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Abstract

In this thesis we carry out a study of the dressing of point charges in classical field
theory. We therefore provide a detailed analysis of the massless wave equation as
a differential equation of distributions on space-time. Our main focus lies on the
regularity structure of certain types of solutions. This leads us to introduce the notion
of time foilable distributions and to develop tools to analyze them. Our formalism
provides a rigorous understanding of the “germination” of asymptotic fields and offers
insights into the complications that arise in the construction of scattering states in
the quantized version of the theory.
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Chapter 1

Introduction

This thesis is dedicated to the analysis of the regularity of fields and potentials in classical electrodynamics.
It is performed within the theory of distributions on space-time, which, in addition to smooth charge
distributions, also enables the treatment of singular sources such as point particle trajectories. A thorough
understanding of these fields and their potentials is crucial for the construction of theories that couple
them dynamically to charges. So far, no fully satisfactory formulation has been found for point charges
which incorporates the empirical effects one would like to address within the range of the presented theory.
Furthermore, the insights in this thesis go beyond classical theories as the regularity of the potentials
plays an important role in quantum field theoretical models. We survey established results in various
models in the following section to outline the motivation for the questions addressed in the subsequent
chapters. These will be summarized in Section 1.2 followed by an overview of the structure of the thesis.

1.1 Survey of Models in Classical Electrodynamics

We consider models of classical electrodynamics involving the coupled dynamics of charge distributions
and fields or potentials. In these models, the charge distributions are restricted to the form of a finite
number of charged particles. These are considered as either point-like or extended but compactly confined
clouds without any internal or rotational degree of freedom. Before stating our objectives in Section 1.2
below, we provide a short introduction to the models considered in this study.

1.1.1 Naive Maxwell-Lorentz Electrodynamics: This is the text-book theory of relativis-
tic point-charges coupled to electromagnetical fields which is not well-defined. This fact is not just a
mathematical curiosity but indeed challenges the formulation of theories of this character in physics.

1.1.2 Pseudo-Relativistic Abraham’s Model: A model that replaces the point particles
by extended but compactly supported charge clouds. The dynamical equations are well-defined and many
features of their solutions are rigorously understood. In particular, an effective self-interaction leads
to the effect of radiational damping. However, indications exist that the dynamics is not empirically
adequate when considering charge clouds of radii below a certain threshold.

1.1.3 Maxwell’s Fields: We consider the charge distribution as given and regard only the dynamics
of the electromagnetical fields. The equations of motion can be regarded in a generalized setting allowing
for a rigorous discussion of the regularity of solutions even in the case of point particles. This provides
insights into the challenges occurring when constructing coupled theories.

1.1.4 Scalar Abraham Model: By replacing the interaction via electromagnetical fields or
respectively via their gauge potentials by one scalar potential while considering non-relativistic particles,
the pseudo-relativistic Abraham model reduces to a much simpler coupled theory of charged extended
particles interacting with one potential. Still, the solution carries much resemblance with the former
model.

1.1.5 Scalar Potential: Similar to the case of Maxwell’s fields the dynamics of the scalar potential
for point particle sources can be regarded in some generalized setting. This renders their discussion
valuable for the coupled theory.
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1.1.1 Naive Maxwell-Lorentz Electrodynamics

As typical for a theory with its origin in the 19th century, Maxwell-Lorentz electrodynamics does not only
deal with observable quantities but proposes a realm of beables and their dynamics in a static spacetime.

Matter is modeled via point particles which are assigned positions in three dimensional space r(t) for any
given time point ¢. Since the law of motion is not governed by some static potential but via entities E(t)
and B(t) which are themselves dynamic with regard to time, they are also usually attributed ontological
character. Thus, electrodynamics in its orthodox formulation is a theory about particles and fields. The
full dynamical law of these entities is constructed by coupling the Lorentz und the Maxwell equations
and considering them as an initial value problem in the following way:

Theory 1 Naive Maxwell-Lorentz Electrodynmaics

The ontological basis of naive Maxwell-Lorentz electrodynamics consists of

« a finite number of N € N point particles, each individually characterized by an index ¢ € [N], a
mass m;, a charge ¢; and time dependent position r; : R — R3¢+ r;(t)

. and two fields (E,B) : R x R® — (R® x R?), (t,z) — (E(t,z),B(t,z)).

Its dynamics is governed by the following set of differential equations

Maxwell’s equations Lorentz’ equations
OE(t,x) = =V x B(t,x) d . . E(t,r;(t))
’ ’ —myy (5 (8)) 7 (t) = g -
9,B(t,x) = V x E(t,x) — j(t,x) g™ 1) +i5(t) x B(t,r;(t))
V- E(tx) = p(t,x) for all particles i € [N] with y(v) :=1/v/1 —v2 € Ry
V- -B(t,x)=0
N N
which are coupled by p(t, ) = Zqzc;(x —ri(t)) and j(t, @) = Z qit; (£)8 (x — r;(t))
i=0 i=0

This theory is usually understood as an initial value problem, which, by providing at some fixed
time t¢ € R initial

. particle positions and momenta (r;(t), vi(to)) € R* x R? for all particles i € [N]
. and field configurations (E(to,-),B(to,")) : R* — (R® x R3),z — (E(to, ), B(to, ))

fulfilling the conditions |v;(tg)| < 1, V - E(to, ) = p(tg, ) and V - B(¢o, ) = 0, is expected to yield
r;, E and B at all other time instances.

Breakdown

This vague idea of a theory cannot be solidified without major modifications. A broad overview of the
occuring problems in such an attempt is given in [Spo04, Chapter 2.3]. In a nutshell: Since in this model
the fields are sourced by the charged particles, the point like nature of their charge distribution necessitate
singularities of the fields. The Lorentz equation determines the particle evolution via evaluating the fields
at these points in space. There is, thus, no canonical way to grasp the acceleration of the charged particle
by those fields.

An additional mechanism needs to be put in place to complement the ideas sketched above to a coherent
picture. Some ideas result in a substantive shift in perception even on the ontology (like Wheeler-
Feynmann-Electrodynmaics) while others deviate less from the painted picture. In the present study,we
follow extentions of the ideas of [Abrl4].
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1.1.2 Pseudo-Relativistic Abraham’s Model

Abraham’s idea is to eliminate the generation of the singularities occurring in the laws of dynamics by
substituting the point like particles with extended charged clouds.! Their charge density distribution is
modelled by a common fixed function g € C2°(R3 Rx>() spherically symmetric with f]R3 d*ro(x) =1 in
some fixed reference frame not susceptible to any dynamics. This breaks special-relativistic covariance
and opens up a huge parameter space (C2°(R3,R>0)) but results in a theory whose complicated coupled
dynamics can be understood in certain cases.

In the context of other more drastic modifications, this quite minimal replacement leaves us with a
relatively similar ontology. The equations of motions are modified to resemble interaction of rigid bodies
with electrodynmaical fields. Neither internal nor rotational degrees of freedom are implemented.

Theory 2 Pseudo-relativistic Abraham’s Model

The ontological basis of the relativistic Abraham Model consists of

. a finite number of N € N p-shaped particles each individually characterized by an index i € [N],
a mass m; > 0, a charge ¢; and time dependent position r; : R — R3¢ s r;(t)

. and two fields (E,B) : R x R? — (R? x R3), (¢,z) — (E(t,z),B(t, x)).

The dynamics is governed by the following set of differential equations

Maxwell’s equations Lorentz’ equations
0E(t,x) = —V x B(t, x) d . . o+ E(t,r;(t))
’ ’ —myy (1:(6)) 1 () = ¢; .
9,B(t,x) = V x E(t,x) — j(t,x) dt (£:(t) +1i(t) x 0 * B(t,ri(t))
-E —
V- Bt x) = o(t,x) for all particles i € [N] with y(v) :=1/y/1 —v? € Ry
V- -B(t,x) =0
N N
which are coupled by p(t,x) = Zqig(:c —r;(t)) and j(t, ) = Z giti(t)o(z — i (t))
i=1 i=1

This theory is usually understood as an initial value problem which by providing at some fixed
time ¢y € R initial

. particle positions and momenta (r;(t), vi(to)) € R® x R? for all particles i € [N]
. and field configurations (E(to,-),B(to,")) : R* = (R® x R3),z — (E(to, z), B(to, x))

fulfilling the conditions |v;(to)| < 1, V - E(tg,x) = p(to,x) and V - B(t, ) = 0 is expected to yield
r;, E and B at all other time instances.

Despite the complexity there are several properties of this model proved around the 2000s with mathe-
matical rigor. Many restrict to the one particle model which we will focus on in the following. A short
overview will follow which is a subset of the survey in [Spo04, Chapter 2.4, Chapter 5].

The statements are formulated in a setting where the fields E and B are understood as E,B : R — .#Z?% C
L*(R%)%,t — (E¢,By) := (z — (E(t,),B(t,))) such that the spatial derivatives of Maxwell’s equations
are understood in a weak sense in .# and time derivatives are constructed by covering the linear superset
of .# with a suitable method-dependent topology.

Initial Value Dynamics

For a single particle and large classes of initial configurations (r(to), v(to), E(to,-), B(to,-)) fulfilling the
constraints in the initial value formulation and having finite field energy global existence of solutions in
the mentioned sense is granted by the laws of dynamics. Proofs using different techniques can be found
in [KS00], [BDO01] and [BDD13].

1This dates back to before Einstein’s special relativity. Abraham’s non relativistic model of extended electrons is presented
in his book "Theorie der Elektrizitat II” [Abrl4, Chapter 3].
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Radiation Damping

A prominent feature of classical electrodynamics is Bremsstrahlung. The by energy-loss expected friction
force counteracting acceleration of the charged particle is a result of Abraham’s model. A reliable
rigorous result on the relaxation to constant motion lim;_, ., #(¢) = 0 has been achieved in [KS00] by the
implementation of additional restrictions of the initial field configurations and the charge density. Scale
separation (overview in [Spo04, Chapter 7]) arguments allow to extract the Abraham-Lorentz force used
in heuristic approaches to model self-force.

Dressing: The Soliton

Due to the coupling of the naked charge and the electromagnetical fields, a freely moving charge is
expected to carry along an accompanying field. Dynamics in the Abraham model with one charge
following straight lines can be found in [Spo04, Chapter 4.1]. Considered in the rest frame of the electron,
the accompanying fields are the usual, by the transformed charge distribution smeared, Coulomb fields of
a point particle at rest. This dressed charge moving constantly on a straight line is called soliton.
Based on the observation of the relaxation to constant movement by radiational damping, [IKMO04]
proofed a rigorous result about the convergence of the dynamics to the soliton when initiated by
field configurations with additional decay behavior and the before mentioned condition on the charge
distribution. By considering situations of slowly varying external potentials, one can extract an effective
dynamics of the soliton. This is achieved in [Spo04, Chapter 7] by taking advantage of the scale separation
between the resulting external force and the dimension of the charge distribution.

Mass-Renormalization and Runaways

In the before mentioned effective dynamics, the mass of the soliton is constituted by two terms. One
part is due to the bare mass, i.e. the parameter m in Abraham’s model. The second contribution can be
traced back to the inertia of the electromagnetical dressing field which gets carried along. It increases
when the charge distribution shrinks towards a point it increases and limits at an infinite value. But
even before the limiting point there are hints for an arising dynamical instability of the model. Since
the effective mass needs to be compared with experimental data, the bare mass is adjusted accordingly.
If the charge distribution has a characteristic diameter below the classical electron radius, the field
contribution forces the bare mass to become negative. The methods in [BDO01] still guarantee the existence
of the dynamics under the stated assumptions on the initial conditions but there seem to occur so called
runaways, situations in which the electron exponentially accelerates, which can be considered unphysical.

1.1.3 Maxwell’s Fields

The analysis of the Abraham model is very challenging. Many aspects about the complications of the
fully coupled theory can be studied by restricting oneself to the scenario where the dynamics of the charge
is considered given and restricting one analysis to the generated fields. We will see in the following that
in this case we do not need to restrict ourselves to extended charges but are also able to cope with the
point particle. Thus, we state the model for now in a vague way.

Theory 3 Particle-Sourced Maxwell Fields

The ontological basis in this model consists of

. one g-shaped particle (either extended or point like) with charge ¢ and a given smooth trajectory
r: R — R3¢+ r(t) such that there exists vmae < 1 With |[F(¢)| < Vyas for all t € R

. and two fields (E,B) : R x R® — (R® x R?), (t,z) — (E(t,z),B(t,z)).

The dynamics of the particle is considered as externally fixed while the fields are governed by the
following set of differential equations

Maxwell’s equations

E(t,x) = =V x B(t,x)
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0B(t,x) =V x E(t,x) — j(t,x)

V- E(t,x) = p(t,x)
V- -B(t,x)=0
N N
which are sourced by p(t,z) = Z gio(x —r;(t)) and j(t, ) = Z giti(t)o(z — r;(t))
i=1 i=1

The theory is usually understood as an initial value problem which, by providing at some fixed
time tg € R initial field configurations (E(to, -), B(to, )) :R3 — (R3 x R3), z — (E(to, a:),B(tO,w))
fulfilling the conditions V - E(to, ) = p(to, ) and V - B(tg, z) = 0, is expected to yield E and B at
all other time instances.

Note that ¢, E and B will not turn out to be functions in an ordinary sense in the case of an point
particle. Thus consider the introduction to the model rather as an heuristic sketch.

Extended Particle

In the case of a smooth charge distribution ¢ € C°(R3) and differentiable initial field configurations,
Maxwell’s equations can be understood in the regular sense as partial derivatives of functions.

Initial Value Dynamics: The dynamics of the E and B fields initiated by smooth configurations
is unfolded by Kirchhoff’s formula as can be seen by a reformulation of the equations of motion. This has
been shown in [Decl0, Theorem 4.14].

Dressing: In [Decl0, Theorem 4.14] Deckert proved in addition, that solutions pointwisely approach
some fixpoint of the dynamics with increasing temporal distance to the initial time ¢ if the initial fields
obey some decay behavior at infinity ([Decl10, Theorem 4.18]). In physics, this solution is referred to as
the Liénard-Wiechert fields. As discussed in the coupled Abraham model, the radiational damping forces
the particle on straight lines resulting in an relaxation to the soliton. Considering particle trajectories in
this model resembling such kind of behavior one can discuss a relaxation to the boosted and smeared
Coulomb fields.

Germination of the Dressing: In particular [Decl0, Theorem 4.18] does not impose the
constraints of the initial value problem, i.e. V- E(tg, ) = p(to, ) and V - B(tg,x) = 0, on the initial
fields. Thus, it includes the special case of considering E(tp, ) = 0 and B(tg,x) = 0 at ty € R. In this
case the theorem additionally provides the pointwise convergence towards the Liénard-Wiechert fields.
This germination of the dressing out of the vacuum can be used as a scheme of generating asymptotic
fields. Especially, when considering theories of complicated coupled dynamics without any exact solutions
available, this method becomes fruitful.

Point Particle

One can also say a lot about this model in the case of a point particle. The linearity of Maxwell’s
equations in E, B and g allows to assign them a concrete meaning beyond evaluatable functions on R*
which gives insights into the challenges of the construction of an completely coupled model. A detailed
analysis has been performed in [Harl8] where the charge distribution is considered as a ¢ distribution
0 =0 € ®'(R®) and the time dependent fields as time dependent functions of spatial distributions
(E,B): R — ((2'(R?))? x CD’(R3)3) with a certain strong notion of ¢-differentiability”“" ©!¢ with respect
to the time parameter.

Initial Value Dynamics: The existence of the dynamics initiated by initial values of a special
form has been proven in [Harl8, Lemma 4.2.3]. There, initial field configurations were regarded which
are retarded Liénard-Wiechert fields sourced by an arbitrary charge trajectory in the past that is only
constraint to coincide with r(tg) at to.
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Shocks: [Harl8] actually treats a coupled system of finitely many point charges coupled via elec-
trodynamical fields. In the model, self-interaction terms expected to lead to radiational damping are
neglected. This model raises concerns towards the assumption that electrodynamics of point particles can
be understood as an initial value problem. The argument is built upon the observation that most initial
configurations lead to reproducing singular wavefronts resulting in non differentiable particle trajectories.

Gauge Potentials

When regarding implications of the preceding discussions in quantum theories of electrodynamics, the
dynamical laws should be rewritten in their hamiltonian form. The orthodox way of doing so is by
introducing of gauge potentials ® : R x R? — R and A : R x R? — R3, such that

E=-0A—-V® B=VxA,

and the following lagrangian:

N

L(r,®,A)(t,z) =) <mm — g (g « ®(t,r(t)) —£(t) - 0% A(t, r(t))))

i=1
1 i, 2 2
+3 [ dw (v<1>(t,cc) + (’9tA(t,:c)) —(VxA)).
R3
The Euler-Lagrange equation agree with the equations of motion of Theory 2, i.e. the pseudo-relativistic
Abraham model. Due to the so called gauge ambiguity in the potentials ® and A, they do not directly

represent physical degrees of freedom. Thus the transition to the hamiltonian formulation needs additional
treatment which we will circumvent by regarding a simpler model.

1.1.4 Scalar Abraham Model

From now on we will consider a simpler model which resembles many features of classical electrodynamics
in the sense of its mathematical structure. This model consists of particles interacting with just a single
potential. The particles are going to be treated non-relativistically and, in anticipation of otherwise
ill-defined dynamics, as p-shaped. The interaction is mediated by some scalar field which plays the role of
a potential for the particle.

Theory 4 Scalar Abraham Model

The ontological basis of this model with scalar interactions consists of

. a finite number of N € N p-shaped particles each individually characterized by an index i € [N],
a mass m; > 0, a charge ¢; and time dependent position r; : R — R3¢ — r;(t)

. and one field ¢ : R x R? — R, (¢, z) — &(t, ).

The dynamics is governed by the following set of differential equations

Wave equation Particle equation

D¢(t, ) = p(t, x) %mii‘i(t) = —q;Vox* ¢(t,r;) for all particles ¢ € [N]

N
which are coupled by p(t, ) = Z%Q(ZB - ri(t)).
i=1

This theory is usually understood as an initial value problem which, by providing at some fixed
time tg € R initial

. particle positions and momenta (r;(to), vi(to)) € R* x R? for all particles i € [N]
. and field configuration (qS(to, s q'S(to, )) ‘R3S RxR,z+— (¢(t0, x), o(to, :c)),

is expected to yield r; and ¢ at all other time instances.
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Comparison to Electrodynamics

In this theory of scalar interaction, the field ¢ is to be compared with the potentials ® and A in classical
electrodynamics. When applying the Lorenz partial gauge fix 9;® + V - A = 0, the equations of motion
for the fully coupled Abraham model (with non-relativistic particles) in term of the potentials reduce to

p(t, )

Maxwell’s equations: ’
4 it z)

>/—\
-~ o+
8 &
I

d
Lorentz’ equations: amzr,(t) =—q;Vox®(t,r;) + q; (

—ox O A(t,1i(t)) >
+1;(t) x (0% V x A)(t,1;(t))

which “contains” the scalar model when restricting to A = 0 and setting ¢ = ®. This, however, is
a questionable “limit” of the theory since Ay ~ 0 ~ Ag at t; does not need to imply that A and its
derivatives stay small since it is dynamically coupled to ®. Further, there is a left over gauge freedom
which allows to shovel over parts from ® to A. Still, this model, and in particular its quantized version,
provides a valuable setting to test ideas which are to be applied to electrodynamics later. We will argue
towards the end of the thesis that for the again simplified model of analysis the connection is quite close
and the characterized effects are expected to carry over.

1.1.5 Scalar Potential

In section 1.1.3 we have seen that it is possible to learn a lot about the problems occurring in the coupled
system of particles and fields by analyzing the fields sourced by some given charge trajectory of a single
particle. Similarly, we expect insights on the scalar Abraham model by restricting ourselves towards the
analysis of the scalar field in the following model:

Theory 5 Particle-Sourced Scalar Potential

The ontological basis in this model consists of

. one p-shaped particle (either extended or point like) with charge ¢ and a given smooth trajectory
r: R — R3¢+ r(t) with some maximal velocity vpax < 1 such that ||[#(t)]| < vmax and

. one field ¢ : R x R3 = R, (t,z) — ¢(t, ).

The dynamics of the particle is considered externally fixed while the potential is governed by the
wave equation O¢(t,x) = p(t,x) which is sourced by p(t, z) = qo(z — r(t)).

This theory is usually understood as an initial value problem which, by providing at some fixed
time ty € R initial field configuration (¢(t0,«),¢(to,-)) ‘RP 5 Rx R,z — (¢(t0,m),¢(t0,x)), is
expected to yield ¢ at all other time instances.

