the conditions above
on the whole region {2m < r < ry}. Additionally, we define an extension of the redshift vector field which
coincides with the Killing field 7" away from the horizon. For this purpose, consider a smooth function
~ depending only on the radius such that v(r) = 1 for » < 0.97¢ and ~(r) = 0 for » > r¢. Using this
function, we define the extension vector field as follows (from now on, we will also refer to this vector

field as redshift vector field):

N =5(r)N + (1 —~(r)T. (4.34)

Note that V also satisfies the conditions in Proposition 4.3.2 for 2m < r < 0.9 rg, since it coincides with
N in this region. For r > r, the bulk term is zero, since N = T'. In the transition region {09719 <r < 1o},
we know that KN[¢>] is a quadratic form on the derivatives of ¢. Therefore, using Young’s inequality and

boundedness of the coefficients of the quadratic form, we have

1
KV 6]| S (T0)* + (Y6)* + 5 [Veadl* 0,970 <7 <o (4.35)
Moreover, since the energy flux is linear on the vector field, we have

EN[¢)(7) = v(r)EN[6](7) + (1 — 4(r))ET[¢] (7). (4.36)

Proposition 4.3.2 then implies that the energy associated to NV is indeed non-degenerate:

EN[6)(T) ~/L ((T¢)2 +(Yo)2+ %2 |ng¢>|2> 2 dr dVolgs +
+ / ((T¢>)2 + (0,0) + %2 |VSQ¢2) r? dr dVolg + (4.37)
S,

1
+ / <(8v¢)2 + 7”72 |VS2¢|2) T2 dr dVOlgz .
N,

These considerations lead to the analogue of equation (4.21) but for the non-degenerate energy, imme-

diately implying that this energy is also bounded.

Proposition 4.3.4. (Non-degenerate energy boundedness) Let N be the redshift vector field, defined

in equation (4.34). If ¢ is a solution of the wave equation in the exterior region of the Schwarzschild
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spacetime with compactly supported initial data on %, then

EN[g](72) SEV[4](n1), Vra>7 >0. (4.38)

Proof. Given m, > 7 > 0, let us apply the divergence theorem in the region R7? to the vector field JN[qb].

Since the energy flux at the horizon and at null infinity are non-negative, we obtain

BVl + | | KN(g] dVoly < BY(g](n) (4.39)

Taking into account the previous considerations regarding the bulk term, we have

E¥fol(rm) + | KV[g] dVoly
RT?Q{TSO.Q o}

<[ —KV[g] dVolp +EV [¢](m)
R7ZN{0.979<r<ro} , ] (440)
<c | (67 + o + 5 Vo ) aVola +Eol(r)
R721{0.979<r<ro} r
< Cg/ Jljtv[dﬂn% dVol g +EV [¢](71),
R721{0.9r0<r<ro}
for some positive constants C; and C5. This implies that
B¥jol(r) + B [ T 6t Vol < Cs [ I (8t aVol +E [g)(r)
R72N{r<0.970} R:fﬂ{O‘Q ro<r<ro}
(4.41)
for some positive constant B;. Note that, for 0.9y < r < rg,
Tp ot ~ T [elnf - (4.42)

Adding B; fRifm{o.grogrgm} ij’ [¢]nY dVol to both sides of the previous inequality we get

EN[¢)(r2) + By / TN [gln¥ dVoly < Cs / TN [glnk dVoly +EN[g](1) (4.43)
RZ2n{r<ro} R721{0.970<r<ro}

for some constant C3 > 0. Notice that the Lemaitre time coordinate satisfies

2
g(Vt*, Vt*) = — (1 + :”) ~ 1. (4.44)
Therefore, using the coarea formula, there exist constants B,, Cy > 0 such that

BVl + 5 [ ([ et avol,, ) ar

-

. ~ (4.45)
< / ( / VDTS dVolLT> dr + BN [g](r)
T L.N{r>0.97r9}

where we also used
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J/iv [pInT ~ Jg[(b]n‘zr for 0.9rg <r<nrg. (4.46)

Adding a multiple of the integral between 7; and , of the energy flux of J7[¢] through 2N {r>ro}, we

obtain

“EVg(rdr < C / P ETg](r) dr + BV [8)(m) (4.47)

1 T1

BVol(r) + 5 |
for some constants B, C' > 0. Hence, given 0 < 7y < 7y,

EN[g)(r2) + B / " EN[)(r) dr < C(ra — 7)ET[6](m0) + EN[6](m1) - (4.48)

Dividing the previous equation by 7, — 7; and taking the limit » — 7, we get the following inequality:

(&)

for some positive constant C’. Hence, setting C' = C’/B, we have

+ BEV[¢](m1) < CE"[¢](m0) < C'EV[¢](70) (4.49)

T=T1

= (B 6r) - CeP BNl <0
= BN g](r1) — CePmEN[9)(r) < (1 - O)eP BN [g](m) e

= EV[¢](r1) < (C + e P (1= CNEN[¢](r0) < (€ + DEN [¢](0)
O

This last result corresponds to a non-degenerate energy boundedness result. In what follows, we will

prove a lemma that will allow to prove a pointwise estimate as a consequence of the energy result.

Lemma 4.3.5. Consider ¢ as a function of null coordinates (u,v). If ¢ is a solution of the wave equation
in the exterior region of the Schwarzschild spacetime with compactly supported initial data on X%, then,

givenuy € R andw € S?,

lim  ¢(ug,vo,w) =0. (4.51)

vo—+0o0

Proof. Let vy be large enough so that ¢(—vg, vo,w) = 0. Note that such vy exists since initial data has
compact support. Then, we apply the fundamental theorem of calculus at constant v, and the Cauchy-

Schwarz inequality, as follows:

uo 2
/ $*(ug, vo,w) dVolgz = / (/ Oud(u, v, w) du) dVolg2
S2 S2 —vg

([ ) L o s

Applying the divergence theorem to the vector field J7[¢] in the region delimited by the hypersurfaces

(4.52)

Yo, Luo+w and {v = vg}, we easily obtain (compare with estimate (3.32) in Minkowski’s spacetime)
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/ /“0 (Bud(u, v, w))? r2 (u, vy) du dVolsz < ET[¢](0), (4.53)
§? J —wg

where E7[¢](0) corresponds to energy flux through £, (which coincides with E7[¢](0), due to the defini-

tion of vy and R). Hence, combining the previous two estimates, we get

Uuo

¢2(U0,’Uo,w) dVOISz S </

—vg

u T . .
[ oy d0) EOI0) (4.59

The integral on the right-hand side can be bounded by a simple computation:

/’ug 1 (=v0,v0) 1
= du = 2/ R dr
—vg 7“2(’LL, UO) r(uo,v0) r? (1 - m)

" (4.55)
r(zvowo) g 1 1
< o - ).
r(uoywe) (T — 2m) r(uo,v0) —2m  r(—vg,vp) — 2m
Since the last expression tends to zero when we take the limit vy — 400, the conclude that
lim $*(ug, v, w) dVolgs = 0. (4.56)

vo—+00 Js2

The Schwarzschild spacetime is spherically symmetric, so the previous equation also holds with ;¢
and ,Q;¢ in place of ¢, implying that

lim ||¢(uo,vo,*) || mr2(s2) = 0. (4.57)

vo—+00

Applying the Sobolev inequality on the unit sphere, the result follows.

We end this section with the uniform boundedness result.
Theorem 4.3.6. If ¢ is a solution of the wave equation in the exterior region of the Schwarzschild space-
time with compactly supported initial data on ¥y then there exists a constant C > 0 such that
lp| < C. (4.58)

Proof. Denote by 0, the vector field which is equal to Y for r < g, 0, for ro <r < Rand (9,), forr > R.
Consider ¢ to be a function of = and r, where 7 is the coordinate whose level sets are >,. Then, given

71 >0, r; > 2mand w € S?, and applying the lemma, we have

oo 2 o q oo
¢2(7'1,7°1,w) = < 0,0(11, 7, W) dr) < < dr) ( (8,9(70, 7, w))2 r? dr)
/ ’ 1/ " / ’ (4.59)
<o ([ @otrrat ).
Note that, for r > R,
(0,0)° ~ (909)° . (4.60)
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Hence, integrating estimate (4.59) on S2, we have

[ &) dVols: SEY[g](m) S B (9](0) (4.61)

This equation also holds with ;¢ and €,;Q,¢ in place of ¢, so there exists a constant C' > 0 such that

p(T1, 71, ) H2(s2) < C (4.62)

Applying the Sobolev inequality on the unit sphere and noting that C' does not depend on 7, and r;, we
conclude that ¢ is bounded. O

4.4 Decay

In this Section, we prove pointwise decay of the solution of the wave equation using a similar approach
to the case of the Minkowski spacetime. We start by proving an Integrated Local Energy Decay estimate
which degenerates at the event horizon and at » = 3m (corresponding to the photon sphere). Next,
we make use of the redshift vector field introduced in Section 4.3 to obtain an Integrated Local Energy
Decay estimate which does non degenerate at s#*. We also briefly explain why we cannot get rid of
the degeneracy at the photon sphere. Finally, it turns out that the Dafermos-Rodnianski hierarchy also
holds for the Schwarzschild spacetime, allowing us to prove an energy decay result and then obtain the

desired pointwise estimate, in the same way as for the Minkowski spacetime.

4.4.1 Integrated Local Energy Decay estimate

Once again, we start by proving a Hardy-type inequality which allows to control a weighted L? norm
of ¢. However, for the Schwarzschild spacetime, since the energy flux associated to 7' degenerates at
the horizon, we will have to resort to the nondegenerate energy associated to the redshift vector field N.
As expected, we also show that the weighted L2 norm of ¢ on subsets of 3, away from the horizon can
be bounded by the standard energy E7[¢](r).

Proposition 4.4.1. If ¢ satisfies the wave equation with compactly supported initial data on % then
/~ ¢ dr dVolg: SEN[g](r), Vr>0. (4.63)
=,

Moreover, if we are only interested on a subset of £, away from the horizon, we can bound the integral

by the degenerate energy: given Ry > 2m,

/ ¢* dr dVolse <p, ET[¢](7), V7 >0, (4.64)
JE,n{r>Ro}
where the constant in the previous inequality diverges as Ry — 2m.

Proof. Consider ¢ to be a function of 7 and r as in the proof of Theorem 4.3.6. Then, given 7 > 0, we

perform an integration by parts as follows:
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/ &2 dr dVolg:

ET

= —/ 2r¢0,¢ dr dVolgz + lim r¢?(1,7,w) dVolge —/ 2m¢? (1, 2m, w) dVolg (4.65)
~7_ r—>00 s2 S2

1
< 52/~ #? dr dVols: +?/~ (0,0)*r? dr dVolg: + lim [ r¢*(r,r,w) dVolg: .
P 3 "

i
— 00 S2

Choosing ¢ such that 0 < e < 1 and taking equation (4.60) into account, we have

/~ 62 dr dVolgs < BN[g](7) + lim [ ré2(r,rw) dVolss . (4.66)
s,

r—oo [q2

We now need to prove that the limit in the previous inequality can be bounded by the energy. This can
be easily obtained with a computation similar to the one in equation (3.35) and using equations (4.54)
and (4.55) together with the fact that E7[¢](r) < EV [¢](7).

We can also apply the previous reasoning by integrating by parts in the region . N {r > Ro}. The

second inequality then follows from the fact that

/~ (9,6)2 2 dr dVolgs <p, ET[6)(7). (4.67)
Y.N{r>Ro}

O

We now proceed to deduce an Integrated Local Energy Decay estimate, since it will also be use-
ful to prove energy decay results, just like in the case of the Minkowski spacetime. However, in the
Schwarzschild spacetime, the first Integrated Local Energy Decay estimate we will prove degenerates
both at the event horizon and at the photon sphere. The first degeneracy phenomenon can be overcome
by making use of the redshift vector field, which was previously constructed to obtain a bounded energy
flux that does not degenerate on the horizon. On the other hand, the degeneracy occurring at the photon
sphere unavoidable, as proven in [29]. The key feature explored in this work is that one can construct
special solutions to the wave equation, designated by Gaussian beams, whose associated energy is
localized in an arbitrary spatially compact neighborhood of the photon sphere for finite, but arbitrarily
long, times. This then comes up as an obstruction to uniform results about the temporal behavior of
the energy of waves, here quantitatively described by the energy flux ET[qS}(T). In particular, the main

consequence is that there does not exist a constant C' > 0 such that

| Bl dr < CET10). (4.68)

0
In fact: we can even say more: given an arbitrary spatially compact neighborhood K of the photon

sphere, there does not exist a constant C' > 0 such that

/ T EL(¢)(r) < CET[4)(0), (4.69)

0

where EZ [¢](r) denotes the energy flux restricted to ¥, N K. This statement is the main reason behind
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the fact that the Integrated Local Energy Decay estimate must degenerate at the photon sphere.

In the next Proposition, we follow the work of [21] to obtain an Integrated Local Energy Decay estimate,

degenerating both at the event horizon and at the photon sphere of the black hole.