1.2 Objectives

The rest of thesis is concerned with the analysis of solutions of the dynamics of the wave equation with
specific kinds of sources, in particular including point particle trajectories. Our main objective is the
understanding of the dressing of charged particles with their Liénard-Wiechert fields. Special interest
lies in the generalization of the statements concerning the germination of the dressing Maxwell fields for
extended particles. We summarize:

Distributions and Green’s Functions: We familiarize ourselves with the theory of distri-
butions on space-time which provides for linear partial differential equations, like the wave equation, a
formalism of generalized functions capable of treating singular sources. The extension exceeds the setting
of distribution on space valued functions of time used in [Harl8] and provides a comfortable ground for
the method of Green’s functions. We prove that the advanced and retarded Green’s functions can indeed
be formulated as distributions on space-time and provide their, for our purposes relevant, properties.
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Sources and Solutions: The sources of the potentials are also stated as distributions on space-
time. We provide large classes of sufficient conditions for the construction of solutions to the dynamics by
the convolution product of advanced and retarded Green’s functions and the sources.

Regularity of the Potentials: Both for the discussion of the initial value formulation of the
scalar field and for their asymptotics, a certain kind of regularity with respect to time is necessary. We
provide, therefore, a notion of time-foilable distributions which are distributions that can be regarded as
distributions on space valued functions of time. The formalism of [Har18] is included within this setting.
In the special case of charge trajectory sources, an explicit form of the solution can be provided.

Selection of the Potential: We discuss the special role of the constructed solutions of the
dynamics in the context of initial value constraints and constraints on the asymptotic behavior of
solutions. Special interest is placed on the germination of the dressing potentials.

Structure of the Thesis

Chapter 1 lays out the instruction and provides an overview on the question which we address in this
thesis. In the following Chapter 2, we dedicate one section to each of the objectives. Finally, the main
body of this thesis closes with Chapter 3, where we provide an outlook. The mathematically rigorous
groundwork of the introduced formalism is laid out in a comprehensive manner in Chapters 4 to 7.



Chapter 2

Scalar Potentials

We dedicate ourselves towards the analysis of the massless wave equation

O¢=0p (2.1)

as a differential equation of generalized functions in the sense of distributions on space-time. The
development of tools and their application for the construction of specific solutions and the analysis of
their regularity are executed in Sections 2.1 to 2.3. Section 2.4 provides a discussion of the relevance of
these solutions in the context of Theory 5 of particle-sourced scalar potentials with special emphasis on
dressing potentials.

2.1 Distributions and Green’s Functions

In the case of a sufficiently smooth charge-distribution g of the particle, the wave equation can be
understood in the conventional sense of convergent differential quotients of pointwisely defined functions.
This notion, however, falls apart when regarding sources representing moving point particles. A suitable
formalism is provided by distributions, generalizations of pointwisely defined functions with a weak
notion of derivatives. We present a didactic introduction to these tools in Section 4.1 and limit ourselves
to mentioning only the most relevant definitions and statements in this section. Furthermore, certain
elementary inhomogeneities can be understood as generalized functions with support at a single space-
time point allowing for a linear decomposition of the sources. Due to the linearity and translational
invariance” " *!'! of the partial differential operator O, one can construct solutions ¢ of Equation (2.1) for
many sources out of solutions for these elementary inhomogeneities. Additionally, despite the given source,
the wave equation is covariant with respect to Poincaré-transformations. The formalism of distributions
on space-time respects this symmetry of time and space.

2.1.1 Distributions

Distributions on space-time, a specific setting of generalized functions, are linear forms”*" ! denoted
by LF[C°(R%,C), C], on compactly supported and smooth functions C°(R*, C) which are continuous
with respect to a specific topology”“" *''? on C2° denoted by 7¢e. The compactly supported and
smooth functions are referred to as test functions. The set of distributions is a topological vector space
with its weak topology”*" !, denoted by 7 f|coe], with respect to the test functions:

Definition Distributions on Space-Time

Given @ = (C’é"’ (R*,C), Togo) we call the following topological vector space the space of distributions
on space-time:

D' (RY) = ({u € LF[C>,C]|u:D — (C,]|-]) is COntinuOuS},TLF[Ccoo]>.

This notion of generalized functions provides a particular rich framework for our discussion due to the
following reasons:

13
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« Any locally Lebesgue integrable function on space-time is canonically embedded in @’(R*). Such
a function is called a representation of the corresponding distribution by functions, or in short, a
representation.

« Since the test functions are closed under the application of any linear partial differential operator
0 the action of d can be defined on @'(R*) by duality”“" **'*. It coincides with the conventional
and weak derivatives of (weakly) differentiable functions along the canonical embedding. Thus,
distributions offer a generalized setting for partial differential equations like our wave equation.

b2

« The compactness of the support of the test functions allows for the “arbitrary growth at infinity
of the generalized functions. An additional benefit lies in the fact that the Fourier-Laplace
transformation”“" *% of these test functions is holomorphic, allowing for the construction of
distributions via complex surface integrals introduced in Section 4.2. We will use these methods in
Section 2.1.3.

« Requiring the continuity of the linear forms with respect to the special topology Tce on the test
functions limits the pointwise irregularity of the distribution to a certain degree. We argue in
Section 4.1 that this degree is sufficient for the discussion of linear partial differential equations.
Furthermore, we see in Section 2.2 that these kinds of pointwise irregularity still allow for a
generalization of the convolution on these generalized functions which is essential for our discussion.

« The weak topology on the space of the generalized functions is weak enough such that operations
like the application of partial differential operators or the convolution with other distributions are
(sequentially) continuous.

The mentioned pointwise irregularities and the global behavior of distributions become clear by the
following theorem (Theorem 4.1.25):

Theorem Regularity Theorem for Distributions on Space-Time

Given u € @'(R*), there exists (Ya)aeny in C(R*,C) such that for all compact K C R?, the set
{a € N) | spua NK # @} is finite and the following equality holds true:

u = Z 0% Uy -

aeNY

Put loosely, distributions are locally finite weak partial derivatives of continuous functions.

Tempered Distributions

When considering linear partial differential equations, the Fourier-Laplace transformation is especially
useful since it turns a differential equation into an algebraic one if the involved partial differential operator
is translation invariant. A generalization of these methods can be implemented in the contest of linear
forms on test functions as expanded in Section 4.2. Furthermore, it comes with advantages to limit oneself
to the more restrictive setting of generalized functions called tempered distribution on space-time. They
are themselves linear forms of Schwartz functions S(R*, C)”" #2:17 j.e. smooth functions whose partial
derivatives of any order decay faster than any inverse polynomial at infinity, which are continuous with
respect to the topology 75" **'” on S and equipped with the weak topology"”" *!'1. §(R*,C) are
then called tempered test functions.

Definition Tempered Distributions on Space-Time

Given § := (S’ (R*, (C),’TS), we call the following topological vector space the space of tempered
distributions:

S'(RY) := ({u € LF[S(R*,C),C]|u: 8 — (C,]|-]) is continuous}m._p[s}).

Indeed is &’(R*), according to Proposition 4.2.18, canonically identified as a subset of @’(R*). For these
generalized functions, there exists a powerful generalization of the theory of Fourier transformations:

Def. 4.1.

1

)
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« The tempered test functions are closed as well under the application of linear partial differential
operators allowing for the formulation of weak differential equations.

« The Fourier transformation in Definition/Theorem 4.2.10 is according to Theorem 4.2.20 a continuous
bijection on (S (RN ,(C),TS). Thus, the Fourier transformation defined on &’(R*) by duality is
bijective.

« Due to its definition by duality, the Fourier transform and its inverse on &’(R*) are continuous with
respect to the weak topology (Theorem 4.2.20).

« By loosening the decay behavior of the test functions, the “growth at infinity” of tempered
distributions is restricted by polynomial growth.

. The continuity requirement of the linear forms with respect to 7g limits the local, pointwise
irregularity of these generalized function to the same degree as of distributions.

The last two statements are again supported by the following theorem (Theorem 4.2.23):

Theorem Regularity Thm. for Tempered Distributions on Space-Time

S'(R*) = {80‘9 | g € C(R*,C) and polynomially bounded, o € N } with weak derivatives in the
sense of Def. 4.1.14.

2.1.2 Green’s Functions

As already stated in the introduction of the section, we want to linearly decompose the source p into
elementary inhomogeneities supported at a single space-time point. These elementary inhomogeneities
are translations”¢" *12 and 123 of the delta distributions”¢/mition/Proposition 111 oy gpace-time:

Definition Lemma Delta Distributions on Space-Time

We call § € §'(R*) defined by 6 : & — C, ((¢,@) — f(t,x)) — [f] := f(0,0) the delta distribution
on space-time.

It is according to the characterization of continuity of linear forms on S(R*, C) in Theorem 4.2.24
indeed continuous.

Our objective is now to find a solution of Equation (2.1) with p replaced by § within the setting of
distributions. We call such solutions Green’s functions”*" *'?% and denote them by G. In Section 4.2.1,
two lines of thought are provided on how to find such solutions. Both construct a linear decomposition map
LC* (Def. 4.2.2 and Lemma 4.2.4), the elementary inhomogeneity, into plane waves (¢, ) ~— e!(w!=(kl=))
with k € C* turning Equation (2.1) into the algebraic equation

Mph,ot IG*(G) = IG*(&) (22)
where m,, ot is the characteristic polynomial¢/nition/Lemma 2.1 of the transposition”*" *!!* of 9 on
certain vector spaces of linear forms. Since the set of zero points {my, o = 0} of m, o is quite large, it
is involved to retrieve a distribution which is indeed a distribution.

2.1.3 Green’s Functions of the Wave Equation

Section 4.4 performs the two constructions of Section 4.2 for the advanced and retarded Green’s functions
of the massless wave equation”“" **1:

Definition Advanced and Retarded Green’s Functions

We will call the following linear forms the advanced and retarded Green’s function

1
Grav/ret . GRA. C) 5 C, f s /dttQ/ dQ(&)(F O(Ft)) = f (¢, [t|®)
R 51(0) 47T|t|
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which are abbreviated by writing

1
Gadv/ret(t’ x) = :F@(ZFt)mé(h" +1t)

which is just a formal expression not to be understood as the evaluation of a function or the
composition of its ingredients.

For the sake of clarity, we will limit ourselves here to a sketch of the construction and refer to Section 4.4
for details:

Construction by avoiding {m,, 5 = 0}: We choose a linear decomposition map L€* involving
just functions (t,x) s ! @!=kl2) guch that (w, k) & {myn.o = 0}. This leads to
Gadv/ret . CSO(R4, (C) N (C, f N Gadv/ret [f] _ (271_)—4/2/ deBk (‘g;cphf)(w;k)
o —w?2+k

where %L is the Fourier-Laplace transformation”“" *?% and [_ dwd% is understood as a complex surface
integral”*" %14 on a domain determined by the curves”" **? JT 7= respectively ===r=. These curves
are constructed in such a way that the resulting complex surface avoids {mp, o = 0}. Now, the task
consists of showing that this linear form indeed coincides with the representation given in the definition
and proving its continuity.

Construction without avoiding {m,,n = 0}: We restrict ourselves by regarding Equa-
tion (2.1) as an equation of tempered distributions and use the Fourier transform F,, on &'(R*) as
the linear decomposition map £LC*. Equation (2.2) is then also an equation of tempered distributions
due to bijectivity and bicontinuity of the Fourier transform on tempered test functions. This comes
at the advantage that solving Equation (2.2) for a continuous linear form on S(R*, C) implies that the
corresponding G is ensured to be continuous, too. However, since this linear decomposition involves plane
waves (t,x) — @~ &2) with (w, k) € R* and R* N {m,n.o = 0} # 0, it complicates the solution of
Equation (2.2). We adapt by replacing m, o with (w,k) — —(w £ig)? + k2, and solve the resulting
equation leading to

(27r)'4/2
—(w£ie)2 + &k
and perform the limit € — 0 of the solutions in the weak topology. Similar to the other construction, it
remains to be shown that the resulting tempered distribution agrees with the definition of the advanced
and retarded Green’s function.

FopGEV/ret R 5 C (w, )

These discussions lead to Theorem 4.4.3, which also includes a statement about the support of Gadv/ret

where I‘l(i()g}(lf)’jF indicates the backwards, and respectively, forwards light cone”" 2 of the space-time

point (0, 0):

Theorem Properties of the Advanced and Retarded Green’s Functions

The following properties all hold true for Gadv/ret,
1. Gadv/ret c 8/(R4).
2. DGR/ — 5,
3. When restricting G24V/*t to C°(R*, C) they take the form:

f Y Gadv/ret [f] _ (2#)'4/2/ dwdk (gxphf>(w7 k) )

= —w2 + k2

4. The Fourier transform of G2/t is given by the limit of the tempered distributions

(27r)'4/2

Fop G2/ RY = C, (w, k) » ——————
phe k) T+ i

. . dv/ret . .
ie. FppGAV/ret = lim, 0 F,pGe v/ret oxists in S
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5. Sp(Gadv/ret) _ 1'\1(1033)}(1:7)::!:

2.2 Sources and Solutions

Considering Equation (2.1) as an equation of generalized functions, i.e. of distributions, we restrict
ourselves to the case p € D'(R*). According to the method explained in Section 2.1 we want to linearly
decompose the source into translated elementary inhomogeneities, i.e. Ty 4)d, which is supported at the
space-time point (#/,2) € R*.

2.2.1 Linear Decomposition of the Source

The aim of the linear decomposition of p into Ty ¢ will lead us to the convolution of generalized
functions. We start the discussion for the special case where the source is a test function leading to
the convolution of distributions and test functions. In the second step of sources of arbitrary regularity
within the setting of distributions, the convolution is once more generalized to the case of a product of a
distribution with another of compact support.

Convolution of Distributions and Test Functions

If p is a test function, then by the definition of the delta distribution and the translation, we find
(Tt,2)0)[0] = 0[T(t.ayp] = p(t,x) when defining p(t',x’) := p(—t',—a’) for (t',x’) € R* since then
(Temp) ', @) = p(t’ —t, @’ —x) = p(t — ', — x'). Falsely assuming for a moment that § is the
canonical embedding of an ordinary function in @’(R*), we find

p(t, @) = (T(a)0)[p]

= / dt'd*’ s(t' ' \p(t' —t,x' — x)
R4

= / dt'd*’ s(t' & \p(t —t',x — x')
R4

= [ dt'd* st —t,x —x)p(t',x))
R4

Q[ avd™ p(t!, @) (T ond(t, )
R4

which motives the generalization of the convolution (Definition/Lemma 4.1.22) of a distribution and a
test function:

Definition Convolution of Distributions and Test Functions

For u € @'(R*) and f € C°(R*,C), we define their convolution by the following expression:

uk f:R* = C, (t,x) = (u* f)(t, @) == u[Tzfl-

Regarding the formal expression on the right-hand side of (¢) in the preceding calculation, we interpret
p = 8 % p as the linear decomposition of p via “an integral” in the variables (¢, 2’) of the generalized
functions Ty 5 with coefficients given by p(t', ') € R.

Convolution of Distributions and Compactly Supported Distributions

The preceding discussion motivates the desire of defining the convolution § % p for arbitrary distributions p.
Since we, again, warnt that the equation p = § x p holds true, we expect the result of such an convolution
to be a distribution, i.e. we need to assign a meaning to (J * p)[f] for all test functions f € C>°(R*, C).
If 6 % p is indeed a distribution, this expression can be reformulated as the convolution in the following
expression and the expectation of being able to lift the associativity of convolutions of pointwisely defined
functions motivates the subsequent manipulations:

(0 p)[f] = (6% p) * f(0,0) = 6 (p f)(0,0).
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We have granted the well-defined of the term p f as a convolution of the distribution p and the test
function f. Two important properties provide the ability of defining the second convolution:

« The limitedness of the pointwise irregular behavior of distributions is sufficient such that the
convolution of p with the smooth test function f leads to a smooth function (Proposition 4.1.23).

« The compactness of the support of § implies that it can be canonically regarded as a linear form on
C>(R*,C) (Definition/Proposition 5.1.4).

Furthermore, there exists a topological 7 such that the space of continuous linear form on C*°(R*, C)
can be identified with compactly supported distributions (Definition/Proposition 5.1.4):

Definition Compactly Supported Distributions on Space-Time

Given &(R%) := (COO(R4,(C),TCOO), we call the following topological vector space the space of
compactly supported distributions on space-time:

&' (RY) := ({u € LF[C*(R*,C),C]|u: & — (C,|-|) is COIItiI’lHOUS},’TLF[Coo]) .

Proposition Embedding of Compactly Supported Distributions

&(R*) can be canonically identified with the set of distributions on space-time having compact
support.

The interplay of the topologies 7ce and 7ce and the continuity of (compactly supported) distributions
implies the continuity of the two maps

e px[7]:D — & fr px f (Item 1 of Proposition 5.1.6)
o 0x[-](0,0): 8 = (Cy| - |),g+— d*g(0,0) (Definition/Proposition 5.1.4)

resulting in the continuity of § p := §x (p*[~]), i.e. §*p € D'(R*). Moreover, we have strengthened the
continuity properties of the pairing of distributions with their test function. These pairings are additionally
sequential continuous with respect to the involved convolution as proven in Proposition 5.1.6. We showed
that this also implies sequential continuity in both arguments of the convolution of distributions with
distribution of compact support within their respective weak topology. Furthermore, by the density of
C2°(R*,C) in the distribution spaces, this allows to lift properties like commutativity and statements
about partial derivatives and the support of the convolution. All this leads to Definition/Theorem 5.1.8:

Definition Theorem Convolution of & and @’

Given u € &, v € @', there exists a unique way to define their convolution u *v € @’ and v * u € @’
such that

1. uxv=v*u €D
2. sp(u*v) C sp(u) +sp(v)
3. O(uxv) = (Qu) *v =ux* (Ov) for all € 0

. & @ ..
4. (ui)ien € &, (v;)ien € D' with u; — u, v; — v implies
!
o Ui *V;j —> U*V

’

D
e Vi kU; —> VXU

for i — oo.

Summarizing: These generalization of the convolution allow for a “integral-like” linear decomposition
of sources p € @'(R*) by towards space-time points (¢, z’) € R* translated elementary inhomogeneities
T(v,2)0 with coefficients “p(t',x')” via p = & * p.
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2.2.2 Solutions via Linear Combination

Let us assume to have a Green’s function G of the massless wave operator O at hand and we consider
one space-time point (#,2’) € R*. By the translational invariance of O the translation of the Green’s
function, T 5)G provides a solution of the massless wave equation sourced by the translated elementary
inhomogeneity T (;/ 49, i.e. OT (¢ 2)G = T(p 2)6 or in the abusive notation convention of generalized
functions:

DT(t/@I)G(t, xT) = T(t,)m/)é(t, x).

Performing again purely formal calculations motivated by the false assumption that G, 6 and p are
canonical embeddings of ordinary functions in @’(R*) result in the following manipulations:

O dt'd*’ p(t/, SC/) (T(tr’m/)G(t, SC)) = dt' d*’ ,O(Zf/7 wl)\j(t’m) ((T(t/,wr)G(t, :13)))
R4 R4

=L dt'd’x’ p(t', )T (w0 (t, )
= p(t, )

which, formulated by convolutions, take the form of the, again purely formal expression:

O(G # p)(t.2) = ((OC) # p) (1) = (5% p)(t. ) = plt. @)

Unfortunately, neither the support of G®4V nor of G*** is compact such that the convolution G * p is, up
to this point, only defined in the case where p has compact support. We need another generalization of
the convolution involving generalized functions to be able to construct solutions of the wave equations by
linear combinations of translated retarded and advanced Green’s functions for larger classes of sources.

Convolutions of Distributions of compatible Supports

A further generalization of the convolution by support properties can be achieved which is motivated by
another purely formal manipulations. Let us falsely assume that G, p and G * p are all representable by
ordinary functions and the interchangeability of integrals appearing in the evaluation of G * p on some
test function f. Then this evaluation takes the following form:

(@xp)lf] = [ did’e (G p)t) S (1, )

:/ dtd’s (/ dt'd> Gt —t',x — m')p(t’,m')) f(t,x)
R4 R4

= [ dt'd*%’ | dtd>xG(t,x)p(t', ) f(t+t,z+z).
R4 R4

This raises the speculation that, for the generalization of the convolution of G and p, only parts
of the supports are relevant. More precisely, we only need to regard the preimage of the function
+ lsp(@) xsp(p) * SP(G) xsp(p) — RY, ((t, x), (t’,w’)) = (t+t',z+x’) of sp(f). If (+ |Sp(G)XSp(p))_1(sp(f))
is compact, we could restrict G and p to compact domains without expecting an influence on the value
of (G * p)[f]. The evaluation of the convolution of two compactly supported distributions on a test
function f € C®*(R* C) is, however, already well defined by our preceding discussion. Hérmander
showed in [HI83, Section 4.2] that this idea can indeed be executed in a rigorous manner to provide
a generalization of the convolution on distributions of compatible supports”" >, We extend these
results to the convolution of a finite number of distributions of compatible support and prov its sequential
continuity (Definition/Theorem 5.1.10). This allows us to lift properties like associativity, commutativity
and statements about the support of the convolution by restricting ourselves to the slightly stronger
condition on the support of the involved distributions of strict compatibility (Def. 5.1.12):

Definition Strictly Compatible Sets

We call m € N subsets Ai,...,A,, of RV strictly compatible if there exists ¢ > 0 such that
AT, ..., Afe are compatible where Af* = A; +B(0).