Proposition 4.4.2. (Degenerate Integrated Local Energy Decay estimate) Let ¢ satisfy the wave
equation with compactly supported initial data on y. Then, given » > 71 > 0 and 6 > 0, the following
inequality holds:

/. (1 (1-2) @+ 5 (1-2) (X 0 + w0 + ¢’) Vol S E7[g](m)
(4.70)

Proof. We will work with coordinates (t,r*), since it makes the computations easier. Let us start by

defining two modified energy currents:

T[] = Ty [$)T" — {*d <¢2 (1 - 2:”) r dvolgzﬂ ,
m

1/2
f= (1 - 3;”) (1 + Gm) and V= f0,.. (4.72)

It will become apparent later that the factor (1 — 377") in the function f is necessary to obtain a positive
semidefinite quadratic form, leading to the degeneracy phenomenon at the photon sphere described
above. In equation (4.71) and in the context of this proof, the symbol ’ will always denote differentiation

with respect to »* at constant ¢. The components of the first current are given by
Wy L 2 2 2m\ 1 9  2m 2m\ o
Jy [¢] =92 ((aﬂl)) + (Or10)” + (1 — r) = [Vsz|” + s 1— - " ,
1

Qaﬂ/Ja;ﬂ/Ja M:T*,07§0,

r

(4.73)
T ] =

where ¢ = r¢ is the radiation field (even though (4.70) does not mention the radiation field, we introduce

it here since the computations become much easier). The components of the second current are

I = (fatzz) Opetp 3 10 atw) ,

@41 = L 2 2 g1y L 2 ([T 2m () 2m 2 g
K210 = 5y (1@ 4100 - 1 (1-20) S ¥aul = (54 25 (1-22) 1) w4 1000
T = 5000, n=0,0.

(4.74)

We also define K([¢] = v~.J”[¢] for i = 1,2. For each current, we have
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, F1 (2 k(2 2m Y
= @ (f (67-*¢)2 ) (Tg <1 - T)) ‘VSZWZ a (4 + 2 <7ﬂ? (1 a T)) ) ¢2>
(4.75)

The vanishing of the first bulk term is easily obtained using the following formula for the divergence of

an arbitrary covector field w:

Viw, = —*dxw. (4.76)

In addition, we define the energy flux through 2. as follows:

; ) 9 2 '
L, r s
(4.77)
+ / J/Sj) [d)] (at + ar*) 7"2 dr* dVOlS2 , 1=1,2.
N.

.

For: =1, we have

B =) [ (1 22) @t (1 20) 0t el + 22002 avols s
1 2 -1 9 1 5
"2 /s ((1 B :«n> (0)” + (1 - T) (0r9)* + 5 Vsatp|* + :fzﬁ) dr dVolg: +

1 om\ 5 1 2 2m
+ */ 411 - — (&,w) + 3 |Vs2d)| + Tw dr dVOlS2 .
2 N, r r r

(4.78)
Before computing the energy for the second current, we compute the first two derivatives of f:
2 —-1/2
P <12m> 2m <1+6m) ,
N ! 4.79)
- (1 - 2771) 81m2r? + 189m3r — 1134m* (4
N r o (14 m)3/2 '
Therefore, this function satisfies the following important conditions:
FADSER
, 1 2m
F1s 51— (4.80)

1 2
f”|§4<1—m>-
T T

Using these conditions and applying Young'’s inequality, one can prove that
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‘J;f) (] (at - Qma)“‘ < IV [9] (at - 2;”@*)” :
2161 0" < TV 16 0" (@8

[T@16] 00 + 00| S TV 18] (D1 + 00e)"

which implies that the energy fluxes are related as follows:

[F@)(r)| S FOLgl(r). (4.82)

Let us now define the energy flux of 2C ; J™M [¢]+2J (2 [¢] through ., Where Cy > 0is a positive constant:

Flg](r) = 2C;FV[p](1) + 2F [g] (7). (4.83)

Equation (4.82) implies that we can choose C to be large enough so that

Flg](r) ~ FD[](7) > 0. (4.84)

We also define the associated bulk term

HW(TLW)

= / v (chJ,g”[qs] +2J,§2>[¢]) dVol
RT2

T1

-/ <2f’ 00— (55 (1-2)) 1Verul* - (f’"+f( (1-2)) >¢> dt dr* dVolgs
R} r r T

(4.85)
Applying the divergence theorem to the current 2C.J () [¢] + 2.J(2)[¢] over the region R72, we obtain

gl + [

J{r—r*(R)<ulm—r*(R)}
20 IV [¢] + 2J,S2)[¢}) (0,)" 1 dv dVolgz = Flg](r1) — Fl¢](r2) .
(4.86)

Note that the integral over the event horizon is non-negative due to the third condition in (4.81) and the

(QCfJﬁ) [¢] + 272 [¢]) (9)" 2 du dVolgz +

v (
HtN{r1<t*—2mIn(ro—2m)<t2}

fact that C/ is taken large enough so that estimate (4.84) holds. Moreover, we also have

2 1 2m
TP (0 = 00-)"| S TV16] (00 = 0:)" = 5 (0u¥)’ + 55 (1 B r) = Veul + 5 (1 - ) v,
(4.87)
so we can take C'; large enough so that the integral at null infinity is also non-negative. Under these
conditions, equation (4.86) implies that

1[¢)(r1,72) < Flg](r1) — Flg)(r2) < Flg](r1) SFD[g] (1) (4.88)

This last inequality resembles the Integrated Local Energy Decay estimate we want prove. Let us

show that we can replace F(!) [¢](r,) by the flux of J7[¢]:
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/i ((1 B 2?) (9,(r))* + 2;%27’2) dr dVol:

= / (1 - 2m> (9,0)%r2 dr dVolg: + / 9, ((1 - 2m> 1"(;52) dr dVolg (4.89)
s, r s, r

= / (1 — 2m> (8p¢)2 72 dr dVolgs + lim (1 - 2) r¢? (7, 7,w) dVolg: .
o T r—00 Jgo T

As seen in the proof of Proposition 4.4.1, the limit can be bounded by E”[¢](). All the remaining

derivatives in the definition of F())[¢](r) commute with multiplication by 7, so we obtain
FV[g](r) SE"[9](r). (4.90)

To finish the proof, we need to relate I[¢](m1, 72) with the spacetime integral in equation (4.70). Denote
by 1y the spherical average of :
o = 4i 1 dVolge . (4.91)

T Js
Let g be a function of the radius that will be chosen later, satisfying |rg| < 1. Setting ¥ = (¥ — o) + %o
in (4.85) and using the facts that |Vs=1,|*> = 0 and that the integral of ¢» — 1y and of 8, (¢ — 1) over S2

vanishes, we can write I[¢](m, 72) as follows:

tel(m )= | <2f( o =1 (5 (1-2)) 9o - ) dt dr* AVolgs

_/ <fm—|—f< (1—2’”1)) ) (¢—w0)2dtd’r* dVOlS2+
Rz \ 2 "

(4.92)
+/ (2f"(Or+t0 — gbo)® + 2f'g Op (¥3)) dt dr* dVols: —
R72
"
7/ <2f’g2+f (27;‘ <1 m)) f )u;odtdr dVolge .
R:f T T
We now wish to do an integration by parts on the term
/ 2f'g 0+ (¥§) dtdr* dVolge . (4.93)
RT2

T1

However, due to the geometry of R7? it is convenient to replace the derivative 9, by Y = (Op+ )4« inthe

region C72 near the horizon and by 9, in the region D72 near infinity. Near the horizon, we have
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/ 2f'g 0+ (¥3) dtdr* dVolge
C"'2