These statements are summarized in Definition/Theorem 5.1.13:
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Definition Theorem Conv. of Distr. on Strictly Compatible Supports

Given m € N>y strictly compatible subsets Ay, ..., Ay, of RY and distributions u; € D’(A;) for all
j=1,...,m, there exists a unique way to define their convolution product uj * ... * u,, € D’ such
that

1. it is associative and commutative

2. sp(ug * ... % Up) Csp(ur) + ...+ sp(tm,)

3. 0(up koo Upy) = (OUp) % Ug % ook Uy = =+ = UP * ..ok U1 * (OUy,) for alld e 0
4. (uj;)ien € D'(A;), with u;; i uj for all j =1,...,m implies wy ; * ... % Up, ; “, UL * ..k Uy
for i — oo.

Strict Compatibility of Cones

The condition of strict compatibility takes an explicit and easy-to-handle form in the special case of
closed cones at compact sets (Def. 5.1.16):

Definition Closed Cones

We call a subset I' € RY a closed cone at {0} € RY if ' is closed and if Vz € T also Az € T for
all X € R>¢. Thus, the set of closed cones at {0} can be identified with the set of closed subsets of
S1(0) := {z € RY||z| = 1} endowed with its subset topology.

Given compact K C RY and a closed cone T at {0}, we call the set ' := I' + K the closed-I" cone at
K. If K = {x} for & € RY we abbreviate [y := ['(z}.

We prov Proposition 5.1.18 on the characterization of the strict compatibility of closed cones:

Proposition Strict Compatibility of Closed Cones

Given two closed cones I', TV C RY with I'N (—I') = {0} and compact K, K’ C RY, then I'x and T},
are strictly compatible.

Striclty Compatible Source with Respect to G2dv/ret

The supports of G4 and G** are, according to the preceding discussion (Item 5 of Theorem 4.4.3), given
by I‘l(iogi}(’]t)’_ respectively I‘l(iogi}(’]t)’;, and thus, closed cones at (0,0). There exist large classes of sources p
with a strictly compatible and closed conical which are of particular interest in physics. This is due to the
fact that in relativistic theories the constituents of charge distributions are usually assumed to move with
velocities less then the speed of light, i.e. 1 in our unitless perspective. If there exists further a maximal
velocity 0 < vpypax strictly less then 1 never exceeded by any of the constituents and some time interval in
which the distribution is contained in a compact spatial region, then the support of such a source lies
inside the closed cone I'y*>* with compact K C R* and I'V=sx := {(t,z) € R x R3||@| < vmax - t}. The
maximal velocity vmax implies the strict compatibility of the advanced and retarded Green’s functions
and such a source such that G*3¥/** x p are solutions to Equation (2.1).

2.2.3 Particle Trajectories

An important special case of strictly compatible sources with respect to the advanced and retarded Green’s
function are pieces of smooth charge trajectories of either point-like or extended particles (Def. 5.2.1):
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Definition Particle Source

Given r: R — R3¢+ r(t) smooth such that Jupa, < 1 with ||(¢)|| < vmax forall t € R and further
some interval I C R we define

11prs : SRL,C) 5 C, f s /R dt g (¢, v(£)11(2)

1r(t)ge(x —r(t)).

We prove in Theorem 5.2.2 and Proposition 5.2.3 that they can indeed be understood as generalized
functions in the setting of distributions and fullfil the desired support properties:

Theorem Properties of Particle Sources

Given a smooth trajectory r : R — R3¢ — r(t) (||E(t)] < vmax < 1Vt € R), a particle shape
0 € CX(R3,C) and an interval I C R, then the following statements are true:

1. 17pes and 1;p, , are in 8'(R?).
2. sp(1spr,5) = graph(r|;) C Fz’t“(‘j’;(to)) for all ¢y € R.
3. sp(11pr,0) = sp(Lrpr,s) + {0} x sp(o) C F?’(‘g" £(t0))}+{0} x5p(0) for all ¢t5 € R.

4. sp(17pr.5) and sp(lrpy,) are strictly compatible with sp(G24v/ret).

As a corollary of Definition/Theorem 5.1.13, we are able to construct solutions of the wave equation out
of the advanced and retarded Green’s functions and the preceding sources (Proposition 5.3.1):

Proposition Solutions as Distributions

Given a smooth trajectory r : R — R3¢+ r(t) (||F(t)|| < vmax < 1Vt € R) and an interval I C R,
the following statements hold true:

L et 1Pr,s is well-defined as a distribution on space-time.

adv/re light, ¥
2. Sp(G /ret x 11/)1‘75) C Fgrgaph(l‘h)‘

3. OG/™t x 11p, 5 = L1py s
Similarly, given additionally o € C3°(R?,C) the following statements hold true:

4. GAV/ret 4 11, , is well-defined as a distribution on space-time.

dv/r light,
5. sp(G /™ x Lrpr,g) C Tyl 40} xsp(e)”

6. OGadv/ret & 11pr,0 = 1ipr,o-

2.3 Regularity of Solutions

We turn now towards the discussion of the regularity of the potentials, i.e. solutions of the wave equation
(Equation (2.1)) sourced by some charge distribution in @’(R%). As discussed in the introduction in
Chapter 1, it is of particular importance for the discussion of initial value and asymptotic constraints
that the regarded solutions possess a certain additional regularity with respect to time. The purposes of
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the next section is to present the subset of time foilable distributions of distributions on space-time and
to lay out our results on their characterization. The detailed discussion including our proofs is outsourced
to Chapter 6.

2.3.1 Time Foilable Distributions on Space-Time

As introduced, we discuss in the following in what sense and which cases our notion of generalized
functions provided by distributions on space-time can be regarded as ordinary functions in the time
direction but still possibly generalized functions with respect to space directions. We call this subset
defined by our requirements for its elements time foilable distribution (Def. 6.1.6):

Definition Time Foilabel Distribution on Space-Time

A distribution u[-] € @’(R*) is time foilable if there exists u(-)[-] in the sense of the expressions
u(H)[]:R—= DR, t = u®)-] and  u(t)]-]: CX(R>*C) = C, f = u(®)[f],

such that for all f € C°(RY,C), the function ¢ — u(t)[@ — f(t,x)] is Lebesgue integrable and the
equation

ulf] = /Rdtu(t) [z — f(t z)] (2.3)

holds true. The vector space @'(R — R?) := {u[-] € @'(R*) | u[-] is time foilabel} is called time
foilable distributions.

Arbitrary functions with domain R and range @'(R?) will, in general, not lie within @’(R — R3) even if
the Lebesgue integrability condition in the definition of time foilable distributions is satisfied. This is
due to the fact that according to the regularity theorem (Theorem 4.1.25) distributions possess some
pointwise regularity in the time direction. We prove in Proposition 6.1.7 that this requirement is met
within the setting of [Har18] of €-continuous differentiability generalized functions (Def. 6.1.3):

Definition Proposition ¢-cont. Differentiability Generalized Functions

A function u(-)[-] : R — @'(R?) is €-continuously differentiable of order m € Ny if for all f €
C2°(R3,C) the evaluation u(-)[f] : R — C,t — u(t)[f] is m times continuously differentiable. We
define the vector space of m-times €-continuously differentiable distributions:

¢ (R,D'(R?)) := {u:R — @'(R®)|u is €-continuously differentiable up to order m € Ny} .

¢%(R,D'(R?)) is a subset of @'(R — R?) via the canonical embedding in Equation (2.3).

It is remarkable that just a strong notion of continuity of u(.)[-] € €° (R,CD’ (R3)) provides enough
regularity in time direction to regard it as a distribution on space-time u[-] since, as such, u[-] is weak
partial differentiable of arbitrary finite order in the time direction. However, the setting of ¢° (R, D’ (R3))
will be too restrictive for our purposes.

Sufficient Conditions on the Foilablity of Distributions

We developed certain tools providing sufficient conditions on the foilablity of distributions. They depend
on statements involving the interplay of convolutions and sequential continuity with the tensor product
of distributions (Definition/Theorem 6.1.8). The reader is referred to Section 6.1.2 for the details and our
proofs. The main idea can be sketched by considering a highly regular distribution u[-] representable by
a smooth function u(-) and falsely assuming that the delta distribution is the canonical embedding of a
symmetric, smooth and compactly supported function in @’(R*). Given t € R and a spatial test function
f € C*(R3,C) we follow along the subsequent calculation:

uOlf = [ Foutt.o) f(a)
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- / dt' dru(t’,x) st —t) f(z)
]RAL

- / dt' d*c u(t', ) 5(t —t') f(0 — )
]RAL

= [ dt'd*u(t’,x) (0 f)(t—t,0—x)
R4

= (ux (6@ [))(t,0).
Since we are able to assign a meaning to the convolution u * (§ ® ]7) for arbitrary distributions as an
element of @'(R*), we can consider this expression as the candidate for a foliation of u. Since it needs
to be evaluated at the points in R x {0} in space-time to regard it as a foliation, we call a candidate
representable by functions in such a case (Def. 6.1.12):

Definition Foliation Candidate and its Representation by Functions

Given u[-] € @'(R?), we call the family of distributions u* (6 ® [*])[-] == {u* (6 ® f)[']}feCw(RS 0)
the foliation candidate of u[-]. ‘

Further, we call a family of functions (ux (6 ® f)(-, - ))feCOO(RS o)
candidate by functions if for all f € C2°(R3,C) the function u * (§ ® HEL )

a representation of the foliation

. . 1
. liesin L,

(R*,C) and

. is a representation of the distribution u * (§ ® f)[-] in the sense of the embedding of L} in @’.

loc

If there exists such a family we call the foliation candidate representable by functions.
We were able to show that the equation u(t)[f] = (u* (6 ® f))(t, 0) indeed holds true for large classes of
foilable distributions, any ¢ € R and any f € C>°(R3, C) when picking a suitable representation of the
foliation candidate (Theorem 6.1.13):

Theorem Representation of the Foliation Candidate

Let u[-] € ®'(R — R3) and u(-)[-] be foliation of u[-]. If for all f € C°(R3,C) the function
u()[T.f]1: R* = C, (t,2) = u(t)[Tof]

. . 1
lies in L,

(R*,C) then {u(~)[T.f]}f€Coo(R3 o) is a representation of the foliation candidate by
functions. ‘

Given u[-] € @D'(R*), this raises the objective of finding sufficient sets of conditions on the foliation
candidate which imply the foilablity of u[-]. Despite the representability of u * (6 ® [~])[-] by functions its
representation u x (6 ® [*])(+, - ) needs to fulfil additional regularity requirements in all three arguments.
These are necessary to be able to define the function u * (6 ® [~])(-,0) defined by

cux(6@[7](-,0): R = LF[C°(R3,C),C],t ~ u * (§ ® [])(t,0) and
cux (0@ [7])(t0): CE(RY) = C, f = ux (3@ f)(,0),

and to be able to regard it as a foliation of u[-]. We define the two notions of form-regularity and
distribution-regularity of representations of the foliation candidate in Def. 6.1.14. Their exact definition is
quite involved and we restrict ourselves at this point to the discussion of their implication. We summarize
our findings (Theorems 6.1.15 and 6.1.17) and refer the reader for details to Section 6.1.2:

Theorem Implications of Form- and Distribution-Regularity

Given u[-] € D'(R*) such that there exists a representation of its foliation candidate by functions
which we denote by ux (6 ® [~])(-, ).
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Ifux(6®[~])(-, -) is form-regular, we are able to define the linear form ux(0®[~])[~, 0)|span(c= @)
on the linear span of the tensor product of C°(R,C) and C°(R3,C). Its value for functions

g € CX(R,C) and f € C°(R3,C) is provided by

u * (5 ® f) [gv 0)|span(CC°° ®C) = /]Rdt g(t) (u * (5 ® f))(tv O) :

Further, form-regularity implies that u * (6 ® [ ~ ))[ ~ ,0)|span(c>@c>) and u[-] agree in
LF[span (C°(R,C) ® C(R3, C)),C].

Fux(0®[~])(-, +) is distribution-regular, there exists a canonical embedding of u* (6 ®[~])(+,0) in
®'(R — R?) denoted by u * (6§ ® [~])[~,0). The canonical foliation is denoted by u * (6 ® [~])(-,

If ux (0®[~])(+,+) is both form- and distribution-regular, then u[-] lies in @'(R — R?) and
u*x(0®[7])(-,0) is a foliation of u[-].

A corollary of this theorem that, given m € N, u[-] lies in €™ (R,®’(R?)) if and only if there exists
a representation of the foliation candidate such that w * (§ ® [ 7 ])(+,0), can be defined an lies in
¢ (R, D'(R?)) (Propositions 6.1.7 and 6.1.18).

2.3.2 Regularity of Solutions of Particle Trajectories

We return to the by Proposition 5.3.1 provided solutions G2dv/ret 4 1 1pr,s sourced by a to an interval
I C R corresponding parts of the smooth trajectory r: R — R3¢+ r(t) (||F(t)|| < vmax < 1Vt € R) of a
point particle. The analysis of their regularity by the tools of the preceding section is quite advantageous
since its foliation candidate take according to Theorem 6.2.1 the form

(G Lpes) * (0@ [N = {G Y x Lip, 211} s epm oy
and, i.e., is related to the solutions of extended particles. This leads to not only the time foilablity of the
point particle solutions but to the even stronger statement (Definition/Lemma 6.2.2 and Theorem 6.2.3):

Definition Theorem Regularity of the Solutions

Let r : R — R3¢t +— r(t) be a smooth function such that there exists 0 < vpax < 1 such that
the inequality ||#(¢)|| < vmax holds true for all ¢ € R. It follows that, given (t,z) € R*, the set
’ graph(r) N I‘(it m)| contains a single point in both + cases called the advanced respectively retarded
space-time point and gets denoted by (r(jf(t, x),r(t,)). The function allocating this space-time point
to (t,x) € R* is outside of the trajectory smooth, i.e. (r3, rE) |Ra\graph(r) € C°(R* \ graph(r), R*).
We define furthermore for the function n* and i* by allocating to (¢, ) € R* the values

x —rE(t,x)

e nt(tz) = ——— 2" and
[l —r=(t, )|

. iE(t, x) == £ (rE(t, x)).

. ) adv/re - - ight,
Given further an interval I C R, then G*V/™t « 1;p, ;5 lies in L}, (R*,R) N C>=(R* \ (F}grga;hq(:ﬂaﬁ U

graph (r|;)),R) and for (¢,x) € R*\ graph(r|;) its pointwise value is

1 q
G/ . 1100 5) (4, &) = Lonenes (4, .
( * 11prs)(t, @) rigr m)lini(t,w)~fi(t,w) Azl — r=(t, @)

In particular lies G24V/™ x 1;p, 5 in D'(R — R3).

Let ¢ in C°(R3,R) be the particle shape, then its solution at (¢,x) € R* is related to the one of the
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point particle by the following equality:

(Gadv/ret * 1Ipr,g> (t7 :c) = /3d3y (Gadv/ret 83 ler,é) (ta y)Q(CE - y) :
R

2.4 Selection of the Potential

The solutions of the wave equation with partial particle trajectory source constructed in Proposition 5.3.1
provide the building blocks of important for potentials in Theory 5 of particle sourced scalar potential.

2.4.1 Initial Value Dynamics

So far, we are lacking of a full formulation of the massless wave function accompanied with initial values.
Such a treatment is available in the case of Maxwell’s fields by [Decl10, Theorem 4.14] for smeared particles,
and partially, for special initial conditions, provided by [Harl8, Theorem 4.2.1] for point-like particles.
Still, we are able to discuss one, for the later application partially important, case.

Vanishing Initial Value

Given time ty € R, we want to construct a potential such that it and its partial derivative with respect
to time vanish on {to} x R3. It its due to the special support properties of the advanced and retarded
Green’s function in Theorem 4.4.3 that the following corollaries of Proposition 5.3.1 hold true:

o GV 1L 10)Pr,s i supported in TG GENT = {(t,®) € RY| |t — to| — [[& — (to)|| > 0 and ¢ < to}.

. . filled light,+
o G*Y5 1y 4oo)pr,s is supported in F(tofr(gf)) ti={(t,x) € RY| |t —to| — || — r(to)|| > 0 and to < t}.

We define ¢ff’6 = GV« 1o to)Pr,s + G*e* 14y, 4 00)Pr,s Which takes according to Theorem 6.2.3 the
following pointwise appearance:

1 q filled light, +
[—n(te) Fa) I~ @a] &% € Ty \eraph(r)
¢i?5 (t,x) = 0 , elsewhere
1 e
1 (@) € Pl graph(r)

L+ nt(t, @) i+t @) drllz —r(t, 2)]|

Since 1(_oo,10)Pr,6 + L1y, 400)Pr,s = pr,s in the sense of distributions this is clearly a solution to the
wave equation sourced by the full trajectory, i.e., the equation D¢i‘f{; = pr,¢ of distributions holds true.
Additionally, when regarding ¢3’5 at t =ty as either a function or as a foliated distribution it and its
(weak) time derivative equate to 0 outside 0 € R3. The point 0 must be considered separately which we
will not pursue further in this thesis.

Shocks

Similar to the case of the Maxwell fields, this special solution of the initial value problem “(bi% (t,@)|t=t, =
0= 8@&’5(2&, @)|i—t,” possess an irregularity “propagating” along the light-cones of (¢, r(to)). However,
these irregularities are just jumps in the case of gbi‘jé in contrast to the d-like shocks of E and B. This is
to be expected since the analogue of ¢ in Maxwell’s theory are rather ® and A while the force fields are
sourced by derivatives of the charge distribution p and the current j leading. These additional derivative
“convert” the jumps in the potentials to J-like shocks in E and B.

2.4.2 Dressing

We are now in a position to transfer the statements about the dressing in Theory 3 of by an extended
particle sourced Maxwell fields to Theory 5 of by a point particle sourced scalar potentials.
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Scalar Liénard-Wiechert Potentials

The solutions ¢24¥/™" .= qbildlvé/ " for I = R, i.e. sourced by the full trajectory, are the scalar versions
of the advanced and retarded Liénard-Wiechert potential. These are smooth everywhere except on
the trajectory graph(r), and thus, expected to be €-smooth as shown for the Maxwell fields in [Harl8,

Lemma 4.2.1].

Dressing

We expect in Theory 4, i.e. the fully coupled scalar Abraham model, an analogue of the radiational
damping in Theory 2, i.e. the pseudo-relativistic Abraham model, which relaxes the movement of particles
towards straight lines of constant velocity v when exiting regions of interaction. In such cases, the
potential should relax in an appropriate sense to the analogue of a soliton field which gets canonically
identified as “the potential accompanying the free charged particle” and turn out to be the by vi.
boosted Coulomb potentials attached to the charge. Similar to the discussion of Theory 3 of Maxwell’s
fields, we will analyze aspects of this process by considering a particle trajectory r which takes the form
of straight lines of constant velocities outside a time interval (Tiin, Tmax), i-€., the following statements
hold true:

eT(t) =T oo +V_oot for t < Tipin With o, v_o € R3 and ||[v_o| < 1.
e T(t) = Tyoo + Voot fOr t > Thnax With T4 00, V10 € R? and [[v 4o < 1.
The retarded and advanced scalar Liénard-Wiechert potentials play now an important role since
o for t < Ty, the solution ¢;?g(t, x) is only sensible to the part of the trajectory before Tiin,
o for t > Thax the solution gzbﬁj‘};" (t,x) is only sensible to the part of the trajectory after Tp,ax
resulting in

« the equality of ;% and ¢1** ; with ri, : R — R3,t 1y (t) := T oo +V_oot 00 (—00, Tinin] x R?
and

. the equality of d)ﬁ%" and ¢3SL,5 with Tous : R — R3,# + Toup 1= T yoo + Voot 0N [Thnax, 00) X R3.

Definition/Lemma 7.1.1 and Theorem 7.1.2 tell us that both ¢* 5 and qﬁi:};’t’ 5 are by the in/out going
velocity v+ boosted and to the particle attached Coulomb potentials:

Definition Theorem Liénard-Wiechert Coulomb Potentials

Given z¢ and vg in R? with |lvg|| < 1, we define the following expressions:
erg: R R3 t = g + ot
« Y(wo) := (1= [lwo|*) /2.
« L(vo) :== 1+ (v(vo) — 1)/[lwo]|*vo ® vo.