T1

= /C . (Qf/gf’ (v3) + 47mf’g Oy (wé)) dt* dr* dVolge

=— / 2V (f'g) 2 dt* dr* dVols: + / 2f'g b2 dt* dVolgs —
3 {r=ro,m<t<m2}
! 2 * 4m ! 2 *
o 2f 9% dt™ dVolg + —f gwo dr* dVolg2 —
HTN{r1<t*—2mIn(ro—2m)<7o} L., T (4 94)
4 .
- / E e 02 dr* dVolge
L, T

=— / 20, (f'g) 2 dt dr* dVolg + / 2f'g 2 dt dVolgs —
C72

1 {r=ro,11<t<72}

2f' g2 dt* dVolg: + /

4
#1902 dr* dVolgs —
L T

/jf‘*'ﬂ{'rl <t*—2mln(ro—2m)<72}

4
- / #1992 dr* dVolg
L T

T1

T2

Note that |f'g| < T%, (1 — 22), so the integral over the horizon vanishes. Regarding the boundary inte-

grals over L., one can use the following inequality
/ Y2 dVolg: < / ? dVols: , (4.95)
S2 S2

to deduce that they can be bounded by F( [¢](r):

4
/ ¢ g2 dr* dVolge
L, T

AN

1 2
. (1 - m> W2 dr* dVolge

LTi T T

1
/ —1* dr dVolg>
L T

T4

(4.96)

IN

SFO[g)(r) <FD[g](ry), i=1,2.

)

The last inequality comes from a direct application of the divergence theorem to the first energy current
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over R72. A similar procedure can be applied in the region D72:

/ 2f g0, (wé) dt dr* dVolg:
D72

= [ o0, (8) 20 (48)  dudv avor

T

_ _/T @,(2f'9) —au(2f’g))1/13%dudv dV01S2+/
D 2

Itn{r—R<u<m2—R}

1
2 f'gw§§ du dVolg —

T1

1
— / 2 g2 = du dVolg + /
{r=Rm<t<m} 2 N

1 1
— / 2 g2 = dv dVolgs — / 2f' g2 = dv dVolge
N 2 {r=R,m1 <t<72} 2

T2

.

1
2 f’g¢8§ dv dVolgz — (4.97)

1
- / 20, (f'g)y2 dt dr* dVols: + / 2f giba 3 du dVolg> —
D72

SFtn{r1—R<u<to—R}

T1

1 1
- / 2f' g dt dVolgs — / 2f' g2~ dv dVolgz + / 2f' g3~ dv dVolga .
{r=R,m<t<m} N 2 2

2 Nry

Once again, the integrals over null infinity and L, can be bounded by FM[¢](r,). For the intermediate
region, the integration by parts gives

/ 2f'g0,+ (¥3) dtdr* dVols:

R7220{ro<r<R}

Ope (2f'9)45 dt dr* dVolgz + / 2fgypd dt dVolg: — (4.98)

r=R,m1 <t<2}

/R:f N{ro<r<R}

— / 2 g2 dt dVolge .
{r=ro,m1<t<m}
Therefore, we can write

/ 290y~ (¥g) dtdr* dVols: = —/ 20, (f'g)y2 dt dr* dVols: + boundary terms, (4.99)
R7 R2

where the absolute value of the boundary terms can be bounded by F(1)[¢](r;). Hence, using equa-
tion (4.88), we have

1[¢)(1,72) S FD[4](r1) + boundary terms < FMV[g](r) < ET[](r1), (4.100)

where f[gb](n, T2) is the spacetime integral resulting from the integration by parts in I[¢](y, 72):
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Toln,m) = [ <2f’ 000 =1 (5 (1= 22) ) W0 - o) ) dt dr* AVolgs

R\ 2 r

+ / 21 (9= — gtbo)® dt dr* dVolg: —
RT2

1

*/ <(fg) +2f’92+f< (12;”» fm>¢0dtdr dVolg: .
RT2

(4.101)

T1

Consider now the following estimate:

/ 2 1/2 2
T T T T T T T T
(4.102)

Let us also consider the Poincaré inequality on the unit sphere (see for instance [3]) applied to the
function ¢ — y:

/82 |Vs2 (¢ — )| dVolgz > 2/52 (¥ — 0)* dVolsz , (4.103)

We now introduce a parameter 0 < ¢ < 1, whose usefulness will become clear later. Applying the

Poincaré inequality, we obtain the following estimate:

1 2m
/ _f (7’2 (1 - )) (Ve (10 — w0)|? dt dr* dVolss
RI2
1 2
:/ —ef (2 <1 - m)) |Veat|? dt dr* dVolgz +
R:? T T

—(1-e)f (:2 (1 - 2’”)) Va2 (¥ — 1bo)|? dt dr* dVolse (4.104)

1 3m\ > om
z / 7«73 (1 - r> <1 — > ‘VS21,[}| dt dr* dVOlgz +
R

+ /RT2 _2(1 — 5)f (:2 (1 — 2:7)) (’(/) — 1/)0)2 dt dr* dVolg: .

We also have

2f’(6‘r»« 1/)0 - gi/)o)2 dtdr* dVolgz

T2
R:7

> / (2ef"(91h0)? — 26 f' 90, (3)) dtdr* dVolse (4.105)
R 2

The boundary terms in the previous equation are the same as before, so their absolute value can be
bounded by E”[¢](r1). A simple computation shows that
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/ (0 (6 = 0))* + (- 10)? ) dVolsz = / (9r-1h)* dVolg2 . (4.108)
S2 s2

Putting all these assertions together, and using that f’ ~ % (1 — 22), we obtain

1 1 3m” 2m
R /RT? (73 (0r0)* + <1 - ;n) Vsﬂﬁ?) (1 - ) dt dr* dVolgz —
1 2m, f/// 9 9 / .
e (2“‘5” (s (-2« Ger (G (-2)) ) (6= to)? dtdr* AVolsa —

_/RTZ’ <2f/g +2(1—¢)(f'g) + f’// +f (Tg <1 - 2:1)) >¢0 dt dr* dVolg: .

Note the importance of the parameter ¢, which allowed the introduction of the terms proportional to

(4.107)
(1 — ¢); eventually we will chose ¢ sufficiently small. After a lengthy computation, we get
1 om\\ " om om\\’
2 (i () e (-T)

(1—22) (876 + 108mr® — 104m?r* — 3342m3r3 4 2889m*r? + 36180m°r — 54108m°)
2(1+ 677")1/2 r7(r 4 6m)? .

(4.108)

The polynomial on the numerator is strictly positive for » > 2m, and so we obtain, for such values of r,

2m 6 (4109)
> (=% > 1 () _2m 21(1_2’”)
2(1+4 @)1/2 r7(r 4 6m)? s U r T
Let us now set
1 2m 1 m?
9(7“)—2<1—r>—2r3- (4.110)

For this choice of g, we have

206> +2fg) + +f< (1””))

m (1 — 277") (1277 + 13mr® — 48m?2r® + 1215m>r* 4 702m*r3 — 16551m5r2 4 21060m°r — 972m")
2 (14 m)~1/? '

a r8(r + 6m)3
(4.111)

Once again, the polynomial on the numerator is strictly positive for » > 2m, so, in this region, we have
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o v arey + e (25 (1-2))
2

_ 2m) .7 (4.112)
Z m( 12r) 14(1_2777,)
2(1—|—67m)_/ r8(r+6m)3 T r
Taking ¢ > 0 sufficiently small, equation (4.107) then implies that
= 1 1 2m
ET[)(m1) 5/, (703(&”#)2 > (1 3m> |Vs29))| ) (1 r) dt dr* dVolg: +
" (4.113)
2m
+/ = (¥ = 10)* +43) (1 - ) dt dr* dVols: .
RP2T T
Since the spherical average of ¢ satisfies
/ (¥ = %0)* + ) dVols: =/ ? dVolsz , (4.114)
S2 S2

we finally obtain

/ (1 (8ye10)® + : (13m> |Vs2th|® + ¢2> (11) dtdr* dVols: <ET[¢)(m1). (4.115)
R72

r3

To get the desired result we still need to recover the time derivative and to replace the radiation field
1 by ¢ in the previous inequality. Note that multiplication by » commutes with all derivatives except the

radial one, so the only difficulty when replacing « by ¢ arises with this derivative.

1 2m 5 .
/R:% 3 <1 - 7“) (0= (r¢))” dt dr* dVolgz
2
:/ = (1 B 2m> (0,-¢)* r* dtdr* dVolsa + / . (1 — 27") Op+ (r¢?) dt dr* dVolg:
R R

2 ’/‘3 r
= / = (1 - ) (0 ) 1% dt dr* dVolgz —
R"'2 T T

. (4.116)
2 1 20m? 2
—/ <1 — m) (—i + 6—;” - O?) ¥ dt dr* dVolg2 + boundary terms ,
R™2 T r T T

where in the last step we performed an integration by parts similar to what was done before. Note that
the absolute value of the integrand function on the boundary terms is bounded by = (1 — 22) 2, so
these terms can be bounded by F(V)[¢](r,), and consequently by E”[¢](r,), just like in the integration by

parts done before. Similarly, we have

1_2ﬂ _i+16m 20m? z/j
r o o 76 r

so, by applying equation (4.115), we have

515<1—2m>¢2§14(1—2m>¢2, (4.117)
T T
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20m? 2 ~
/ (1 - Qm) (—i + 16;" - 0? > — dtdr* dVolg:| <ET[¢](71). (4.118)
R72 T T T T r
These considerations and equation (4.115) imply that
1 1 3m\” 1 _
/ <r3 (0r-0)" + 3 (1 - T) Ve gl” + T4¢2) dVoly < ET[¢](r). (4.119)
R72

To recover the time derivative we will apply the vector field method with the non-modified current J;Y (9]
and make use of equation (4.119) to control the terms involving other derivatives. Consider the vector
field V defined in (4.72), but now for a different choice of f. For such a vector field, the bulk term is given
by

! !/ / 1
KY[¢] = (;1 le,, + f) (:9)” + (;lfgln - f) (O 0)” — (J; + :;f> = [Vegl* . (4.120)

Given § > 0, we want f to satisfy the following differential equation

2
Ldf f_ 1 (1_37”) 7 (4.121)

2dr ' r  p3t0 r
such that the coefficient of the time derivative in the bulk term is the desired one. Solving the ordinary

differential equation (4.121), we obtain

;O 2 1w 18m?
o2 §p2t T (1453t (24 §)rdto”

(4.122)

where C is a real constant to be fixed later. If we took 6 = 0, the solution to the differential equation
would have a term proportional to In(r)/r2, which would be an obstruction to using equation (4.119) to
control the non-temporal derivatives. For such a choice of f, it is immediate that the coefficient of the

radial derivative satisfies

<= (4.123)

21—277” r| ™~

‘lf’ /o1

Regarding the term with the angular derivatives, we have

oom 3m C 2 1 12\ m 18\ m?
<2+7“2f><1r)(r?’(l+6)r3+5+(5+5>r4+5(6+6>r5+5 . (4.124)

However, in order to make use of equation (4.119), this coefficient must vanish quadratically at » = 3m.
Therefore, we choose

2 1 12 m 18 m?
o= (143) o~ (5+5) g+ (64 5) @ (@129

so that the following inequality is satisfied:
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" m 1 3m\ >
J;—&-ﬂf‘gr?)(l—) . (4.126)

r

Thus, applying the divergence theorem in the region R7? to the current JV [¢] we obtain

1 3m\ 2 2
/ 5 (177 ) (@9)° avoly,
R72

— BV i) - BV felm) - [ . (572 - D) 007 avoru +
f! 1
+ /RTZ (2 + :;f) 2 V2 ¢|” dVol g (4.127)

2
SEY[9)(m1) — EV[¢](r2) + /R <:3 (8, 0)” + %3 (1 - 3?) %2 |VS2¢2> dVol v

SEY[gl(m) —EV[¢](m2) + ET[¢](m) -
In the last step, we used equation (4.119) to bound the spacetime integral over R72. To finish the proof,
one needs to show that the absolute value of the energy flux of V' can be bounded by the energy flux of
T'. Regarding the energy flux through L., we can use the fact that f is bounded and Young’s inequality

as follows:

=12 (1 2 ) o (1) o) - 2 (12 ) v+ 2 9ol
< (2 (e 2 ) op 5 (1-2) (14 22) (wor + o)) +

) ' (4.128)
+141 (m (1 - ;”) (Vo) + = |VS2¢|2)
=11 (5 (1 2 ) wor e (5+22) (1- 20 ) (rop + 5 9eeo?)
(5 (142 ) @or e g (1- 2 ) o2+ 55 Vel
For the energy flux through S, we have
2m\ !
e (1-22) | < rree.)
-1
< @ ((1 - 2’”) (T9)* + (1 - Qm) (6@)2) (4.129)
1 2m\ 1 2m
<3 (1 — T) (Te)* + 5 (1 - T) (0r9)* .

In addition, we can easily bound the flux through N.:

2m

1 1
|17, 1610.)"| = 11| ‘(aﬁ - (1 - r) = Vool

1 2m\ 1
< (0u)? + 1 <1 — T) = |Vs2|® . (4.130)
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The previous three inequalities imply that

£ [6)(r)| S E7I6)(r). (4.131)

S0 equation (4.127) allows to conclude that

2
| . (1 - 3’;”) (846)? AVolay < BT (4](m). (4.132)
e
O

If necessary, we now redefine ro and R such that ro < 3m < R. An immediate consequence of
Proposition 4.4.2 is that we can control a nondegenerate energy on spatially compact regions away
from the horizon and not intersecting the photon sphere. This will be particularly useful when proving

the Dafermos-Rodnianski hierarchy in Section 4.4.2.