The retarded and advanced scalar Liénard-Wiechert potentials of rq take at (t,x) € R* \ graph(rg)
the value

adv/ret _ q’}/(vo)
¢r0,(5 (ta 11) - 47THL('UO)(w — mo) — ’y(’l)o)’vo t” '

Combining the preceding statements we find for the pointwise evaluation of the advanced and retarded
Liénard-Wiechert potentials of r the equalities

q7(v_)

for all ¢ < Tmin and x € RS r(t)} and
Am|[L(v)(@ — & o0) = Y(V_00)V_oot| \{r(®)}

. (b;?g(tv x) =

. O () = D0 for all ¢ > Ty and @ € R\ {r(1)}.

~ In[L0)(@ — @ro0) — (000 )Vl

Thus, these solutions play an exceptional role when substituting the law of dynamics with the condition
that one of the asymptotics is supposed to represent the potential of a “freely moving charge”:
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. ;eg corresponds to the situation of an ingoing charge accompanied with “its accompanying potential”.

. i%" corresponds to the situation of an outgoing charge accompanied with “its accompanying

potential”.

This clearly emphasizes their role in scattering theory which precisely deals with these scenarios.

Germination of the Dressing

We pick an initial time T},; € R and regarding the partial solution ¢rst .5 generated by the parts of

rl[Tini,oo 5
the trajectory of times larger than Tiy;. Its value at (¢, ) \ graph(r|(z,,; o)) is due to Theorem 6.2.3 given
by

1 q

:‘?;00)75(157;3) ={1-n"(t,x) r(t,x) 4n|lx —r— (¢, 2)|

t > T and © € By_my,)) (r(Tini))
0 , elsewhere.

Similar do we find when picking a final time 75, € R that ﬁﬁv - takes the following value at
—oo, Thnl>
(t, ) \ graph(r|(—co,z;,)):

1 q
PV stx)={1=n"(t,x) i~ () dn|lz -1~ (¢, 2)|

rl(—oco,Tgnls

t < Tqy and x € B(Tﬁn*t) (I‘(Tﬁn))
0 , elsewhere.

We manage to prove Theorem 7.2.2, which stated in the terminology of this section takes the following
form:

Theorem Asymptotic Convergence to Liénard-Wiechert Potentials

Let r : R — R3¢~ r(t) be a smooth trajectory such that there exists 0 < vpax < 1 with the property
that [|£(¢)|| < vmax for all ¢ € R. Then, the following convergences hold true:

Convergence as Distributions on Space-Time:

@ (R*)

ret ret
* ¢r[Tilli7°°) 5 ¢ for ﬂni % _m
adv @’ (R )

d)adv for T, — o0

° I‘|(70<>,Tﬁn]7‘5

Convergence of the Time Foliation in Distributions on Space: For all t € R

@' (R3)

c ﬁ%ni,w),é(t)[' — ¢k ()[] for Tip; — —o0

D' (

. O ] s (badv( t)[-] for T — 00

I'I(—oo,Tﬁn )

Pointwise Convergence: For all (t,x) € R*\ graph(r|;)

° ;‘[S;inivoo%é(t’a:) - ¢:e§(t w) for Tini — —00

i (t ) — ¢adv(t, x) for T, — o0

* I‘I( 0, Tg

Putting the statement of this theorem into words, the full retarded respectively advanced scalar Liénard-
Wiechert potential “germinates” along the trajectory when “starting out of the vacuum” in the increasing
past/future Tini/Ttin-



Chapter 3

Outlook

The extension of the in this thesis developed tools within the setting of classical scalar potentials sourced
by point particle trajectories and other theories can be expected to lead to a fruitful understanding of
local regularity of potentials and the germination of scatting solutions.

Massless Scalar Potential

There are several different aspects of Theory 5 of the particle sourced scalar potential worth exploring:

Initial Value Dynamics: A systematic analysis of the initial value formulation of the theory
would be desirable. We believe that the notion of time foilable distributions on space-time provides a
fruitful ground. It is of interest to characterize subsets of tuples of distributions on space-time for which
a generalization of Kirchhoff’s formula ([Dec10, Corollary 4.13]) in @'(R — R?) can be achieved, i.e. for
which the so called “free evolution” exists in the sense of foilable distributions. This is directly related to
the solutions of the massless wave equation (2.1) with vanishing sources in @’(R — R?) which we will
call “free potentials” in the following.

Free Potentials accompanying the Germination of the Dressing: Having the free
evolution at hand allows one to add an additional free potential when germinating the dressing. This can
be done by starting from the values of the free potential and its time derivative instead of out of the
vacuum at the initial, and respectively, final time Ti,;/Thn. For trajectories which relax towards motion
of constant velocities in the asymptotic regions these combined potentials will take the form of a boosted
Coulomb potential plus the free potential. They can be regarded as scattering states of an in-/outgoing
dressed particle and free potential.

Fourier Transformation of the Solutions: To understand the construction of scattering
states via germination in their momentum representation, i.e., their spatial Fourier transformation, it
would be desirable to replace the involved theorem of convolutions of distributions to one adapted to
tempered distributions. Tools for this are provided within the context of generalizations of the classical
wave-front set ([HI83, Definition 8.1.2]) which rely on the calculus of pseudo-differential operators. One
such generalization is the C'° wave front set introduced in [Bon+91]. Coriasco and Maniccia later
provided the slightly altered notion of the & wave front sets in [CMO03]. Schulz uses these to provide
a generalization of the multiplication on certain subsets of &’ which is sequential continuous ([Sch14,
Proposition 2.42]). This leads via the Fourier transformation to a sequential continuous convolution
theorem based on the interplay of the behavior of involved tempered distributions on conical regions of
space-time. We expect that the compatibility of the cone supports of the advanced, and respectively,
retarded Green’s functions and the particle trajectory sources suffice to apply this theorem.

Massive Scalar Potential

Replacing the dynamical law of the massless wave equation by its massive counterpart in Theory 5 leads
to:

28
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Theory 6 Particle-Sourced Massive Scalar Potential

The ontological basis in this model consists of

. one g-shaped particle (either extended or point like) with charge ¢ and a given smooth trajectory
r: R — R3¢~ r(t) with some maximal velocity vmax < 1 such that ||#()]| < Vmax

. and one field ¢ : R x R® — R, (¢,z) — ¢(¢,z) with a mass m > 0.

The dynamics of the particle is considered as externally fixed while the potential is governed by the
wave equation (O +m?)¢(t, x) = p(t, ), which is sourced by p(t, z) = go(z — r(t)).

This theory is usually understood as an initial value problem which, by providing at some fixed
time t¢ € R initial

. particle positions and momenta (r;(t), vi(to)) € R® x R? for all particles i € [N]
. and field configuration (¢(to, ), d(to, ")) : R® = R x R,z > (¢(to, z), d(to, x)),

is expected to yield ¢ at all other time instances.

The relevance of a transfer of our insights form the massless to the massive potentials becomes clear when
considering the quantized version of Theory 5. This seems, however, technically quite challenging since
the support properties of the advanced and retarded Green’s functions of the massive wave equation differ
significantly from the massless ones. Our convolution theorem will not be applicable. This also prevents
the use of the strong methods in the realm of pseudo-differential operators leading to the convolution
theorem of tempered distributions.

Quantum Field Theory

There exist well-defined canonically bosonic quantized versions of Theories 2 to 6 with extended particles.
They are formulated on some Hilbert space whose elements describe the state of the system. The degree
of freedoms of the fields/potentials are encoded in a bosonic fock space. The dynamics is provided by
the Schrodinger equation involving a self adjoint operator called the hamiltonian which is due to the
external source time dependent in the quantum versions of Theories 5 and 6. These theories possess
many familiarities with their classical counterparts:

Quantized Scalar Potential Sourced by Cl. Extended Charge Trajectory

We considered in another project the dynamics of the canonically bosonic quantized version of the massless
and massive scalar potential with a fixed classical extended charge trajectory. We managed to find an
explicit formulation of the time evolution which allows to mimic the germination of the dressing of the
classical analogue in Section 2.4.2 for trajectories which relax to constant motion in finite time.

Massless Potential: The Msller operator, expected to be some limit Ty /en — Foo of the
germination process, does not exist in the massless case. This is called the infra-red catastrophe. Due
to our explicit formula for the evolution, one can read of its reason: The operator representing the
germination of the dressing in the quantum theory is an expression of the germinating classical dressing.
At asymptotic times the classical dressing is the boosted and by the particle shape smeared Coulomb
potential which lies due to its long tails not in L?(R?, C).

Massive Potential: If one however introduces a mass for the scalar potential, i.e., regards the
quantization of Theory 6, then this problem will not occur. Still, the convergence of the Moller operator
is quite weak. This can be traced back to the weak convergence of the classical dressing. We are able
discuss several algorithms to construct a scattering theory for the massive model in which the limit m — 0
can be performed.
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Particle at Rest: When considering a charge at rest, the hamiltonian of this quantum theory does
not depend on time. The resulting model is called the Van Hove-Miyatake model. The dressing of the
stationary extended charge can instead of the dynamical germination out of the vacuum be obtain as the
ground state of the hamiltonian. A detailed analysis is provided in [Aral8, Chapter 13].

Quantized Scalar Potential Sourced by Cl. Point Charge Trajectory

The description of the dynamics via a self-adjoint hamiltonian is not directly accessible. One could
however regard the “operator” associated to the quantum scalar potential in the “Heisenberg picture” as
an operator valued tempered distribution. It fulfills a, to this setting, generalized version of the wave
equation including the particle trajectory source and an initial condition at some fixed time which is
related to the free potential. The author is convinced that with the techniques of the convolution theorem
of tempered distributions in place, the results of the classical massless Theory 5 of point particles achieved
in this thesis are extendable to this quantum version of the model.

Learnings for Nelson’s Model

The preceding quantum field theory can be viewed as an toy model of massless and massive Nelson’s
model, i.e. the canonical bosonic quantized versions of Theory 4 of the scalar Abraham model with either
zero or non-zero mass of the potential.! Nelson shows in [Nel64] for the case of the massive potential
that one can define the dynamics of the model with point charges as a limiting process of shrinking the
extended charges to a point. The analysis of the dressing is an active area of research and many distinct
methods are used. The extensions of our results on the classical scalar potential to its quantum version
and the explicit formulas we found, provide a test ground of all these methods and grant, by their close
resemblance to the classical theory, a clear picture of these constructions.

Gauge Potentials

As briefly discussed in Section 1.1.4, the Gauge potentials in Lorentz gauge fulfill the massless wave
equations with similar sources to Theory 5 of the scalar potential sourced by particle trajectories. Since
Lorentz gauge is just a partial gauge fix it is not directly clear whether the statements on the infra-red
catastrophe in the quantized models take the same form for quantum gauge potentials. Ultimately, it
would be desirable to generalize the results of this thesis to the theory of Maxwell’s equations for the
gauge potential without any Gauge fix in place.

1For massive case replace again 0 by (0O + m?2) in the wave equation.



Chapter 4

Distributions and Green’s Functions

In this chapter, we will construct a mathematical framework to describe the dynamics for our physical
theories. In these fields are generated by fixed charges distributions of point particles. The dynamical
laws are stated by linear differential equations and accompanied by either the implementation of certain
initial conditions or the analysis of the asymptotics. In the first two section, will we give a didactic
introduction into the formalism of distributions and Green’s functions while providing some extensions.
The last two sections are concerned with the application of these results to the massless wave equation.

Section Summaries:

4.1 Introduction to Distributions via Green’s Function: This section will give a
constructive introduction into the notion of distributions while following along the idea of the use of so
called Green’s functions. On this basis, we construct solutions for linear partial differential equations
with highly regular inhomogeneities.

4.2 How to find Green’s Functions: The techniques of generating solutions of the first section
rest on the availability of Green’s functions. We will, thus, discuss a line of thought, which leads to the
generation of candidates. This results in the exploration of the Fourier-Laplace transformation, complex
surface integrals and tempered distributions.

4.3 Relativistic Structure and Conventions: The notion of light cones is introduced which
is connected to the relativistic structure. It also canonically suggests a from Section 4.2 deviating sign
convention which we introduce here.

4.4 Advanced and Retarded Green’s Functions: With the objective of constructing
solutions to the massless wave equation in mind, we construct the advanced and retarded Green’s
functions (Def. 4.4.1). Their derived properties (Theorem 4.4.3) will emphasizes their special role. We
will follow closely along the lines of Section 4.2.

4.1 Introduction to Distributions: Green’s Function

As described in the introduction of this chapter we need to build a mathematical framework capable
of expressing the idea of charge distributions of point particles p and their fields . To arrive there we
will analyze the linear partial differential equation that these entities fulfill and as mentioned in the
introduction of the chapter consider solutions in the context of very regular inhomogeneities first. We
start our endeavour by reviewing the notion of differential equations in the setting of ordinary functions.

4.1.1 Differential Equation with Functions

In the classical setting a linear differential equation consists of

. a partial differential operator denoted by O which is a finite linear combination of partial derivatives
with deg(d) denoting the highest partial derivative compositing 9

. an inhomogeneity p which is a function from RY to C

31
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. a function ¢ which is deg(d)-times differentiable

such that V& € RY the equation d¢(x) = o(x) holds and ¢ will be called a solution to  with inhomogeneity
p. We will restrict ourselves to the case where the coefficients of the partial derivative in 9 are constant,
i.e. the translational invariant setting of the following definition.

Definition 4.1.1 Differential Equations of Functions

Given a finite set of multi-indices A € N and Ve € A functions aq : RY — C, we define the linear
partial differential operator (PDO)

9: C*O RN, C) » FRY,C), ¢~ > aa0%¢
acA

le|
where |a| = |(aq,...,an)| ;= a1 + ...+ ay, deg(d) := maxqea |af and 0% := ﬁ)‘law
IR

The set of these linear PDOs with aq being constants will be denoted by 0 and 9 € 0 is called
translational invariant.

Thus, for given & and p € F(RY,C) := C®" | we call ¢ € €94 (RN | C) a solution to (9, p) if ¢ = p.

This setting will not be sufficient for our purposes since the fields we are interested in are those of point
particles and their charge distribution p is of an irregularity which cannot be described by any function
in F(RY,C). Still the solution strategy of “elementary inhomogeneities” will lead our way.

4.1.2 The Idea of Green’s Functions

We will see that a continuous inhomogeneity ¢ can be decomposed into linear combinations of translated
elementary inhomogeneities. By the linearity and translational invariance of our PDOs of interest we
expect that by finding a solution to the elementary inhomogeneity we can construct a solution for p by a
linear combination of those.

The starting point is to fix a standardized family of "elementary” inhomogeneities (J.).~0 C F(RY,C)!.

For an d € 0 we assume that there exists an family (G2).~o € €489 (RN C) of solutions to dG. = 4. for
all e which fulfills a specific convergence conditions and we will call it "approximating Green’s functions”.
The convergence condition will be formulated with respect to the set I50 C F(RY,C) of inhomogeneities
p on which (G?).~¢ allows to construct a solution ¢ € C4&@) (RN C) to d¢ = p.

Since the differential equation in general possess multiple solutions, there are multiple families (G§)5>0
which we will collect in the set G?. The convergence conditions for each family (G?).~¢ € G? can be
different resulting in different sets of inhomogeneities d5o. Our priority will be to build for a framework
enabling us to formulate this convergence condition in a convenient way. It should incorporate as many
families (G2).>0 as possible. This set is denote by:

ga = {(G?)e50 |0 € 0 and the family (G?).¢ are approximating Green’s function}

€

0

Thus, we will restrict to a common set J of inhomogeneities of which we expect that for any (G?).~q € G
the convergence condition is satisfied. This guides us to the notion of distributions.

It comes at the price that having picked specific (G2).~o one could by similar techniques find a framework
dedicated to this specific approximating Green’s function which provides solutions to a larger set of
inhomogeneities 9o 2 9. Still the minimal condition of Igo C C(RY,N) is mandatory for this technique
and thus this strategy is not capable of handling inhomogeneities pointwisely more irregular than being
continuous. Thus, we need to extend our results in the aftermath anyway and accept this inconvenience.

1 Actually we start with the family (xe)e>o first but come soon afterwards to the notions discussed in this paragraph.
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Elementary Inhomogeneity

Let us first introduce a symbol for the translation of a function:

Definition 4.1.2 Translation of a Function

Given y € RY we define for f € F(RY,C) the function T, f : RY — C,z — f(z —y).

Fix, for all ¢ > 0, functions y. € C°(RY,R>() with the properties
« sp(xe) C [&,e]V
« Dycen (Tyxe)(z) =1 for all z € RN

which is, loosely speaking, to be understood as y. ~ ]l[_%&%s]zv.

Approximation of the Inhomogeneity

Restricting ¢ € C(RY,C) the inhomogeneity p € J can be pointwisely approximated by

pe(@) = Y (Tyxe)(@)o(y)

yeeZN

or more precise for all x € RV, we have lim._,o g (z) = p(z).

Approximating Green’s Function and Construction of other Solutions

Pick 0 € 0 and for an £ > 0 a function G2 € C48@) (RN C) solving dG? = x. which is called elementary
solution. By the linearity and translational invariance of the PDOs in 0 and restriction of the set of
inhomogeneities d we can construct a candidate for an approximation of the solution

de(@) = Y (TyG2(x))ply)

yeeZN

out of G2. A sufficient restriction for the convergence of the sum is J ¢ C.(R", C), which we will assume
from now on.

Different Approximating Green’s Functions for Different Patches

In the approximation of the inhomogeneities for fixed ¢ we may divide ¢Z” into i € I regions
R; . C eZ" and use, for each region, a different solution G’g .- We circumvent this additional layer of
complexity for now by restricting p to have support within the hull spanned by R; . for some i € I.
We will come back to this aspect in Section 5.1 after developing the tools for this simpler case.

We assume to have access to a family (G?).so C C"ieg(a) (RY,C) of these elementary solutions and repeat
the construction for all € > 0 producing a family (¢.).>0 C C48O) (RN C) of solutions to (9, (fc)->0).

Convergence of Solutions

We want to ensure that, similar to the convergence of ¢, to ¢, also the series ¢. to converge to a function
¢, which we expect to be a solution to (9, p). But since, for general 9, solutions are not unique, we need
to imply conditions to ensure that the elementary solutions of the family (G?).so C C38)(RN C) "fit
together”. We approach this question in a very pragmatic way by referring to the reason of us constructing
these families in the first place. We call such a family (é?) >0 approximating Green’s functions and say
that it converges if we can find a sufficiently? large set of inhomogeneities ¢ C C.(RY,C) such that

e lime 0 Y ez (TyG2())p(y) exists for all € RY,

2The disturbingly vague notion of ”sufficiently large set 9” shall not bother us since our strategy is to start with the
largest set C' (RN ,C) possible and pick restrictions as sparse as possible.
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ez im0 ) ooy (TyG2(x))p(y) is deg(D)-smooth

« and 9, lime 0 3 cpn (TyG2()) p(y) = p(2)

for all p € J and indicate the set of them by:

GV = {(G?)no € €8 |9 € 0 and (G?).~¢ are approximating Green’s functions w.r.t } .

These conditions are economically sensible from the side of application of these approximating Green’s
functions to generate solutions to inhomogeneities of high regularity but not at all for finding them. Thus,
we will try to replace them in various steps by conditions we hope to be not much more restrictive.

Elementary Inhomogeneity

Fix for all € > 0 functions x. € C2°(RY,Rx() with the properties:
« sp(xe) C [-&,¢]V.
© Dycen (Tyxe)(m) =1 for all z € RV,

Approximating Green’s Function

A family (G§)5>0 C 098 (RN, C) is called approximating Green’s function with respect to J C
C.(RN,C) and 9 € 0 if

. 6@? = x. for all € > 0,
o limey0 Dy cogn (TyG2(x))p(y) exists for all x € RV,
e x> lime 0 c g (Ty(?ﬁ?(w))p(y) is deg(d)-smooth,

o and O, lime 0 3" c v (Ty@?(:c))p(y) = p(x)

for any p € 9.

Point Charge: Total Charge

Unfortunately, the point particle inhomogeneity varies very significantly on any scale at the particle
position and cannot be expressed as a continuous function.

To move forward, we need a better understanding of the point particle charge distribution p(t, x) =
qé(x — r(t)). Lets suppose for simplicity a resting particle at position r(¢) = 0 of charge ¢ = 1. In

case of a continuous, static charge distribution represented by a smooth function g € C*(R3,R>()
the total charge Q contained in a open bounded spatial region V € R? is given by

Q= / d"z o(x)
%
while we get for the point particle

q forxeV / N P
= “—q [ (@)
R {0 form¢V} q),4z)

Te point particle charge distribution may, thus, be approximated by a sequence of smooth charge
distributions of the form g, := ¢ . with J. given by the following definition:
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Definition 4.1.5 Smooth Approximating Unity

Given 6; € C2°(RN,R>) with [dzdi(x) =1 and £ > 0, we define the function:

= <m - (g)”al('%'» .