Corollary 4.4.3. Let ¢ be a solution of the wave equation with compactly supported initial data on ¥.
Then, given 7 > 0 and a spatially compact region K contained in R such that K N {r = 2m} =

K n{r =3m} = @, the following inequality holds:

/ ((atqs)? F00 + g Vol + ¢2> dVolp, < BT[g](m). (4.139)
K

where the constant in the previous inequality is independent of 1, but depends on the maximum and

minimum values of the radius function on K.

The next step is to obtain an Integrated Local Energy Decay estimate that does not degenerate on the
event horizon, thus allowing to control the radial derivative on the whole spacetime. For this purpose,
we will now apply some of the properties of the redshift vector field deduced previously. As expected,
in this case the spacetime integral will now be bounded by the energy flux IEN[QS}(T) associated to the
redshift vector field, since it also does not degenerate on s#*. In what follows, we also show that we

can replace the radial derivative 0, ¢ by the radial derivative J, tangent to the hypersurfaces v,

Proposition 4.4.4. (Non-degenerate Integrated Local Energy Decay estimate) Let ¢ be a solution
of the wave equation with compactly supported initial data ¥, and let 0, be the radial derivative tangent

to S, defined previously. Then, given v, > 71 > 0 and é§ > 0, the following inequality holds:

2 2 o~
/. (1 @)+ 5 (1= ) (5 @ +1Veol? ) + ¢> Woly SEV[Gl(m).  (4134)

r3

Proof. Equation (4.41) implies that

/ Ty [¢lnf dVola < / INT@InY dVolp +EN[¢](r1). (4.135)
R7EN{r<0.970} RZ2N{0.970<r<ro}

Note that for 0.9ry < r < rg,
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IN[GI ~ (8:0)° + (0,0)” + |Vs2 ] . (4.136)

Therefore, applying the degenerate Integrated Local Energy Decay estimate (4.70), we have

/ TN [g]n! dVola S EN[g](m). (4.137)
R72N{r<0.97¢}

On the other hand, the redshift vector fields satisfies

TV [gInf ~ (9:0)° + (Y ) + V20", (4.138)

for r < rg, s0 equation (4.137) implies

I (@10 + (Y6)* + [Vsr0f?) dVola < BV 6)(m) (4.139)
R22N{r<0.97¢}

Noting that for 0.9 vy < r < ry we have

(T9)* + (Y§)? ~ (T9)* + (0:0), (4.140)

the degenerate Integrated Local Energy Decay estimate (4.70) implies that

/ (00 + (Y 6)? + Vi) dVolas < BV [6(m). (4.141)
R:fﬁ{O.Q ro<r<rgp}

Since (T'¢)? + (9,0)* ~ (T'¢)* + (9-¢)?, for r > R, adding equations (4.139) and (4.141) to the
degenerate Integrated Local Energy Decay estimate yields the desired result.
O

We end the discussion about Integrated Local Energy Decay estimates with a fully nondegenerate
result (that is, one that also does not degenerate at the photon sphere), which will also be relevant
in the proof of the Dafermos-Rodnianski hierarchy in order to obtain energy decay estimates. Since
the Schwarzschild spacetime is static and spherically symmetric, the Integrated Local Energy Decay
estimate also holds with ©;¢ and T'¢ in place of ¢. Hence, considering that >°,(€2;¢)* = Vs20]?, we

obtain the following result:

Proposition 4.4.5. Let ¢ be a solution of the wave equation with compactly supported initial data on %.

Then, given o > 1, > 0, the following inequality holds:

/R = (00)° + 0,0)° + [Vs20]*) AVolae S E¥ (o) + BV [T)(m) + Y EV(@ul(r) . (4.142)

T2 7“4
1

Remark 4.4.6. Note that the function T'¢p seems to be ill defined on ¥y. Nevertheless, we can take T'¢

to be the solution of the wave equation with initial conditions T¢>|EO =¢1 andT(T¢ where the latter

) ’ ED ’
can be determined from the wave equation as follows:
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T(T9)|y, = (1 - 2:”) T%ar (7«2 (1 - 2;”) ¢0> + <1 — 2;“) T%Aszqso. (4.143)

As a corollary, we can now control the nondegenerate energy on arbitrary spatially compact regions,
which can intersect both the event horizon and the photon sphere, at the cost of adding extra energy
fluxes to the right-hand side of the inequality. Nonetheless, since T and ©; are Killing fields, these extra
terms are also bounded and will also satisfy a weak decay result that will allow us to deduce the main

final decay estimate.

Corollary 4.4.7. Let ¢ satisfy the wave equation with compactly supported initial data on ¥,. Then,

given o > 11 > 0 and Ry > 2m, we have

/RT?m{ <Ro} ((&ed?)? +(0,0)° + %2 V§2¢|2> dVolam Sg, IENW(H) I ]EN[TQS](Tl) N ZEN[QW](H) |
o Z (4.144)

4.4.2 Dafermos-Rodnianski hierarchy

Just like in the case of the Minkowski spacetime, we prove the exact same r-weighted inequality,
which will be used to prove the Dafermos-Rodnianski hierarchy for the Schwarzschild spacetime and,
consequently, an energy decay result. The main difference is that, in this case, the inequality only
holds for p < 3, which is a necessary condition for some extra terms arising in the proof to have the
correct sign. We emphasize that the proof of all results in this Section are quite similar to the Minkowski

spacetime case, as we again follow the approach introduced in [9] to deduce energy decay estimates.

Proposition 4.4.8. Let ¢ satisfy be a solution of the wave equation with compactly supported initial data

onXy. Givenp <3 andm > 1, > 0, we have

/ 172 (8,)% % dv dVolge + /
N.

T2
- D}

SET[g](r) + /N =2 (8,0)? r* dv dVolge .

T1

2 — 1
<p/rp—3 (&ﬂ/))z + Tprp_lﬁ |VS2¢2> 7'2 dt d?" dVOlSZ
(4.145)

Proof. Let ¢ be a smooth cut-off function depending only on the radius, satisfying {(r) = 0forr < R+1/2
and ¢(r) =1forr > R+ 1. Let V be a vector field defined as

V =r19,, (4.146)

where ¢ = p — 2. Applying the divergence theorem to the current J}{ [¢%] in the region D2, we have

T1?
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/D,2 (K [¢y] + Oy () (V(C))) 72 dt drr dVolse
= /N Ty 1C¢] (9)" dv dVolg: — /N TV [C¥] (8,)" dv dVolga — (4.147)

T1 T2

- / JY [C] (0u)" du dVolg: .
j+m{T1—R§uST2—R}

Let us start by computing the first bulk term. The deformation tensor of V' is given by

1 2m'\” 2 1 2m'\
A= (1- qri~t du® — o) o (122 qri™ | dudv+

4 r 2r2 r 4 r
(4.148)

2 q+1
+ (1 - m) T a2,
T 2

so that the first bulk term is

g (122 et} L acu? . (4.149)
r2 r 472

KY[CH] = 207104 (C)0u (C) + qri=" (D (C))? — (

This can be written as the corresponding bulk term for ¢ plus an error term:

K" [¢cv] = KV[Y] + Z1[¢, v, (4.150)

where Z;[¢,v] is a quadratic form on (¢, d,,¢) with smooth coefficients supported on {r < R + 1}.