It possesses the property [d zé.(x) = 1 and we call the net of functions (55)66R>0 a smooth

approximation of unity?®.

%A net is a generalization of a sequence. The difference is not important here so in case you are not familiar with
this just read it as sequence and replace R~ with {1 /n|n € N}

Point Charge: Dense Charge Cloud

Indeed, just concerning the total charge Q in some open space region, the point particle distribution
can be described by
0 = qlim .
e—0

as being understood in the context of the integration
= qli d™z 6
Q=qlim | 4. ()

in the case of 0 € V.

Put differently, a point particle charge distribution can be expressed as the limit. o of smooth charge
distributions g¢. having support in an area of scale € around 0 and values of the scale %q such that
integrating along a space region V containing 0 will result in q.

By a simple redefinition, this looks exactly like the elementary inhomogeneity:

Redefinition of the Elementary Inhomogeneity

If we force our elementary inhomogeneity x. to fulfil additionally
o [daxe(x) =V

the function 6, := (%)N Xe will be an smooth approximation of unity.

Thus, by replacing . — (€)¥d. and further GZ — (1)~ G? with G2 := eNG?, we get:
o Pe(®) =3 capne (Tyd.)(x)p(y) as the approximation of the inhomogeneity.
« 0GY = 6. for the approximating Green’s function to be fulfilled.

. Pe(x) = (ZyEEZz\EN (TyG2(x))p(y)) as the approximation of a solution.

From Sums to Integrals

It will be more convenient later, instead of using the approximations by sums, to introduce a slightly
adapted version using integrals:

. pe(®) == [ dYy (Tyo:) (®)p(y)
. delx) = [dYy (TyGe)(@)p(y)

The discussion from before can be repeated in the exact same way by just performing the replacements?:
o« Dyeane’ = Sy

3This step looks like the limit of a Riemann sum which is not the case here since even though the grid size € approaches
0 you need to keep in mind that the variation of . is even increasing relatively to the grid size in this limit.




36 CHAPTER 4. DISTRIBUTIONS AND GREEN’S FUNCTIONS

° ﬁs_>p5
° éa_>¢a

In the setting of integrals, the properties of the elementary inhomogeneity can be weakened while still
ensuring the pointwise approximation of the inhomogeneity*.

The result is summarized here:

Elementary Inhomogeneity

Fix, for all ¢ > 0, functions 6. € C°(RY,R>() with the properties:

. sp(de) C ['575]]\[

. [dyo.(y) =1

Approximating Green’s Function

A family (G2).5o C CI8O)(RN C) is called approximating Green’s function with respect to 9 C
C.(RN,C) and 8 € 0 if

« 0GY =4, for all € > 0,

o limeg [ dY (TyG?)(x)p(y) exists for all x € RV,
ez lime o [ dYy (TyG2)(x)p(y) is deg(d)-smooth,
» and J,,) lime o [ d™y (TyG2)(2)p(y) = p(x)

for any p € 9.

Point Charge: Dense Charge Cloud

We argued, that the point particle charge distribution can be understood as a limit
o0 = qlim §,
e—0

which cannot be given any sense in the setting of functions. This puts us in front of the task to
find another framework. It naturally arises in the strategy of finding classical solutions to our linear,
translation invariant differential equations.

4.1.3 Convenient Setting for Green’s Functions: Distributions

The observation that the approximated objects mainly appear in linear pairings with the, by assumption,
very regular (continuous and compactly supported) inhomogeneity, raises the expectation that their limit
can be understood in the setting of linear forms on regular objects within a suitable topology. We will
pursue this line of thought in the following sections.

Linear Forms

As mentioned, we do only need an understanding of G?, 6. and 9G? = 4. in the ¢ to 0 limit as linear
forms mapping functions of specific regularities to complex numbers. Using a simple substitution, let us

reshape

41t can actually be weakened even further than presented in the summary.
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« the approximation of the inhomogeneity by

2) = [ & (Ty)@ply) = [ oo wnte ) = [ Pys )ity - o) = [ @00y
=: 0|

(Tap]
with g : RY — C,x +— o(—x)
« and the approximation of a solution by

oel@) = / a% (T, G.) (@)oly) = / 0 G (y) (Tw2) (w)
=: G.[To0]

and use this notation in our summary:

Elementary Inhomogeneity

Fix, for all ¢ > 0, functions 6. € C°(RY,R>() with the properties:
« sp(6e) C [-,¢]V.

o [dYyo.(y) =

Approximating Green’s Function

37

T20)(y)

A family (G2).5o C CI8O)(RN C) is called approximating Green’s function with respect to 4 C

C.(RN,C) and 9 € 0 if
. 0G9 =6, for all € > 0,
o lim. 0 GO[T,p] exists for all x € RV,
e @ lim. 0 G2[T,p] is deg(d)-smooth,
« and 9, lim. 0 G2[Tzp] = p(z)

for any p € 4.

The procedure of linearly mapping a function to a complex number via integration with respect to another

function will be part of the next definition:

Definition 4.1.8 Linear Forms

Given a subspace D of F(RY,C) we define the linear forms by:

LF[D,C] := {u € F(D,C)|u is linear}

A locally bounded, integrable function g € L2 (RY,C) canonical induces a linear form® on the

loc

domain of locally integrable functions L}, .(RY,C) with decay properties depending on the decay of g:

« Having no information about the decay of g, we choose the functions in the domain to be

compactly supported, i.e. in Llloc’c, ie.,

g:LL..—C,f s glf] :=/de9 )il
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. If g is of compact support itself, we do not restrict the decay of the functions in the domain, i.e.,
g: b, = C, f s glf] = /d”:vg(:z:)f(a:)

We say that the function g(-) can be represented as a linear form g[-] (on the appropriate domain)
and the other way around.

“We will denote the linear form with the same symbol. If we want to differentiate we call g as a function by g(-)
and as a linear form by g[-].

Lemma 4.1.9 Properties of Linear Forms

LF[D, C] is a C-vector space by the definition of addition and scalar multiplication by
(utc-v): D= C, f s (utc-v)[f] = u[f] +c-v[f]

for all u,v € LF[D,C] and ¢ € C.

Topology on Linear Forms

In our definition of an elementary inhomogeneity and the properties of an approximating Green’s function
(G9).~o with respect to § C C.(RY,C), we demanded that, for all p € J and = € RV,

o lime_,0 0.[Tp] exists and
o lim. 0 G2[T,p] exists
and the following expressions are well-defined®:
0:9 —=C, f—d[f] := lim 6. [f] (4.2)
e—0
G?:9 = C,f > G7f) = lim G2[f] . (4.3)
5
We call G2 € LF[9,C] the Green’s function corresponding to (G2).~o. The, so called, delta form

§ € LF[9,C] can explicitly determined by 0[Tzp] = lime—0 0:[Txp] = p(x) resulting in its given form in
Definition/Proposition 4.1.11.

Limits of linear forms are thus to be understood in our context with respect to the following topology:

Definition 4.1.10 Topology on Linear Forms

Given linear forms LF[D, C| we define its topology 7ifp] to be the weak topology with respect to the
domain. By LF"[D,C] we denote the topological vector space (LF[D,C], 1igpi)-

Definition Proposition 4.1.11 Delta Form and its Approximations

All approximating unities 6. converge to & in LF™[{f € L>(RY,C)|f is cointinous at 0}, C].

Regarding an f € L>(R™,C) being continuous at 0, we split the appearing integrals in the
embedding of §. in LF” [{f € L>(RY,C)|f is cointinous at 0}, C] in two regions, namely, B.(0) :=

5We choose J such that its closed under translations and f f .
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{x € RY||z| < ¢} and RV \ B.(0) with ¢ > 0. We estimate:
o=l =| [ e () o (2 ) - f(o)‘
< [ e - roo)
_ N, (1 || N 71 ||
= [ @ (D@ s [ ae )0 (F) @ - o)
</ IO s (E)1s@ - s+ 2111 [ o (5)"a (1)

In this form, for given € > 0, may we estimate individually:
o There exists ¢ > 0 s.t. V|z| < ¢ we find |f(x) — f(0)| < €/2 due to the continuity of f at 0.

. By substitution in step (7), we find

|z|

lim az (1) (51(|w|):hm d'r Lang, (o) (@) (2) V01 ()

e—0 RN\B,;E (0) € E e—0 RN

@ ..
= lim /N dy 11RN\BCF (0) (5y)51(‘$|)
R

e—0

= lim d"y 1gm\g, . (0) ()31 (|z[)

e—0 RN
@,

and the application of dominated convergence in connection with the pointwise convergence of
1gn\g, /5(0)( -) to 0. Furthermore, regarding (i) we can find & > 0, such that, for all £ < & we

get
e ()Vs (B <
/RN\BC@ 7 (2) 1<s)*4||f||oo

This results in the estimate

[0[f] =LA < 5 +2||fHoo4”f|| =¢ Ve<

i.e. the desired result.

With these notions in place we reformulate our summary:

Elementary Inhomogeneity

Fix, for all £ > 0, functions 6. € C2°(RY,R>() with the properties:
« sp(d.) C [-,¢]N

S dey5a(y) =

Approximating Green’s Function

A family (G2).5¢ C CI8O) (RN C) is called approximating Green’s function with respect to J C
C.(RN,C) and 8 € 0 if

1. aG’? =6, for all € > 0,
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2. G? = lim._,¢ G2 exists in LF"[9,C],
3. x> GI[T,p] is deg(d)-smooth,
4. and 0oy G2 [Top] = p(x)

for any p € J.

Point Charge: Dense Charge Cloud

The notion of linear forms on functions already enables us to take a step forward in the formalization
of our discussion of the total charge Q in the spacetime region V.

. In the case of a smooth static charge distribution o € C'*° (R?’,Rzo) we get
Q= | d%wo(z) = o[lv],

. while we find for the static point particle o = ¢ ¢

f \%
a= {1 ey} =aoin - an.

Furthermore, the notion of convergence on the linear forms fits well with the approximation of a point
charge by an increasingly dense charge cloud of fixed Q. We observe that, under the assumption
0&V,

lim o[Iv] = ¢ lim & [Iv] =g lim de[x.] = ¢0x] = ¢d[1v] = o[1V]

where xy approximates the incontinuouty 1y on a scale smaller than dist(0, 9V)

Remark 4.1.13

Let us be aware that, so far, our treatment of stationary singular inhomogeneities is not on the same
footing the inhomogeneities in our strategy. It is merely a byproduct of our solution strategy. Within
“the construction phase” of our strategy in this section the set of inhomogeneities is very regular. It
will be the main goal of Section 5.1 to apply our strategy to inhomogeneities of less regularity.

Weak Derivative on Linear Forms

We are able to understand the limits of §. and of G? in the sense of linear forms. Let us also analyze
the limit of their relation, i.e. 8G? = 0. for ¢ — 0, in this setting. Since G?H is representable by a
smooth function, we can define its derivatives by referring to the notion of partial derivatives in the
regular setting. Its limit might not be of this form. This implies the need for another approach to define
derivatives for linear forms of any kind which will be guided by the following calculation:

062)1f1 = [ & (0°62)w)f(w)
- /d”y G2(y) () (9% f) (v)
= G2[1)1=19* ]
Under the condition, that the domain ¢

e consists of differentiable functions (p € ¢ = p e C'(RY,C))

— g c C*(R"Y,C)
e and is closed under differentiation (p €d = 0Oip€ SZ) ,

we are able to define the following weak derivative of linear forms, which commutes with approximations
in the topology 7 F[pj:
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Definition 4.1.14 Weak Derivative on Linear Forms with D ¢ O

Given a subspace D of F(RY,C) consisting of differentiable functions, which is also closed under
differentiation, we define the weak derivative for u € LF[D, C] by

9%u: D = C, f = (0%u)[f] := u[(-1)!=10 f]

and observe 0%u € LF[D,C].

For any given 0 =3 . 0a0* with A C N and aq € C, we define 0" = > .5 aa(-1)!*10* and

Ou:D — C, f+ (Ou)[f] :=uld"f].

Lemma 4.1.15 Weak Conitnuity of Partial Diff. Operators

Given a subspace D of F(RY,C) consisting of differentiable functions, which is also closed under
differentiation, and for all € > 0 forms wu.,u € LF[D, C], such that lim._,ou. = u in LF"[D, C], then

lim 0%u, = 0%u.
e—0

Given f € D, then by assumption we have also (-1)I*19% f € D, and thus,

lim 9% [f] = lim 0% u.[(-1) 0% f] = ul()*I9%f] = I*u[f],

e—0

ie., lim. o 0%*u. = 0%u in LF"[D, C].

Thus, abbreviate in the language of weak derivatives on linear forms, ew have shown

9G? = 91im G2 = lim G2 = lim 5. = 4. (4.4)
e—0 e—0 e—0

Point Charge: Solution

We are now able to formulate the differential equation for a field to be generated by an at the origin
resting point particle. We understand for given ¢ € LF[C2°, C] the equation

dp =0

with o = ¢ as an equation of linear forms. 9 acts on ¢ in the weak sense of Def. 4.1.14. Having a
Green’s function G2 € LF[C2°, C] available, we can even provide an explicit solution by ¢ = ¢ G?.

We will see now that the condition 9 C C°°(RY,C) and J being closed under differentiation is convenient
also from another perspective.

Distributions

We turn now towards the condition that a Green’s function, corresponding to approximating Green’s
functions (G?)8>0 with respect to J, needs to have the property that for all p € J, the function
x = G2[T4p] is deg(d)-smooth. Our goal for this section is to analyze it and replace it with one of similar
strength but easier accessibility.
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We try to understand the limit of the differential quotient of G?[T.p], given by

lim 4 (G [Tasne,] — G[Top]) = lim (G lp(@ + he: = )] = G2, [o(@ — -]
3 (ot + hei =) = pla — )]

= lim G2, [-4 (ple —) ~ pl — (- hey))]
[T (R3) = (- = he))] .

Suppose for a moment that we are allowed to pull limj,_,o through the evaluation of G?[.]. Then, under
the condition that ¢

. consists of differentiable functions (p € ¢ = p e C'(RY,C)) N
= J C C*(R"Y,C),
. and is closed under differentiation (p €d = 0;ped )

we find that G[T.p] is partially differentiable and 8, (G?[Tzp]) = G2, [0., (-T=p(+))].

By induction, we get for all a € N}’ the relation op (G2[Top]) = G?) [(-1)‘“'8("‘,) (Tzp(-))], still under
the same assumption that

vieg TimG[H(F(+) = f(- — he)] = G2 [0, f(-)], (4.5)
holds true. Further, this allows, given & € RY, the following manipulations

A(G2[T4a]) = G2 [0 Too(+)]
Q)

= (0G9)[T0] (i) by Def. 4.1.14

(i) (4.6)
= 5[TwA] (it) by Equation (4.4)

@ o(x) (éii) by Definition/Proposition 4.1.11

which implies that both Item 3 and Item 4 in Summary 4.1.12 can be replaced by this condition.

Following this line of argumentation, we may choose C.(RY,C) N C=(RY,C) = C=(RY,C)b as the set
of inhomogeneities, i.e., § = C* (RN, C).

Continuity: The condition in Equation (4.5) can be replaced by endowing C'° with a topology Tose,
such that

fECERN,C) +(f(+)—f(-— hey)) TC—°w>8,if(-) for h =0 (4.7

and forcing G? : (C5°, 7c=) — (C,|-|) to be continuous.

This replacement leads to the interesting question:

How much more restrictive is the new condition?

The new condition is sufficient but seems far from necessary to imply Equation (4.5). If one would
like to try to extend the idea of Green’s functions from the one that is constructed in the following
setting, this seems to be the best starting point. Fortunately this possibly large step in the restriction
of our framework is still sufficient to supply us with the tools relevant for our physical theories and
the author is not aware of any Green’s functions relying on an extension of this kind. Additionally,
the continuity condition on the Green’s function will later be the key feature to extend the formalism
to irregular inhomogeneities.

In the following we will analyze Equation (4.5) to find minimal requirement for 7o to fulfil.

6Remember that the condition J C C. has been chosen in order to approximate the inhomogeneity (continuity) and for
the well-definedness of the potential approximation of a solution (compact support).
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The L}OC Case We want to draw guidance from our understanding of interchanges of limits in the
context of functions. Let us suppose for a moment, that G?(.) lies in L}OC(RN ,C), which is the most
general case in which the embedding of functions into linear forms of domain C>°(RY,C) by Def. 4.1.8 is

applicable.

In this setting the condition in Equation (4.5) turns into of a more familiar form of an interchange of
limit and integral:

iy [ @@ 1w) -~ fy-hed) = [ 96 0)0,,5).

Now, since f € 9 is of compact support, we define a set K := {x + he; € RN |x € sp(f) and h € [-1,1]},
which is again compact and thus HG8|| LK) < enabling the following estimation for |h| < 1:

‘ [ v6w) (37w - fy-he) - %f(y))‘

< [ yicwI} (1) - fy-he) - 3y, 7(w)]
167 x50 [ (4 w) ~ S (w-he) = 0y, S ) (48)

IN

N6 e | () = £ hen) = 0,50

—0 for h—0

K, o0

Note that, since the inequality in Equation (4.8) needs to hold for any f € CS° as well as possibly many
G? e L}, of very different shape, there is not really any hope to find more relaxed but still sufficient
alternatives to our line of argumentation which is valid for all these cases.

The property of G%.) € Li,(RY,C) which we take advantage in Equation (4.8) in order to show
Equation (4.5) is that

VK c RY compact 3Ck > 0 such that Vf € C°(K, C) it follows |G‘9[f]| < fllk o0

which is a statement about the continuity of GY[-] (see Theorem 4.1.18 below) as a map from (C°, 75.2)
to (C,|-|) with the topology 7532 given by Def. 4.1.17.

Definition 4.1.17 Topology 75 on C2°

We will build a locally convex space (030 (RN, C), 75 ) as a strict inductive limit of the spaces
(C2(Kn, C),752,,,) step by step:

. First we observe, that C*(RY,C) = |J C*(K,,C) with K,, := [-n,n]V.
neN

« On each C(K,,C), we consider the norm

Il O (K € = R, £ [l 0 = 50D [f(@)].

« We endow C2°(K,,,C) with the topology 754, | induced by the norm |- ||«

(Kn) n,00 "

« And finally, we consider the inclusion maps
i+ (CZ(Kn, €), 788cy) = (C(RN,C),7522)

and choose the coarsest 7250, such that for all n € N ¢, is continuous.
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Theorem 4.1.18 Characterization of Continuity on LF[(C’;’O, rgi"), (C, \.N

For a map u : (C§°, TGoo ) — ((C, E |) the following properties are equivalent:
« u is continuous.

« For all n € N, there exists C,, > 0, such that Vf € C°(K,,C)

ulf]] < Cullfllk, o0 -
Proof
[RSI80, Theorem V.2]

If we want to include such cases into our framework, we get the requirement that 7o is a refinement of

o]
Tode -
Cee

Weak Derivatives of L} . Comparing Green’s functions of fixed @ € 0 with those, for given
a € NYY, of 99%, we should expect higher regularity of the later. If there exists, for fixed @ € N}, a
family (G29%).~¢ of approximating Green’s functions with respect to 9% and J whose limit G lies

in L} (RN, C), the we are able to construct (G9).~o by defining G2 := GO‘G?aa and observe:
o 6G? (2 88"‘6‘?6& (¢) by the definition G?

We conclude, that (G?).- fulfils Item 1 in Summary 4.1.12.

. G2lf] := lim G2[f]

e—0

D yim (0G0 (4] (i) by the definition GZ
e—0

T N, [ Walel]

= lim [ d% (0°G2” ) (¥)f(v)

= liny / d¥y G2%% (y) (1) (9% ) ()
= lim G997 [(-1)l*1 5= f]

e—0
(2) G99 [(‘1)|a|aaf] (3t) by Item 2 in Summary 4.1.12 for Goo*
(ié'i) (aaGaaa) £] (i) by Def. 4.1.14

Le., the limit € — 0 of G? exists leading to the fulfillment of Item 2 in Summary 4.1.12.

. oz GOTLp)
= G (1108 Tapo]
= Go" [T:cﬁ]
Heg%liyv we define p/(x) := (-9 p(x) and, té})ms, smooth, by Item 3 in Summary 4.1.12 for
(G279 )eso0,implying the same statement for (GY)cso.

. a(m)Ga [Tmﬁ] (é) a(m)G??a [(_1)Ialag)Tmﬁ(.)] (i) by the preceding point
D (90%), GO0 [T (1) since GP?% is in L), _(RV,C)
(ii) p(:IJ) (i) by Item 4 in Summary 4.1.12 for Goo~

This leads finally to the fulfillment of fulfils Item 4 in Summary 4.1.12.

This shows that (G§)5>0 is an approximating Green’s function with respect to 9 and g. The corresponding
limit Green’s function G2 is the 9%-weak derivative of G?9 ¢ Llloc and in general not representable as a
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function Llloc and, thus, not necessarily continuous as a linear form with domain (C2°,75.0) mapping
to (C,|-1). Picking f € C2°, and by defining K := sp f, we can mimic the estimate in Equation (4.8)

resulting in the following calculation:

G71f1] = & [cvliom )

- ‘/ dVy GO (y) () (5af)(y)‘ (4.9)

< [@y]e™ W) nw)
<GP s 0y 197 Ml o

We find in the case where G? is a 0%-weak derivative of an L}, that the condition in Equation (4.5) is
implied by another continuity condition of G?[.]. However, now its domain needs to be endowed with

the topology originating from the inductive limit of the semi-norms ( with | - ||«

” ' ||Kn,<>0,a)n€N n,00,Q¢ =

0% [lk, o denoted by 7555 We conclude that 7¢ee should be a refinement of it.

The Topology Tcse  Combining these results we, require that 7c is a common refinement of
(1852, ey - Thus, we choose the coarsest one among such topologies:
< 0

Definition 4.1.19 © and its Topology

The topological space @ := (C®(RY,C),7¢) is build as the strict inductive limit of
(C2°(Ky, C), oo x,)) step by step:
. First we observe, that C*(RY,C) = |J C*(K,,C) with K,, := [-n,n]V.
neN

« On each C°(K,,,C), we consider, for any a € N{Y, the semi-norm

H O (Kn, ©) = Rz, f 2 [1£llk 00,0 7= sUP [0 f(2)]-
xEK,

|| ||Kn,oo,a

« We endow Cg°(K,,C) with the topology 7¢e(,) induced by the family of semi-norms

(H ’ ”Kn,oo,a)aGNéV'

« And finally, we consider the inclusion maps
tn t (C2(Kp, C), Toso (eny) = (CX (RN, C), 7o)

and choose the coarsest 7¢e, such that Vn € N+, is continuous.

The following theorem confirms that this kind of continuity embodies Equation (4.9):

Theorem 4.1.20 Characterization of Continuity

A linear map u : @ — (C, | -|) is continuous if, and only if, the following condition holds true:

VneN3IC,>0and an €N st. [ulfll <Cn Y [Iflk, 0 holds Vf € CZ(Ky,C).

aeNY |a|<an
Proof

[RSI80, Theorem V.16]

We remind you that our endeavor is to find a topology 7c= on Cg2° such that Equation (4.7) and
Equation (4.5) hold true when choosing G? to be continuous with respect to this domain. ILe., for all
f € C(RY,C) and h — 0, the convergences

. %(f() — f(+ = he;)) = 0., f(+) in (C&, 7¢e) and
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« GOLE(FC) = f( = he)] = G2, [0, ()] in (C.] - ])

shall hold true in that case. Thus, it remains to be shown, that the differential quotient converges in 7¢e:

Proposition 4.1.21 Convergence of Differential Quotient in ¢

For all f € @, we find that, for h — 0, the convergence L (f(+) — f(- — he;)) —=s ., f(-) holds
true.

This property follows directly by an application of Taylor’s theorem and the boundedness of all
derivatives in || - || .

It is convenient to introduce a shorthand notation:

Definition Lemma 4.1.22 Convolution of LF[D,C] and D

This immediately follows from the Definition/Lemma 4.1.22 of the convolution and the embedding
in Def. 4.1.8 of L} . C LF[D,C].

loc

Proposition 4.1.23 Smoothness of Convolutions of @’ and @

Given u € @'(RV) and f € D(RY,C), then u x f € C°(RY,C) and. for any o € N} and z € RV,
the following equalities hold true:

O%ux f(z) = (0%) * f(z) = ux (% f)()

[HI83, Theorem 4.1.1]

This line of thought thus leads us to the following definition:

Definition 4.1.24 Distributions

Given @ = (C’é’o (RN ,(C),choo), we call the following the topological vector space the space of
distributions:

D'(RN) := <{u € LF[C>,C]|u:D — (C,]|-]|) is COIltiIlU,OllS},TLF[Cgo]>

Before we summarize our results from this introductory section, let us answer the natural question of
whether @' contains more abstract objects than the finite derivatives of L}, -functions. Due to the
restrictiveness of the continuity condition with respect to 7ce, the answer is no and is given by the
following theorem:
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Theorem 4.1.25 Regularity Theorem for Distributions

Given u € @', then there exists (Ua)aeny in C(RY,C) such that, for all compact K C R, the set
{a € N) | spua NK # @} is finite and the following equality holds true:

u= Z 0%ugy

aeNy
Proof
[HI83, Theorem 4.4.7]

Thus, on compact sets any distribution is a finite weak derivative of a continuous function.

4.1.4 Summary

At this stage of our strategy, we were able to replace the approximate series with linear forms that fulfill
certain continuity requirements. This led us to the following notion of Green’s functions:

Definition 4.1.26 Greens Function

A Green’s function G with respect to a linear and translation invariant PDO 9 € 0 is a distribution
(G € D’) which fulfills G = ¢ in the weak sense.

The construction results in this theorem:

Theorem 4.1.27 Solutions out of Green’s Functions

Given a Green’s function G with respect to & € 0 and any p € @ then ¢ := G2 * p solves d¢ = p in
the strong sense®.

“Meaning as a differential equation on differentiable functions.

4.2 How to find Green’s Functions

Since most linear PDOs have a non vanishing set of homogeneous solutions, i.e. solutions to the equation
0¢ = 0, we expect the existence of a multitude of Green’s functions. A method of full characterization is
not known to the author but we will give an instruction to a systematic framework on how to find a large
subset. The idea is laid out in Section 4.2.1. This will lead us to a construction of candidates for Green’s
functions via complex surface integrals in Section 4.2.3. In Section 4.2.4, we will explore the context of
tempered distributions which provides strong tools for the task but can be quite restrictive depending on
the PDO of interest.

4.2.1 The Idea of Linear Representations via Trivials

Now we turn to the question of finding linear forms G' € LF[C'°, C] solving for given 0 € 0 the equation
O0G = ¢ in the sense of the weak derivative in Def. 4.1.14 i.e. Vf € C¢°:

G0 f] = o[f] (4.10)

Even though the elementary inhomogeneity § is very useful when constructing solutions to regular
inhomogeneities as summarized in Section 4.1.4, it is of advantage to again capitalize on the linearity
of the differential equation to represent it by a linear decomposition with respect to objects on which
the action of 0 becomes simple. However it is much simpler to dissect objects in C2° instead of those
in LF[C%°, C] and we can still use the resulting dissection maps by duality. After finding candidates in
LF[C®, C], their continuity in the sense of Theorem 4.1.20 can be checked and, if affirmative, lead to
Green’s functions in the sense of Def. 4.1.26.
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Trivial Inhomogeneities

Since we only consider partial differential operators which are not only linear but have also constant
coefficients, there exists a large set of smooth functions on which uniformly for all & € 0 the action of d
reduces to the multiplication by a C number.

Definition Lemma 4.2.1 Trivials and the Characteristic Polynomial

The set T := {tx(-) == ekl |k € C} c C>°(RY,C) is called the set of trivial inhomogeneities,
or in short, trivials. For the simplicity of the notation, we will naturally identify 7 ~ {k € CV} and
also call T the trivials having this identification in mind.

For a given 0 = ) 0a0% € 0, we define its Characteristic Polynomial by:

mp : CN — C k= my(k) == Z ae (k)™ .
acA

The action of 9 on tg reduces to Oty = my(k)tx. We abbreviate {mgy = 0} := {k € C¥|ma(k) = 0}.

Linear Representation of C° by Trivials

We will try to find a way to express any f € C¢° as linear combinations of trivials. If the summation
in this linear mapping commutes with the PDO, its action will just reduce to a multiplication of the
coefficients in front of the trivials by the characteristic polynomial. Lets forge these ideas into a precise
definition:

Definition 4.2.2 Linear Representation via Trivials

We call the tuple (Coef,LC) a linear representation via the trivials J(eoes,cey C T if:
. Coef : O (RN, C) — ran(Coef) C F(T(eoet,cc); C) is linear.
« L€ :ran(Coef) — C* (RN, C) is linear.
« LC = Coef™!.
« Ticoesrc) = {k € T | Ifc.; € ran(Coef) such that fe,, (k) # 0}.
« Any 0 € 0 gets diagonalized by L€ in the following way: 0 LC = LCmy.
T(coet,ce) is called the support of (Coef,LC).

Putting Def. 4.2.2 into words:

(k

« The map L€ constructs (possibly “non finite”) linear combinations of e'*I) ¢ T (Coef,Le) With

coefficients fe,., (k).
« For functions f € C2°, the map Coef gives rise to coeflicients which, when used in L C give back f.
¢ J(Coey.Le) indicates the subset of the trivials used in the representation.

« Given coefficients f,., € ran(Coef), then LC(fe,.,) is to be understood as some kind of summation
of trivials e{*I") with the respective coefficients fe,.,(k). When applying a PDO 9, we want to be
able to “pull it through” this summation so that it acts directly on the trivial e!* in the by k
indexed summand. By Definition/Lemma 4.2.1, this results in the multiplication of the respective
coefficient fe,.;(k) by ma(k), i.e. we demand 0LC = LC my.

If we regard for 8 € 0 and f,g € C°(RYN,C), the equation df = g is equivalent to mg - Coef(f) = Coef(g)
which puts forward the canonical candidate “-LC((ms) " - Coef(g))”. The quotation marks are put in
place because it is not clear whether such an object can be given a meaning. Before turning to this
question, we realize that when searching for Green’s functions § takes the place of g which leads to the
necessity of a generalization to LF[CS°, C].
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Linear Representation of LF[C2°,C] by Trivials

We have already seen how linear maps on C2° can be lifted to LF[CS°, C] in Def. 4.1.14, i.e., strong
derivatives on C¢° got lifted to weak derivatives on LF[C2°, C] by duality. The same can be done for our
linear representations. This method is called pullback:

Definition 4.2.3 Pullback of Linear Forms

Let L : Vi — V5 be a linear map between the two vector spaces V7 and V3, then we define its pullback

L* : LF[V,,C] — LF[WV1,C],u[-] — L*u[-] :== u[L -]

If V1 = V4 is a vector space over the field F', and L is just the multiplication by an element m € F,
we will denote the pullback by m-.

Indeed the interplay of the weak derivative and the pullback of the linear representation on LF[C2°, C] is
the same as the one of derivatives and linear representations on C¢°:

Lemma 4.2.4 Pullback Representation by Trivials

Given a linear representation (Coef, LC) via trivials, we find

« LC: LF[CZ(RY,C),C] — LF[ran(Coef), C] is linear,

. Coef* : LF[ran(Coef), C] — LF[C=(RN,C),C] is linear,

e Coef” = (LC*)71,

. and any 9 € 0 gets diagonalized by Coef* in the following way: 0 Coef* = Coef* me:,
i.e., the roles of Coef and L C are interchanged by the pullback.

All but the last point follow directly from Def. 4.2.3 of the pullback. Let & € 0 and f € C>*(RY,C)

dCoef*ulf] D coef * u[0" f] (i) by Def. 4.1.14 of weak deriv.
(g) u[Coef ot 1 (i4) by the definition of Coef*
(uid) ulme: - Coef f] (i44) by Def. 4.2.2
(i) mer - u[Coef f] (4v) by Def. 4.2.3

(i—‘) Goef*mat . ’Lt[f] .

Similar to the C%°, the equation G = § for d € 0 is equivalent to mg: - LC*(G) = LC*(6) leading to
the candidate “Coef™ ((mg:) ™" - LC*(6))".

Complications
If we want to generate a Green’s function G by considering “Coef™ ((mg:) ™ - LC*(8))” we need to answer
the following two questions:
1. Does the multiplication of LC*(§) by (mg:)~! result in an object in LF[ran(Coef), C]?
2. If so, is the linear form Coef™ ((mg:) ™' - LC*(6)) € LF[C2°(RY,C), C] continuous in the sense of a
mapping D to (C,| - ])?

For the first question it is certainly of advantage to choose the representation such that its support
T(coet,e) has no overlap with {mg = 0}. One can try to answer the second question by consid-
ering representations whose image ran(Coef) can be equipped with a topology Tian(eees) such that
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Coef : D — (ran(Goef),Tran(@aef)) is continuous. Then, the continuity of (mg)~! as a function from

(ran(Coef), Tran(coes)) to (C, - 1) implies Coef™ ((ma) ™ - LC*(5)) € D'. We will explore these ideas in
the setting where the coefficients Coef in front of the trivials e!*|" are constructed by integration of the
variable k with respect to the Lebesgue measure, i.e., the setting of Fourier transformations.

4.2.2 Coefficients: Fourier-Laplace Transformation

We will see in the following that the Fourier-Laplace transformation is a reliable source of coefficient
functions in the context of linear representation via subsets of trivials:

Definition 4.2.5 Fourier-Laplace Transformation on C°

We define the Fourier-Laplace transformation by:

N

FL: CPRN,C) = F(T ~CN,C), f(-) = (Ff)(+) = (k > (27r)'N/2/ d™z f(x) e-i<kIX>> :
R

Indeed the Fourier-Laplace transform fulfils the desired commutation relations with PDOs and their
characteristic polynomials:

Lemma 4.2.6 Diagonalization Property of %[

Given any 0 € 0, we find L0 = mpFL on C°(RY,C).

Let f € C®(RY,C) and k € CV, then

(FLOf) (k) = (2m)™/2 | dx (Of)(x) e k)

RN

(2 (2m) N2 d™z f(x) 8;e_i<k|x> (7) by partial integration
RN

= (2n)V/? ANz f(x) mo: (—k)eFX)
RN

=mo(k)(ELf).

Since ran(F#L) consists of functions with support on all of 7, it seems unfortunate to use it in order
to build Green’s functions, considering the complication raised in the first question. The following
proposition shows, however, that %L (f) contains redundant information about f € CX(RY,C):

Proposition 4.2.7 Regularity of the Fourier-Laplace Transformation

Let f € C°(RY,C), then, its Fourier-Laplace transform £ f is holomorphic, i.e £ f € H(CY,C) :=
{h : CN — C|h is holomorphic}.

[HI83, Theorem 7.1.14]

Since holomorphic functions can be uniquely identified by specifying their value on certain true subsets
t C T, we can, given f € C°(RY,C), restrict the result of the Fourier-Laplace transform %L f without
any loss of information:
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Definition 4.2.8 Restricted Fourier-Laplace Transformation

Given t C T, we denote by FEL; the restriction of the Fourier-Laplace transformation in the following
sense:

FLy: CX(RY,C) = F(t,C), f(-) =~ (FLF)]e(-) -

Since our objective is to build a linear representation of the trivials ¢ by defining (Coef,LC) :=
(9‘;[’ o (L 2)71), we need to make sure that after shrinking to ¢ %L, is still injective. We will discuss a
mechanism to find these sets of trivials in the following.

4.2.3 Trivials: Sufficient Subsets

A particularly advantageous subset is RN C 7, since there exists a superset S(RY, C) of C>°(RY, C) such
that EL g~ is the restriction of an isomorphism on S, and thus, is invertible on its range:

Definition 4.2.9 Schwartz Functions

The set S called Schwartz functions is defined by
S(RY,C) := {f € C®(R",C) | Ve, B € NV|fll o005 < 0}
with x8 = (21,...,zy5) 1 PN) = xfl o m’?\,N in

I lao o 3 SERY,C) = Roo, f = [1fll 0 = 5P @70 (@)
xE

Definition Theorem 4.2.10 Fourier Transform on Schwartz Functions

The following map, called Fourier transformation

F:SRY,C) = SRY,C), f(-) = (FF)(-) = (27r)'N/2/ 4z f(x) e 12) |

RN

is invertible and its inverse is given by:

wTF SRV, C) = SRY,C), f(-) = (aF f)(-) == (2n)N/? / dNk f(k) ekl

RN
[HI83, Theorem 7.1.5]
This implies, as described before:
(Coefgpn, LCgN) := (FLpn, (FLgpn)71) = (5|Cgo,i,zvgg(cgo)) is a linear representation via RY C 7.

Further we have an explicit formula for the evaluation of linear combination of trivials with coefficients
feoer € F(C) at point x € RN

LCRN (feoes)(x) = (2m) /2 / Ak feoes (k) €1kl (4.11)
]RN

As disused before, fe,es is the restriction of a holomorphic function on RY. Equation (4.11) can be
regarded as a surface integral of the holomorphic function (k> feees (k) €1¥I®)) along the surface RY.
There exist generalized versions of the Cauchy integral theorem, which allow to smoothly alter the surface



52 CHAPTER 4. DISTRIBUTIONS AND GREEN’S FUNCTIONS

integration on the domain RY to other N real-dimensional surfaces in ¢+ C CV without changing the value
of the integral. This results in a new linear representation on (£ Cy, Coef,) by defining Coef, := L and

LC(feoer)(x) = (2m) N2 /de Fooey (k) €K1 ®)
t

for feeey € FL(C) and x € RY where fthk is not understood as an Lebesgue integral but a complex
surface integral. The Cauchy integral theorem allows one to alter R only within compact regions of
CN. However, the following proposition shows that the Fourier-Laplace transformations of C'>°-functions
fulfilling certain strong decay properties along RY + ic for ¢ € RY which can be used to alter RV outside
of compact regions:

Proposition 4.2.12 Regularity of the Fourier-Laplace Transformation

Given a,B € N}Y and compact K C R, then, Vn € N there exists Ck g, > 0 such that
Vf e CX(K,,C)

KPOCGLf(K)| < Ckapm D, Ifllky o0
§eNY ,|6|<|B|

sup
kERN +iK

which implies for given ¢ € RV that t(®V4ic) FL(f) is a Schwartz function in the sense that

(RN 5 C ik 2o EO(F) (k + ic)) e S(RY,C)

We take advantage of the compact support of f in steps (i) when using the dominated convergence
theorem and (i¢) when performing a partial integration in the following calculation

kﬁaggeff(k) = kﬂag(Qw)_N/Q le‘f(X) emi(klx)
RN

(2m) N/? RNde f(x) kﬁa,‘:e'i<k‘x>

= (2m) N2 d™z f(x) kzﬂ(—iaf:)o‘e'i(k'x>
RN

(@)

= (2m) /2 le‘f(X) (—iw)“(i&w)ﬁe‘i<k|">
RN

@) gy 2 / e ((—i0)P (—iz)™ f(x)) k)
RN
_ (271‘)_N/2/ Ve Z Ca/7/3'((—im)a/(—iaw)ﬁ,f(x)) emi(klx)
RN
le’|<|ex|,|B'|<|B]
which leads to:

sup  e(m(E))

z€RN +iK

sup kﬁagi};ff(k)’ < (QW)-N/2 Z Cat B! / d Nz ‘wa’aglf(x)
2ERN +iK le|<|exl,|8'|<IB] =

S (27T)-N/2 Z éKn,a’,ﬂ' (/ d™x
la’|<|exl,|8'|<IB Kn

< CK,a,ﬁ,n Z ||f||Kn,oo,5 '
SeNlY,[18|<|B]

of 1(@)) _swp e

xzcK, ,yc K

We will, however, restrict ourselves to only alter the surface on compact regions in just one dimension,
which does not involve generalized versions of:



4.2. HOW TO FIND GREEN’S FUNCTIONS 93

Definition Theorem 4.2.13 Cauchy’s Integral Theorem

Given a continuous function f : C — C, and further, a piecewise continuously differentiable contour
v : [a,b] C R — C, then we define the following complex contour integral:

b
/ f(2)dz 1= / )y (1)t

We call a function v : [a,b] — C a contour, if the following conditions are meet:
« 7y is piecewise continuously differentiable.
. 7(a) =7(b).
. for t1,ts € (a,b) with t; <ty the quality v(¢;) = v(t2) implies t; = a and t5 = b.

Given f € H(C,C) and a contour 7 : [a,b] — C, then f,y f(z)dz = 0.

For fixed k' = (kq,...,kny) € RY71 we want to alter the domain of the (w = k;)-integration in
Equation (4.11) by Cauchy’s integral theorem. We define

Definition 4.2.14 w-Surface and w-Surface Integration

We call a family of functions v = {7 : R — C}pcrnv—1 w-Cauchy curves, if forall k' € RN~! there
exists T,;t, € R such that

o Y (t) = e (Ty) + (t = T,) for all t € (-00,T},/],
e Y (t) = (Th) + (t = T,,) for all t € [Ty, o),
o Ve (t)|jp- 7+ is piecewise continuously differentiable
kTR
and we denote, by a slight abuse of notation, graph(y) := { (v (¢), k") € RV | (t,k’) € R} as the

w-Cauchy surface associated to +.