Therefore, by applying Young'’s inequality, we have, for R <r < R+ 1,

12106l Sr ub)? + (0u)® + 5 (Va4 62
<n (00 +(0u0)° + 5 [Verol® + 67 (4.151)

~ (@10 + (0,0 + = [Vl + 6.
We now use a similar procedure for the second bulk term. First note that, since ¢ satisfies the wave

equation, ¢ satisfies

4 1 2m
*@&Laﬂﬁ + T*QASWJJ - TT¢ =0, (4.152)
so that we can write the d’Alembertian of ¢ as
2 2
Dgﬁ’ = 7(81111) - aud’) + ﬂw (4.153)
r 73
Hence, we can write the second bulk term as
(4.154)

Og(C) (V(C¥)) = 2r17 1 (8u)® = 207 10,080 + 2mir® 98,0 + Za[C, 4],
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where Z,[(, ¢] is an error term supported on {r < R+ 1} which is also a quadratic form on (v, 9,,%) with

smooth coefficients, so that one also has, for R <r < R +1,

12:1G,0]] S (016)? + (0,0)” + 5 [V + 62, (4.155)

Using the Integrated Local Energy Decay estimate in Corollary 4.4.3, one proves that the error terms

can be bounded by the initial energy:

[ 206wl + 20¢. 0l dt dravors

<

~ <(8t¢)2 F06) + 5 Vsl + ¢2) r2 dt dr dVols (4.156)

/Dme{R+1/2<r<R+1}
SR ET [¢] (Tl) ’

where we used the fact that R > 3m, so that the degeneracy at the photon sphere plays no role in the

previous estimate. The remaining part of the bulk term is given by

KVW}} + 27"(171(8711;[})2 - 27‘q718u¢8v¢ + 2m7’q731/)671¢
(4.157)
= (¢ +2)r7 1 (0u9)? +mri 30, (¥?) - iy (1 2) grott) L Vol
72 r 472

To control the error terms arising in the boundary integrals, we use a similar procedure:

TV [C)(00)" = r9(0ut)® + Z3[¢, 4], (4.158)

where Z3[(, ] is a quadratic form on (v, 9,1) with smooth coefficients supported in {r < R+ 1}, so we
have that, for R <r < R+1,

2
12516, Sn @00 + 5 (4.159)
Using equations (4.64) and (4.21), we have
/ | Z3[¢, ¥]|r? dv dVols:
2
<r / ((8qu5)2 + 2) % dv dVolgs (4.160)
N, N{R+1/2<r<R+1} r

<Sr ET[6)(m:) SET[¢l(n),

for i = 1,2. Moreover, notice that the integral over .#* is non-negative:

Ty [C0)(0u)" = 0u(C)Du(C¥) — % <1_42:18u(<¢)av(<¢) + %2 |VS2¢¢|2) (;) (1 - 2m>

2m\ 1 2
= - — 2 >0.
(1 ; )W Vel > 0

All these assertions allow us to conclude that
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2 2 1
/ ((q +2)r97 1 (0,0)% + mri729, (v?) — (Trq + (1 — m) qrq+1> e |V§2¢|2> r2 dt dr dVolgz +
DI2 r r r

T1

<),

Since p < 3, we have ¢ < 1, so we can apply the degenerate Integrated Local Energy Decay estimate

7 (8,1)) % dv dVolgz < CrEN [@](m1) + / r (8,1)* 1% dv dVolg: .

e Nz,

(4.162)

as follows:

2 1 1 ~
[ 2 Ve Vol £ [ 5 [Vof® aVolu £ E7(el(m). (4.163)
p2 T 4r DR T
where we used D72 N {r = 3m} = & to apply the result in Corollary 4.4.3 with non-vanishing coefficient

at the photon sphere. Additionally, we have 1 — 22 ~ 1 for r > R, so equation (4.162) implies that

1
/ ((q +2)r97 1 (0,0)* + mri=29, (v*) — qrq+14—2 |v§2¢|2) 72 dt dr dVolg: +
T2 ‘A
i (4.164)
+ / P9 (D)2 12 dv dVolg: < BT[6](r1) + / P9 (D)2 dv dVolgs .
N, N-,
Finally, we want to do an integration by parts on the term second term in the first integral of the previous

inequality. However, this would lead to a boundary term at {r = R} which we cannot control, so instead

we write this term as

mri=?9, (¥?) = mri=9, (C¥?) + Za[¢, ], (4.165)

where Z,[(, ] is a quadratic form on (v, 9,,) with smooth coefficients supported on {r < R+ 1}. There-
fore we have, for R <r < R+1,

| Z4[C, 0| Sr (B9)” + 62, (4.166)

and its integral can be bounded by E”[¢](r;) using Corollary 4.4.3 in the same way as was done for the

previous error terms. For the remaining term in (4.165), we have

/ ri719, (¢v*) dtdr dVolge
D"'2

T1

~ / r?710, (¢y*) dudv dVols:
D72

= —/ (q — 1)7*1*21 (1 - 27") Cp? du dv dVolge +/ ri7icy? >0,
D2 2 T F+0{r —r*(R)<u<rs—r*(R)}
(4.167)
where, in the last step, we used that ¢ < 1 (since p < 3). The r-weighted inequality now follows from
equations (4.164) and (4.167).

T1
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This r-weighted inequality allows us to prove the Dafermos-Rodnianski hierarchy for the Schwarzschild
spacetime. This hierarchy is slightly different from the corresponding hierarchy for the Minkowski space-
time, because the only fully nondegenerate Integrated Local Energy Decay estimate is the one in Propo-
sition 4.4.5, which has some extra terms on the right-hand side when compared with the estimate on

Proposition 3.2.2.

Proposition 4.4.9. (Dafermos-Rodnianski hierarchy) Let ¢ be a solution of the wave equation with

compactly supported initial data on ¥, and let v = r¢ be the radiation field. Given , > 71 > 0, we have

/ P EN [](r) dr <EN[¢|(r1) + EN [T¢](n)+Z1EN (] (1) + / ( ”w) T 12 gy dVolg:

1

/ 2 </ ( vz/}) - dU (:]V()152> S ENN[(M(H) / (81;1/1) r“dv dVolse .
1 N S

T 1

Proof. The second inequality of the Proposition follows trivially from setting p = 2 in equation (4.145).