Given ~ and a function f which is holomorphic on a neighborhood of graph(v) fulfilling that
. VE' € RV=! (w s f(w, k")) is Lebesgue integrable on R\ [ye/(Tp, ), v (T3],

. the map k' — fR\[ duf(w, k') is Lebesgue integrable on RV ~1

Vi (T ) Ve! (T-+)]

. the map k' — [ dwf(w, k') is Lebesgue integrable on RY~! where for fixed k' € RN~!

0’ |[T— T

the object f7 . dwf(w, k') is understood as a complex path integral,
]

k=

we define the integral of f over graph(vy) by:

/ d"k f(k) = / a~k / dof(w, k) +/ dwf(w, k")
graph(v) RN -1 R\ [yier (T7) 300 (TH)]

Wi/ = )

As of expected by the construction, we find:
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Definition Corollary 4.2.15

Given w-Cauchy curves v, then (Coef zapn(+): L Ceraph(y)) With Coef gapn(y) = Fgraph(y) and

LCyraph(y)f () = (277)_N/2/ d™k f (k) ikl
graph(y)

for f € C°(RY,C) and « € RY is a linear representation via graph(y) C 7.

By the argumentation of this section.

We determine now «£'Cqon () (0)

Lemma 4.2.16

LChraph(y)(0) = (2m)™/% in the sense of LF[ran(Coef ), CJ.

Let feoef S ran(Goef

graph(y)

graph(’v)) then

L Clhrapn(y) (0)[feoer] = 0oL Coraph(y) feoes] = (2m) ™72 / ’ )d”k f(k) = (2m) "2 [f]
graph(y

The Green’s function candidate becomes “Coef pn(+) ((mg)~" - (2r)™/2)”, where we consider (mg:)~" -
(2m)™™/2 just on graph(vy) and we can try to chose graph(y) such that it is disjoint of {mg = 0}. This
does not fully answer if it lies in LF[ran(Coef 35 (+)), C]. Furthermore, this technique does not provide
us with a mechanism to ensure the continuity of the possible G € LF[C°, C].

4.2.4 Tempered Distributions

The strategy of searching for a linear representation, such that ran(Coef) can be equipped with some
topology Tran(coery Which makes Coef : D — (ran(@oef),rran(enef)) a homeomorphism sketched to
answer the second concern (Item 2), leads to the notion of tempered distributions and their Fourier
transformations. A caveat however is that one needs to pass to an increased topological set of test
functions to (S(RY,C),7s) of which C2°(R¥,C) is a true subset and its inclusion is continuous. This
implies that the set of continuous linear forms on (S(RY,C),7s) is only a subset of @', and we might not
be able to find all possible Green’s functions. We define this topological space:

Definition 4.2.17 Schwartz Space

The topological space & := (S (RN, C), Ts) with its topology 7g given by the family of semi-norms
(Il [loo,c,8) ex,enpy is called the Schwartz space.

Proposition 4.2.18 Embedding

The inclusion map ¢t s : D — &, f — f is continuous.

Teee is constructed according to Def. 4.1.19 as the final topology of the family of maps (Ln :
C*(K,,C) — C;’O(RN,(C))neN with C2°(K,, C) topologized by the family (|- [k, oo .a)aeny of
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semi-norms. By the universal property of the final topology, ¢4 s is continuos if, and only if, for all
neNy,oupgs: (C‘,;"’(Km 0), TCSO(KH)) — & is continuos. Since ¢y, 0 g s is linear and due to

lin 0195 (Fllo.ap = 1flloap = sup [#P0*f(@)| <0l sup [0%f(@)] = CP!|fll, o
xERN xRN

for all f € C°(K,,, C) which according to [RSI80, Theorem V.2] implies the continuity of ¢y, 0 tp s.

This thus implies that the linear continuous forms on & can be regarded as a subset of @':

Definition 4.2.19 Tempered Distributions

Given the topological vector space &, we call the topological vector space
8= ({u €LF[S,Cllu:S8 — (C,|-|) is continuous},TLF[S])
the space of tempered distributions. Further &’ C @’ by Proposition 4.2.18.

The reason for looking at this space of test functions lies now in the following theorem:

Theorem 4.2.20 Conitnuity of the Fourier Transformation on §

The Fourier transform & and its inverse wF of Definition/Theorem 4.2.10 are isomorphisms of .

Thus, F* and w.F* are isomorphisms of &’. Since they agree with F on S(RY,C) C &', we leave out
the .

[HI83, Lemma 7.1.3] and [HI83, Theorem 7.1.10]

Thus, this linear map gives rise to a linear representation of S(R™,C)” via RN C 7:

Proposition 4.2.21

(coefin,LCxN) := (F,uF) is a linear representation of S(R™,C) supported on RY and Coefpn
and LCz~ are § — & continuos .

The only thing left to show is that 9 = msF holds true on S\ C*° for any 0. This is, however,
proven in [HI83, Lemma 7.1.3].

With the same reasoning as in Lemma 4.2.16 we find:

Lemma 4.2.22

The equality (LC5,apn(y)) (8) = (2m)™/* holds true in the sense of LF[Coefgn, C].

Our candidate for a Green’s function is therefore « (Goefﬁzv)* ((mat)*l - (2m)™N/ 2)”. We can now approach
the question of whether our candidate is continuous, i.e. lies in §’. Since Coefgn,LCin = F is an
isomorphism onto &, the continuity of the candidate is equivalent to (mg:) =1 - (2r)™/2 € 8’. As for the
case of the distribution in Theorem 4.1.25, there exists a theorem that describes the local regularity of
the elements of §’ and at the same time identifies their global behavior:

7A linear representation of S via trivials is to be understood by replacing in Def. 4.2.2 C° by S.
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Theorem 4.2.23 Regularity Theorem for Tempered Distributions

S'(RY) = {0*g|g € C(RY,C) and polynomially bounded, o € N} } with weak derivatives in the
sense of Def. 4.1.14.

[RSI80, Theorem V.10]

Additionally, there exists an accessible characterization of the continuity of linear forms LF[S, (C,]| - |)],
the analog of Theorem 4.1.18 for distributions:

Theorem 4.2.24 Characterization of Continuity

A map u € LF[S, (C,|-|)] is continuous if, and only if, there exists a,b € Ny and C' > 0, such that,
for all f € § the following estimate holds true:

WfI<C D Mflsags:

la|<a,|B|<b

[RSI80, Theorem V.2] and [RSI80, Theorem V.9]

-N/
One could use these tools to assess whether “RY — C, k %” lies in $/(RY). This could be quite

tricky and it could be advantageous to construct approximate series in §’ by changing the characteristic
polynomial mj. by a small parameter €. Fortunately, the following theorem ensures that we obtain a
tempered distribution if (2r)™/?/m5. converges to LF"[S, C]:

Theorem 4.2.25

S’ is a closed subset of the topological space LF™[S, C] (Def. 4.1.10).

Given a net (u;);er in 8’ such that it converges to u € LF[S,C], then, by Def. 4.1.10 of 7 ¢g), it
follows, for all f € S(R%,C), the convergence lim;cr u;[f] = u[f]. In particular is, for any given
f € S(R*,C), set {|u;[f]||i € I} bounded in C. By the principle of uniform boundedness on the
Fréchet space § (see [RSI80, Theorem V.7]), we find C' > 0 and a,b € Ny, such that, for all i € T
and f € S(R*, C), the following estimation holds true:

wlfll<C D fllas:

lee|<a,|BI<b

This implies, again for all i € I and f € S(R*, C)

[ul 1 < Julf] = wlfll + )l < Ww =)0 Y0 Il ap

| <a,|BI<b

TLF[S]

and thus, due to u; —— wu, finally |u[f]| < C' Y\ <q 8/<p | fllco,a,5- This implies by Theorem 4.2.24
the continuity of v on Schwartz space -
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4.3 Relativistic Structure and Conventions

When considering physical theories in the context of special relativity, the convention is to use the
signature of the pseudo-Riemannian metric (+,-,-,-) in the Fourier transforms:

Definition 4.3.1 Relativistic Physics Convention

The set of trivials T, := {t(w ) () = (t, ) = @K@ | (w, k) € C*} € C=(R%,C).

The Fourier-Laplace transformation:

FLpp : CX(R*,C) = H(CH,C), f(-) = ((w,k) — 2m) ™ [ did*x f(t,:n)e_i(“’t_<k|x>)>

R4

The Fourier transformation and its inverse:

Fph : S(R*,C) = SR, C), f(-) = (Fonf)(-) = ((w,k) — (21) Y2 / dtd’r f(t,a:)e—i<wt—<kl’<>>>

R4

wTFpn - SR, C) = SRY,C), f(-) = (wFpnf)(-) 1= ((m) = (2m)? /R dwd’k f(w,k>ei<wf—<’“'x>>)

This metric provides the structure of the light cones, which we will summarize in the following definition:

Definition 4.3.2 Light Cones

Given a spacetime point (t,z) € R x R3, we define its

. past light cone Fl(itgl;t)’_ ={{t,z') eRY|t—t|—||lx —z'|| =0 and ¢’ <t},

. future light cone Fl(ltgl;t)+ ={t,z) eRY[t—t|— ||z —2'|| =0 and t' >t}
and further, for any A C R x R3 the future, and respectively, past light cone I‘Lilght’i =

i ,+
U(t,@eAF}E‘;t) of A.

4.4 Advanced and Retarded Green’s Functions

In this section, we will discuss two Green’s functions of the wave operator that are of particular interest.
We first summarize their definitions and properties in Section 4.4.1 and move the proof to Section 4.4.5.
In Sections 4.4.2 to 4.4.4 we follow the train of thought that was examined in Section 4.2.
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4.4.1 Definition and Properties

Definition 4.4.1 Advanced and Retarded Green’s Functions

We will call the following linear forms the advanced and retarded Green’s function®

Gad"/ret:S(R4,(C)—>C,f|—>/dtt2/ dﬂ(@)(;@(;t))Lf(t, |t|&)
R S1(0) 4rlt|

which are abbreviated by writing:

1
adv/ret
G (t,x) = :F@(:Ft)—4 | |6(|:c| 2= 8.

However, this is just a formal expression not to be understood as the evaluation of a function or the
composition of its ingredients.

%The justification of this labeling is part of the following theorem.

To determine their properties, we need to define certain paths in the complex plane that are used in one
of the representations of G2dv/ret.

Definition 4.4.2

Given k € R3 we define two w-Cauchy curves (Def. 4.2.14) v = {'y,jcE R — C}keRS by

—(1+ |k|) + (t+ 1+ (1+]|K]) ,t€ (—o0,-1-(1+||K|)]
—(1+ |k|) +i(t+1+ 1+ |k[) ,te [-1-(1+]k]),-(1+ |k])]
e t) =19 —(1+[k|) + (t+ 1+ |k]) +i ,te -1+ k), (1 + k)]
+(1 + |k|) +i(l—t—(1+|k]) ,te|[(1+]k]),1+1+]k])]
+(1+ k) + (¢t —1—(1+]|k]) ,te 1+ (1+ |k[),0)

and call v* by the symbols <==.

The following theorem summarizes the statements derived below. Its proof is provided at the end of this
section after some preparation.

Theorem 4.4.3 Properties of the Green’s Functions

The following properties all hold true for Gadv/ret:
1. Gadv/ret ¢ §'(R x R3)
2. OGadv/ret =g,
3. When restricting G4/t to C°(R x R3,C), they take the form:

(FEp ), B)

adv/ret _ -4/2 3
F=G [f] = (2m) /Edwdk e

4. The Fourier transform of G24v/rt ig given by the limit of the tempered distributions

271')_4/2

Fon G/ RE 5 C, (10, k) oy ——)
phGUe ( ) —(Wi1€)2 +k2
i.e., the limit G},hGadV/mt = lim._, gthidv/ret exists in &’.

5. Sp(Gadv/ret) — I‘\l(l(i}(;t),:l:
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4.4.2 Preparations

The derivation of Green’s functions of O begins with the analysis of their characteristic polynomial:
Mpn.gt = CV = C, (w, k) = mpp e (w, k) = (—iw)? — (—ik)? = —w? + k2.

Since R* N {mpp,cr = 0} = {(w, k) € R x R®|w = +[k|} is a rather large subset of R?, it is difficult to
2
judge directly whether % leads to Green’s functions. Therefore, we will follow two routes:
« We introduce an approximation series of % with parameter € and show its convergence in §’.
To derive certain explicit formulas for their Fourier transforms, a second approximation (parameter

o) is used.

« We also use ==F from Def. 4.4.2, which are chosen to bypass the set of zeros of mj ot, to construct
a candidate from the linear representation via == := graph(f=F) according to Section 4.2.1. To
show the equivalence to G24v/t | we introduce an approximation (parameter o).

To maintain an overview, we list all relevant objects in the following definition. The well-definedness and
their relationship to each other will be shown later.

Definition 4.4.4 Building blocks

Let €,0 > 0 then we regard

* G;f,em 0 Cgo (R47(C) — (Cv f — (271')_4/2/ dwd?k M

—w? +k2
(FLpnf)(w, k) _»2
+ 00 (T4 -4/2 3 ph
* G‘Zfaem Cc (R7C>_>(Ca f'—>(27r // ddkw 202
1
:l: —_— —_— —_—
* GGZC otp _> (C (t’ :13) = i@(it) 47r|w| (50(|m| t) (50(|:13| + t))
. G%.,, :CCRLC)C, fr—)/dtt2/ &) (£ O(£t)) — f(t, [t|®)
P s1 0) Arlt|
4/2
. G;Eem :R* = C, (w, k) — —2
—(w=xie)2+k
-4/2 2
. GEL RS k) OO
—(wxie)2+k

1

. + R4 —elt] — ) =
G, R*=C, (t,x) — £O(£t)e 4F|m| (6o (| — t) — 6o (|| + 1))
. G%,: S®.C)-C, f|—>/dtt2/ &)(+0(x))e L 1(s |12)
$1(0) 4rlt]
. GE:S®R,C)—C, fr—>/dtt2/ j:@(it))41| 7 f(ttz)
Si(0
where d, : R = R, s = 0,(s) := #6_432, S1(0) := {x € RY||z| = 1} and dQ(&) indicates the

surface integral with integration variable &.

4.4.3 Via Cauchy Surface

The following lemma confirms that =—F bypasses the zeros of mpp o+ such that the candidate of the
construction with (Coef o , L Cx ) can indeed be regarded as a distribution:

Lemma 4.4.5

The following properties hold true for G;I i

1. They are well-defined and distributions.
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2. They indeed solve DGEE‘I =4.

Item 1 can be shown, according to Theorem 4.1.20, by checking if, for all n € N, there exists C;, > 0
and k,, € N, such that, for all f € C2°(K,,C), the estimate

GENI<Cn Y lfllky o

aeNy ol <k,

with ||f||Kmoo,a =

Since €= 1= (Jpcps YiE(R) x {k} C (R+1i[—1,1]) x R? we know, by Proposition 4.2.12, that on the
domain of integration there exists C' > 0, such that

1
FLonf)(w, k) < sup
(Zonf)le ) (1+w2)(1+ [k|°) (wk)e(®ril1.1])xE3

(
1
< sup | k)P (e, k)
(14 w?)(1+ |K|°) ﬁeNOZI:ﬂK?(w,k)G(RJri[1,1])><]R3
1
(

(1 w?)(1 -+ k)L (o, )|

= 5
(1+w?)(1+ |k]°)

1
<C > Il ~
n 2 5 K, ,00,8
(+a?)(1+ BF) jo 7

> sup |(w, k)PEL f(w, k)|

BeNo p|<7 (R ERFI[-1,1]) xR

Furthermore, by the construction of &=, we find ’(—w2 + k2)_1| < 1. Thus, we resume

(Q;Cphf)(w7 k) ‘

+ -4/2 3
G5 f]] < emy /wdwdk 4 K

< (2 / dusd® [(FL o f) (0, B)|

<Cn >, |f

SENN |8|<7

1
3,
<Co D flky s /dek </Rd“+/mdw> (1+w?)(1+ k)

§eNY|18|<7

1
K 005/ dwd’ 5
T e (I+w?)(1+|k[")

0
=00 > Il e

§eNY 16]<7

where =5 represents '7]::‘[—1—(1+Hk\),1+(1+||k|)] and step (7) is due to:

1
./dgk/dw = < oo and
o Je <1+w2><1+\k|>

24 2(1+ |k|) .

3 3 +\

/Rddk/ (1+w?) (1+|k\ )~ /dek(1+|kz|5) < oo, since |dom(y, )] =2 +2(1+
—

k1) and\%@)l—l

Item 2: We consider f € C2°(RY,C) and calculate:

DG%;L’U] = G;E[[Df]
= (2n)*? / dwd FErnOH) (W, k)
A —w2 + k2

. 2
(Q (2m)™*/? / dwd’k Ziik(gfphf)(w k) () by Lemma 4.2.6



4.4. ADVANCED AND RETARDED GREEN’S FUNCTIONS 61

(2) (27|-)'4/2 / 43k /dw (9;£’phf)(w, k) (i1) by Definition/Theorem 4.2.13
R3 R

(g) f(0) (#i7) by Definition/Theorem 4.2.10

=4[f].

To get in touch with the formulation of G*d/*t in Def. 4.4.1, we first show that indeed Gﬁl’ oem
approximates Géc om for 0 — 0:

Lemma 4.4.6

Gfa,,a,em converges for ¢ — 0 to Giiﬂ‘,em in the sense of distributions as topologized in Def. 4.1.24.

Given f € C°(RY,C), we consider the estimate

(G;Cphf) (wa k)

+ + -4/2
‘Gge[',a,em [f] - Ggs[',em [f]‘ < (2m) Y / desk —w2+ k2

—r

_ K2
‘e > _1’

and find that the integrant is dominated by

(w k?) — 2’ (g;cphf)(w?k) ’
' —w? 4 K?

which is integrable as can be seen in the proof of Lemma 4.4.5. Since the integrant converges
pointwisely to zero and also the contour integral is defined as an Lebesgue integral, we find by the
dominated convergence theorem

lim (G, lf] = Gy, L] = 0

o—0

i.e., the statement of this lemma.

2
With the regularization factor ¢"2:% we can now show the equivalence of the representations of the

distributions at the level of approximations:

Proposition 4.4.7

a= _ =t
Gﬂ,a,em =G

FL o,tp
Proof

Given f € C>(RYM,C), we consider

€ Ll . .(RxR3 C) in the sense of the embedding in Def. 4.1.8.

loc,c

e (FLon ) (w0, k) _ 22
Gt em ] = 2y / dwd’k —_Z} o ©
1 2 .
— -4/2 3 —5e7 -4/2 3 -i(wt—(k|x))
(2m) / dwd’k R e 202 (2m) /}R4dtd x f(t,x)e

and notice that, due to the complex contour, the integrand is smooth in both sets of variables, i.e.,

(w, k) and (¢, ). Additionally, when regarding the complex contour integral in the sense of Lebesgue
integrals, the regularizing factor exp{( — 2’“722)} makes it integrable with respect to both sets of

variables. Thus, Fubini’s theorem can be allied leading to

+ 3 3 —3,— 24 1 Si(wt—(kx
G emlf] :/1R4dtdm (/Radk(%r) e m/ﬂkdw(%r) e (il >>> f(t, )
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and with further manipulations the expression in the bracket becomes:

1 K2 1 1 . )
&k (27) 2 ——e 207 (/ dw (2m) L < _ ) e—lwt) ei(klx)
fmen o R e S PR

The time dependent contour integral in w can now be computed by the residue theorem when closing
the integration curve

« along the upper half-plane for ¢ < 0, and respectively,
. along the lower half-plane for ¢ > 0,

which resulting in:

f e (w o |k|) e = FO(RNT (M — M)

Evaluating the angular and radial parts of the k-integration successively leads to the following
calculation:

2 1 .
/ d* (27’(’)_36_%7/ dw (2m) ' ——— i@t —(klx)
R3 =, —w2+k

1

= +6(t)7
I8

/ d|k| do deos 0 |k|? (27T>_2i67% (e‘ilklt - eilklt) i etlkll@]cosb
R0 027 J-11 K|

1 2 . . )
= :l:@(:l:t)f d|k:| (27‘[’)716_% 671|k|t _ €1|k|t dCOS01|k| el\ka\cose
A Jr, [~1,1]

= :I:@(:l:t)L d|k| (271')716_% (efilklt - eilklt) (eilk”wl - efi‘k‘m)
47T|w‘ Rzo

— e —— [ dkl@n) e 5= (cmiklt—taD . gikiti—loD) _ oilkitrHish _ gikice+io))
dr|z| R>o

k|2

= i@(it)ﬁ /d|k:| (2r) e 207 (ei\k\(tflwl) _ ei\k\(tﬂwl))
T R
1 g o2 P o -2 5
— 4Ot —— (LT =) _ T~ (=) )
0 5 (V5 N

- i@(it)%lx‘(%ﬂﬂ — 1) = 5,(|2| + 1))

_ ot
= Gsa,,mtp(t, x).