Regarding the first inequality, we set p = 1 in equation (4.145) to obtain

/ ((&,W + i V§z¢|2> dt dr dVols: 51ET[¢](71)+/ ( “/’) ~ 2 2 dv dVolge . (4.169)
D72 N

To finish the proof we have to perform an additional computation to replace by ¢ on the left-hand side

of the inequality:

/ (8,10)° dt dr dVolge

7'2

To—1r*(R)
/ / / (&,( $))? dv dVolse du
TI—T* (R) S2 Ju+2r*(R
/7'1 r* (R) /S2 /u+2r <
v o1 om\
r? 4 10, (%) + 1—— | ¢°) dv dVols: du
T1—1* (R) S2 Ju+2r*( 2 r

2m

2
1 — 2> r$ Oy + — (1 — r) ¢2> dv dVolg: du

2

2+ 0u(re )) dv dVolgz du (4.170)

T2 — ’r’

/7'1 r*(R) /S2 /u+2r
To—1r*(R)

/‘rl —r*(R) /82 /1L+2'l” R)
To—1r*(R)

/‘r] —r*(R) /82 ~/u+27
/ / lim (r$?) dVols: du
S2 u+2r UA)OO

/ / / (0,0)° 12 + 0, (r(1 fC)qSQ)) dv dVolg: du
T1—r*(R) JS2 Ju+2r*(

The second term is a quadratic form of (¢, d,,¢) with smooth coefficients supported on {r < R+ 1}, so

(r(1—¢)¢?) + 8v(rg¢2)) dv dVols: du

(r(1 — <)¢2)) dv dVolse du-+
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we can use Corollary 4.4.3 to bound it by the initial energy, just like we did for the error terms in the proof

of equation (4.145), and obtain

T2 _ 2
/ </ <(av¢)2 + iz |VSQ¢|2) 2 dv dVOlgz) dr SET[¢)(r) +/ (9.9) r?dv dVolge . (4.171)
7_1 L 47“ N T

T 1

Since we have |Vt*| ~ 1 for r < rg and |Vit| ~ 1 for ro < r < R, we can add equation (4.144) with

Ry = R to the previous inequality and use the coarea formula to obtain the desired inequality. O

4.4.3 Energy decay and pointwise estimate

Despite the slight change in the hierarchy when compared to the Minkowski spacetime case, it can

still be used to prove energy decay.

Theorem 4.4.10. If ¢ a solution of the wave equation with compactly supported initial data on ¥y, then
there exists a constant C' > 0 such that

RN ¢

EN[gl(r) < =, Vr>0. (4.172)

B

Proof. Using the same notation as for the Minkowski spacetime, we define:

r

’ (4.173)
fa(T) = /N (0y10)*r? dv dVolgs .

fi(r) = /N ((9v¢)2r2 dv dVolgz ,

Since the support of the initial data is contained in the region {r < R}, these functions satisfy f;(0) =

f2(0) = 0. Then the Dafermos-Rodnianski hierarchy can be expressed as

[ E G S BVm) + VTl + SVl + falm).
T ~ " (4.174)
[ himar SEVigln) + fa(m).

First note that the energy decays with 1/7:

~ T _ - T . =N =N '~]\_/ -
B (g](r) = / BN gl(r)dr’ < 2 / BV g () ' < E1OIO) +ETTAI0) + 50, E7[2:6](0)

T Jo T Jo -
(4.175)
The second inequality of the hierarchy implies that the function f; is integrable on [0, co):
| nin i sEV 60 <. (4.176)
0

Define a sequence {7, }.en such that 7,, € [27,2"*!) and
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gn+l
on  f1(7T)dT

om , VneN.

fl(Tn) =

Therefore, f, satisfies

CEVgl0) . 1 _ 1
on ~oontl = o

fl (Tn)

IN

which immediately implies that

=N Tk ]EN T)dT N T, EN Tn . EN i Tn 1\(Tn
BV [6](rnsa) < Ja. — [_¢]T(n) < EVl() + B [T¢](2n)ﬂ+_%1nﬂ2 [9:0]() + fi(7a)

Since equation (4.175) also holds with T'¢ and ;¢ in place of ¢, estimate (4.179) implies that

Finally, the pointwise decay result follows immediately from the energy decay estimate.

(4.177)

(4.178)

(4.179)

(4.180)

(4.181)

Theorem 4.4.11. Let ¢ be a solution of the wave equation with compactly supported initial data on %.

Then there exists a constant C > 0 such that

sup |¢p(z)| < —, V7 >0.

TEX

S 1Q

(4.182)

Proof. The proof is exactly the same as that of Theorem 4.3.6, but in this case one uses the fact that

the energy decays with 7—2, instead of just using that it is bounded.

O
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Conclusions

In this work, we were able to prove that the solutions of the wave equation with smooth and com-
pactly supported initial data are bounded, and moreover decay in time, both for the Minkowski and
Schwarzschild spacetimes. For this purpose, we made use of the procedure introduced in [9], called the
Dafermos-Rodnianski hierachy, which proved to be a robust energy method that allows the derivation
of energy decay estimates. We also followed the work [21] to obtain an Integrated Local Energy Decay
estimate for the Schwarzschild spacetime, by adapting it slightly to the hypersurfaces that we considered
in our proof.

Moreover, we note that in the case of the Schwarzshild spacetime two energy degeneracy phenomena
take place, associated to the presence of the event horizon and to the trapping of light rays on the
photon sphere of the black hole (which is an obstruction to the decay of energy near this surface).
The first degeneracy was resolved, following [2], by constructing a vector field with a corresponding
nondegenerate energy flux, which relies heavily on the fact that the surface gravity of the Schwarzschild
black hole is positive. Hence, the redshift effect occurring in the vicinity of the black hole turned out
to be crucial for obtaining the aforementioned results. Additionally, a simple application of the spherical
symmetry of the Schwarzschild spacetime allowed us to overcome the degeneracy at the photon sphere.

The results presented in this thesis could be further improved by weakening the conditions to be
satisfied by the initial data. For instance, this proof did not require the initial data to be smooth, but
rather to satisfy ¢\EU € H*(%p) and 8tqb|20 € H?*(X,). Additionally, one could also have considered
initial data supported away from the bifurcation sphere, instead of having compact support, provided
that ¢|Zo — 0 as r — oo, since this condition is indispensable in our proof. This could be done, for
example, by imposing initial data on the hypersurface {t* = 0}, as this hypersurface crosses the event
horizon instead of approaching the bifurcation sphere.

The methods employed throughout this work relied heavily on the spherical symmetry of the Minkowski
and Schwarzschild spacetimes, especially for obtaining pointwise bounds from energy estimates. The
next goal would naturally be the study of the wave equation on the Kerr spacetime, which, however,
is only axysymmetric. Therefore, this would require different techniques to deduce analogous results.
Moreover, the trapping phenomenon in this spacetime is far more complicated, since light rays can be
trapped at different values of the radial coordinate, thus leading to additional issues that need a careful
analysis to be solved. Nevertheless, many of the techniques presented here can still be appropriately
adapted to the Kerr spacetime, leading to proofs of boundedness and decay for the solutions of the wave

equation (see for instance [9, 25]).
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