This leaves us with with the expression

o emlf] = /R . dtd’x Gy (@) f(t,@)

which implies the statement of the proposition.

It remains to be shown, that the approximation also converges on the other side of the picture when
removing the regularization, i.e., for o — 0, the convergence Gy ;1 — G§£ tp holds true in distributions.

Theorem 4.4.8

The equality G?;;C om = G?I ot holds true.

The following lemma will be helpful to prove the preceding theorem:
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Lemma 4.4.9

Given a function §; € L'(RY,Rsq) with Aj}jRNde 61(x) = 1 and € > 0 we define 6, = (x —
(1/e)N81(x/¢)). Furthermore, let h € L>°(RY,C) and = € RY such that h is continuous at x. Then,
we find

Let € > 0, then we put the following preparations into place:

lim h * 6. (x) = h(x).

e—0

« By the continuity of h at x, there exists § > 0 such that, for all y € Bs(0), the estimate
|h(x —y) — h(x)| < /2 holds true.

« Since, given § as in the step before, the function y — 1rn\B,,.(0) (y)|91(y)| convergences

pointwisely to zero and is dominated by the integrable function |d;|, we find due to the
dominated convergence theorem

1
lim d™y s (y) = lim dNy — 01 (E)
e—0 RN\B(;(O) e—0 RN\BJ(O) £ £
= lim dNz61(2)
e=0 RN\B;s,.(0)
=0.

Thus, there exists € > 0, such that, for all £ < g, we find fRN\Bs(o)dNy 0-(y) < €e/(4]|h| )-
These estimates lead, for € <  to the calculation
|h s be(x) — ()]

[ @bt —)i.(e ~ )~ hie)

< [ 4%h ) = h@)5.(v)

: /Ba(0>dNy = y) = hloey) + /m\&;(o)dNy Ih(@ = y) = h(=)[o-(y)

<o a2l [ a%)
Bs(0) RN\Bs(0)
=e€/2+¢€/2

and, thus, lim._,g h * §.(x) = h(x).

Proof Theorem 4.4.8
(i1)

Since the equality GE, om @ lim, 0 G = lim,_,0 G?ﬁ[‘

,o,em

holds true, with
o,tp

(7) due to Lemma 4.4.6 and
(i) by Proposition 4.4.7,

it remains to shown, that Gﬁ:&o, i 720, Gé::[.7 tp in @’. We will restrict our proof for clarity to the

case GJng_ The other case plays out analogous. We need to show that, given f € C°(R*,C) and in
the limit ¢ — 0, the following entity approaches 0:

1
4rr|t]

1 . .
/wdtd%@(t)m(aﬁm—t)—5a(|m|+t))f(t,m)—/Rdtﬁ/&(o)dg(w)@(t) 1, |t|a:)‘.

(4.12)
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We start by picking ¢ > 0 rewriting the fist term in the following way
1
| s 000) 1 (5-1al = ) = 8,12l + ) .2)

:/ dt/ ar = [ a) (5olr — 1) — 8o (r + 1) £(t,rd)
R>o R>o S1(0)
=:F,(t)

© - - TL x r—t)—0,(r ra ’
_/ it | g [ A9 Golr =) = 0ot +) )+/0 dtF, (1)

(id) > o u+t N N
_/C dtL du /SI(O)dQ(m)(;a(u)f(t,(u+t):c)

7

_/ocdt Oodv“_t/ dU2) 0, (v) f(t, (v — t)&)
c S1(0)

+/0th(,(15)

oo %) w4+t
= dt du dQ(&) 05 (u) f(t,(u+1t)2)O(u+t
/C /m W/Sl(0)<><>f<<+>><+>

_/idt/_‘:dv”;t/w)dg(@)aa(v)f(t, (v —1)2)O(v —t)
/ “atE, (1)
9 [T | oo st 0aponeso)
/ dv 6, ( (/ dt ”4;t/51(0)d9(ﬁ3)f(t, (v—t)fc)G(v—t>>
/0 dtF, (1)

@) 5, % H(0) — 6, % J(0) + / dtF, (1),
0

whereby the following arguments justify the preceding equations:
(7) due to ¢> 0.
(#4) by substitution with u(r) :=r —t and v(r) :==r + ¢t.
(#i1) by Fubini.
)

(iv) by defining the following functions:

H.(—u) := /oodt h(t,—u) with h(t,—u) = ut t/ (O)dQ(:%) f(t, (u+)&)O(u +t) and

Je(—u) = /Oodtj(t, —v)  with j(t,—v):= vt / (O)dQ(ﬁz) f(t,(v=1)2)0(v—t).

Further, * is the convolution of functions.

Additionally, we rewrite also the second term:

1
dtt? f(t, |t|a
[t [ 19@00 s el
1
dtt2/ f(t,[t|2) /dttQ/ f(t, |tz
/ $1(0) Vi |’5| $,(0) Vi Arlt] It 1)

9 R 1
:Hc(0)+/0 dt t /SI(O)dQ(w)G( ) (8140

=:F(t)
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+ / “atP ()

Combining these two calculation leads to the following upper bound of (4.12)

foro

18, % Ho(0) — Ho(0)] + 15, # Ju(0)] + \ [tk \
0

Term II

Term I

and attack these terms successively. Let ¢ > 0 be given.

Term I will be treated by finding some ¢, such that the sum of the integral terms become less then
€/2. First, we find some dominating function for F, by considering for ¢t € R

|Fc,(t)|§/]R drﬁ S(O)dQ(ﬁc) (50 (r — 1) + 65 (r + 1)) | £ (£, 7)]

SC/dr(ég(r—t)+5g(r+t))(1+t2)_1 sup (L4 B)(1+ @) f(E, &)
R (£,2)ERxR3

<Ol D Mlaop | T+

BENG,|BI<4
which tells us, that the convergence

lim
c—0

c c
. 2\—1 _
Jarw| <ime| S Ul ) [aarer <o

BENG,|B|<4

holds true. This is due to f € C°(R*,C) c S(R*, C). Moreover, by

. 1 .
F()] < t2/ 4&)O() | £ (1, |t]2)
51(0) 47Tt
<C(A+)"" sup |1+ P)f(E @)
(t,)ERXR3
<C Z [ flloop | 1+
BENG,|BI<3

and with the same argument as before, we deduce lim._,q | fo dtF(t | = 0. This lets us choose ¢, > 0
such that the following expression holds true:

/ QtF, (t)‘ +
0

“aE)| <2,
o

Term II can, with ¢, in place, be estimated by Lemma 4.4.9. We just need to proof that both H,,
and J,, lie in L*°(R, C) and continuos at 0.

« Continuity of H._ can be seen by first observing that, for ¢ € [c., 00), the integrant

—u+t

u > h(t,u) =
™

/ dQ() f(t, (—u+t)2)O(—u +t)
S1(0)

is continuous in the neighborhood (—1,¢.) of 0. This follows by dominated convergence due
to the compactness of S1(0), the smoothness of f and the continuity of v — O(—u + t) on
(—1,¢e). A u-independent, integrable dominating function is achieved via the estimate

A(tw)] < (1 +)71  sup (1+8)(1+2%)f(E, @) <C< > IIJ”IIOO,o,g)(l+t2)_1

(t,&)ERXR3 ﬂENé,|B\§4

and another application of dominated convergence implies the continuity of H., at 0.



66 CHAPTER 4. DISTRIBUTIONS AND GREEN’S FUNCTIONS

. Boundedness of H,._ is also directly implied by the dominating function.

. Continuity and Boundedness of J., follows immediately since, for ¢ € [ce, 00) and |v] < ¢,
the integrant

—v—t

v j(tv) = p

/ d0@) £ (1, (v — 1)&)O(—v — 1)
S1(0)

evaluates to 0.

Thus by referring to Definition/Proposition 4.1.11 there exists an & > 0 such that for all o < &

|05 * He, (0) — He, (0)] + |00 * Je, (0)] < €/2

Finally, we find, for all f € C>°(RY,C) and € > 0, that there exists ¢, > 0 and & > 0 such that, for
all 0 < & the inequality

1
GE /dtt2/ Q(£)© t, |t|&
| FL o 51(0) 4 |t| ( || )

< |05 * He (0) — He, (0)| + 05 * Je, (0)] +

[anol+

[ar)

<e€

holds true and thus the statement of the theorem.

4.4.4 Via Tempered Distributions

Will will prove, for ¢ — 0, the convergence of GE_ in &’ after passing to the space-time picture. To

g,em
do so, we put, similar to the case before, the regularizing factor exp ( — ’“ 507) in place, show that both
chem and its approximation are tempered distributions, prove the convergence of the approximation in
energy-momentum space and finally establish that the approximation lies in L' enabling us to explicitly
evaluate its Fourier transform:

Lemma 4.4.10

The following statements hold true:

L. GéEeWHGgEaem € S/(RXR3)’
2. Ggia om — Gfem for o — 0 in 8'(R%).
3. them ¢ LI(R4 ) but Geia em € LI(R4’(C)'

Item 1 is a consequence of the boundedness of both functions. We consider, for given € > 0 and
any (w,k) € R x R3, the estimate

(271')_4/2 B (271_)—4/2 (2 (271')_4/2
—(w +ie)? + k7| \/(52 + k% — w?)? 4 4u2e? €

’Geem )|: |

and justify the step () in the following. The denominator on the left-hand side of (i) possesses has
the same position of minima as (w, k) — (2 + k? — w?) + 4w?e?. This can be found by solving

e 0=0,(? + k* —w?)? + 4w?e? = 2w( — 2(? + k* —w?) +4e?) = —2w2(—e2 + K* — w?)

e 0= 0k (2 + k* — w?)? + 4w?e? = 2[k[ 2(e? + k* — w?)
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for (w, k). This implies (w,k) = (0,0). Additionally, we observe |Gsaem(w k)| < |G6 em (W, ).
Thus, both function are bounded and smooth and thus by Theorem 4.2.23 in &’ (R4)

Item 2 is a direct consequence of the dominated convergence theorem since, for f € S(R*, C), we
find

hm |G€aem f] Gi

g,em

[f]] < lim [ dwd

(e 207 —1)%15( x)

o—0 R4 w =t 18)
(2)4/2
<lim [ dwd¥ ‘e o 1‘ f(t,2)]
o—0 R4
=0.

-4/2
Its application is justified since 2%| f(t,x)| is integrable and dominates the pointwisely to 0
convergent integrant.

Item 3 can be seen via considering again, for €, > 0, the following statements:

(2m)/?
\/(52+k2 —w?)2 4262
integrated due to the insufficient %z decay behavior. This leads to GZ,,,, & L*(R*,C).

g,em

« Considering,for fixed w € R, the function k — |G€ om (W k:)] cannot be

. Given (w,k) € R x R3, we regard the estimate

-4/
iGsaem w k)| = ) = 6_%

\/(52 + k* — w?)? + 4w2e?

-4/2 2
=0(w? —2(k* +2+1)) ) e 27
\/(52 + k? — w?)? + 4w2e?
-4/2 2
+O(2(k* +% +1) —w?) (2r) ¢ 207

\/(52 + k? — w?)2 + 4we?

2r)y? _ w2
e 20

(z) o) 4/2 2
< Sl e + O2(K + &% 1) — w?)
\/ ? 1 qw2e? €

where we applied in (i) the implication w? > 2(k® + €2 + 1) = w? — k> — &2 > ‘*’ +1 =

(2 4+ k* —w?)? > (“’72 + 1)2. The first expression clearly lies in L'(R*, C) when regarded as a
function of (w, k). Integrating the second expression, we find

4/2 4/2 2
/ d3k/dt®(2(k2+62+1) )(2”) e / d*k24/2(K* + €2 + 1) (@ ) T o727 < .
R3 R R3

lies LY(R*, C).

Thus we conclude GE o.em

With the regularization, we can move from the energy-momentum image to the space-time image via
the Fourier transform. We can then remove the regularization, i.e. set ¢ — 0, and finally show the
convergence of our approximation in the space-time image when performing the limit & — 0:

Proposition 4.4.11

The following statements hold true:

1. GjE opt = Q"G’s o.em 1D the sense of Theorem 4.2.20.

2. Gic,pt—>G for o — 0 in $'(RY).

g,pt

3. Gsipt = 9"GE om 1D the sense of Theorem 4.2.20.

=

Gai’pt — G;t for 0 — 0 in $'(R?).
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Item 1 can be calculated by considering f € S(R*, C). We consider the following calculations:

/ Lot GE, (o RT 1Y)

R4

/ de:% Gg:o em( )(27r) e / dtd3$ f(ta 13) e—i(wt—(k\x})
R4 R4

O / dtd% (( /2 / dwdﬁkagtaem(w,k)e“wt<’“<>>> flt.@).
R4 R4

Step (%) is justified by Fubini’s theorem, since, by Item 3 of Lemma 4.4.10, Gsig om lies in L' and
further f € S C L'. Furthermore, we follow along the manipulations:

@ny*? | dwd G

g,0,em
R4

)42
— om | duwdh—
R4 —(w tie)2+k

1 1 . )
= d3k‘ 2 —_— 2a /d 2 ( — . ) —1wt) 1(k:|x>.
s " 2|k|€ ( LN Crpeny e ey [ ) L

The time dependent integral in w in the preceding expression can be computed by the residue
theorem when closing the integration curve,

(w, k) e~ (Wi (kX))

— & milwt—(k]x)

. for t <0, along the upper half-plane, and respectively,
. for t > 0, along the lower half-plane,

which results in:

/Edw (2m) (w _ (—|1k:| o (“1‘ qua)) ¢ = TO(+t)i ( ikt _ e—ilklt> oFet

From here on we just reproduce the calculations in the proof of Proposition 4.4.7 while carrying
along the additional factor et = e¢l!l leading us to:

+ = 3 eTet L x| —1t) — T x
GG pen)lf) = [ it (2006 T (0allal = 0 = 0n(lal +1) ) F(t.2)

_ 3 efs\tli _$) —
_/R4dtd (i@(it) iy Ol =) 6g(|w|+t)))f(t,w).

Item 2 is a consequence of the proof of Theorem 4.4.8. This holds true without change when
regarding f as a function in S(R*, C) instead of C2°(R*, C). The additional e==*/ does not obstruct
the argumentation.

Item 3 follows from the calculation:

GG;‘:em @ F hm Gg:a em (¢) by Item 2 of Lemma 4.4.10
(“) hm gGg:o em (44) by the definition of F via Def. 4.2.3
@ i 6, . (i4i) by Ttem 1
oc—0 7
(@) G, (iv) by Ttem 2.

Item 4 is a consequence of the dominated convergence theorem. Given f € S(R*,C), we find

e—0

lim |2, [f] = GLlf]] < lim | dt / dﬂ(s@)@(ﬂ)\e*'”—1\ﬂ|f(t7\t|fc)|
R Js,(0) 4m
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q o
< lim dt‘e‘am - 1‘47r|—(1 FIRYY sup (L4 [ER)F( &
e—=0 Jp 4 (F.&)cR4 } ( )|
<c im [ dtle—ett — 1|1
< ) [fllsc,0,6 | lim [ dtle 3
“ e e=0 Jp 1+ |t|
BENG,|B|<3

—~

i)

with equality (¢) since ¢ — Qﬂ% is integrable and e <Itl — 1 converges, for e — 0, pointwisely to 0.

Finally, it remains to show that fot fulfills the property of the Green’s function on &":

Corollary 4.4.12

The equation Dfot = § holds true on §’.

Given f € &, we calculate

0G,[f] = GplOf]

@ 611_% G;_‘t,pt[l:‘ 1] (i) by Proposition 4.4.11 Item 4
@) lim FGE,,.[0f] (ii) by Proposition 4.4.11 Ttem 3
= lim G2, [F0f]

(é7) lim GE, M0 f] (iii) by Proposition 4.2.21

. o) 4/2
@ i [ dwd —C
£=0 JRa —(wxie)2+k ’

2 2
— lim (2r)7"/? / dwodh —— TR
e—0 R4 —(w+ie)2+k
()

= (2m)*? | dwd® (F f)(w, k)

(w, k) (Ff)(w, k) (iv) by Lemma 4.4.10 Ttem 2

(FN(w, k)

]R4
= wF(F£)(0,0)
= f(oa 0)
= 8[f].

Step (v) is justified by the dominated convergence theorem, since (w, k) — %; is bounded
and F f lies inside S(R*, C).

4.4.5 Proof of Properties

With all these preparations, we are in a position to prove Theorem 4.4.3:

PFOOf Theorem 4.4.3

Item 1 follows from Item 4 of Proposition 4.4.11, since by definition G24V/r** = GF
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Ttem 3 holds true by Theorem 4.4.8 since the restriction of G*dv/™t to C'® is equal to G .. by
definition.

Item 4 follows by the following line of argumentation:

g’Gadv/ret _ gG?;

i .
(:) F hr% G;E_tp (¢) by Item 4 in Proposition 4.4.11
E— ’

(i) .. T

= hn% FGly, (#4) by Theorem 4.2.20
e— ’

(#id) ., T

= hn% FFGCE pp - (#4i) by Item 3 in Proposition 4.4.11
e— ’

Furthermore, for f € S(R*, C), we find:

FICT i lf] = GF pl(w.k) > (TF J)(w, k)]

(W, k) = (@FF [)(—w, k)]
k) = (f)(—w, —F)]
k) = (f)(w, k)]

Step (iv) is due to Definition/Theorem 4.2.10 of the Fourier transform. Additionally, (v) holds by
the definition of G

g,mp-*

Item 5 can be read directly form Def. 4.4.1.



Chapter 5

Sources and Solutions

We generalize the notion of convolution of distributions and test functions to a larger setting. By
formalizing the source of the massless wave equation as a distribution and using the advanced and
retarded Green’s functions from the previous chapter, we construct solutions along the generalization of
the ideas of Section 4.1.

Section Summaries:

5.1 Irregular Sources and their Solutions: With respect to the singularities in the sources,
it is necessary for our interest to extend the framework of Section 4.1. In Section 2.2 we have motivated
the generalization of convolution to the product of a distribution with a compact support or the product
of a finite set of distributions with strictly compatible support and will provide the rigorous justification
for the statements.

5.2 Particle Source: This section deals with the proofs for the statements in Section 2.2.3. These
state that the sources in Theory 5 of potentials originating from particle trajectories can be understood as
generalized functions in the context of distributions on spacetime. Moreover, we will confirm properties
such as the compatibility of their supports with those of advanced and retarded Green’s functions.

5.3 Particle sourced Solutions: We substantiate the assertions made in Section 2.2.3 about
the convolution of Green’s functions and particle sources.

5.1 Irregular Sources and their Solutions

In section Section 4.1 we have established a solution theory of the linear partial differential equation
O¢ = p with 9 € 0 and an inhomogeneity of high local and global regularity, i.e. p € C°. This is not
sufficient in the case of our application:

Point Charge: Solution

In view of the previous discussions, we would like to describe the charge distribution of a point particle
on a trajectory in the light of linear forms. We assume that its trajectory r : R — RN ¢ s r(t) is
smooth, i.e., r lies in C>°(R, R3), and set

p(t,x) = q8(x —r(t))

understood in terms of p € LF[CS°(R x R3,C), C]. In our theory, the potential is assumed to be a
solution of a PDO @ € 0 and we assume that we have access to a corresponding Green’s function G.

Therefore, we want to extend these techniques to the situation where p is less regular. Since a solution of
the PDE, if equipped with a Green’s function G € @', is given by G x p if p € CS°, two questions arise:

1. In which cases can the convolution be generalized so that the product of G and p is well-defined?
2. Can we still justify the manipulations that show that G * p is actually a solution?

71
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The answer to these two questions is complicated, and we will restrict ourselves to techniques that depend
on p being within a subset @’ dependent on G, characterized by considering the support of the two
distributions:

Definition 5.1.1 Support of Distributions

Given u € @'(RY), its support is the closed set which is defined by:
sp(u) := {@ € R"|Je > 0 such that Vf € C° with sp(f) C Bc(x) one gets u(f) = O}G .
Furthermore, given a closed subset A C RY, we denote set of on A supported distributions by @’(A).

These generalizations are all based on extensions of the following lemma:

Lemma 5.1.2 Support of Convolution Products

Given u € @' and f € D, then sp(u * f) C sp(u) + sp(f)

[HI83, Theorem 4.1.1]

Moreover, these methods lead to a notion of convolution that is continuous in a certain sense and allows
us to discuss the dependence of solutions on the change of inhomogeneity. The methods are extensions of
the ideas presented in [HI83, Section 4.2], which are complemented by the proof of sequential continuity of
the convolutions. This leads to Definition/Theorem 5.1.13, which depends on a condition for the support
of the distributions involved in the convolution, which we call strict compatibility. For compact and conic
sets, the handling of this notion becomes particularly simple.

5.1.1 Convolution via Compact Support

Definition 5.1.3 Distributions of Compact Support

We denote with & (RY) := {u € D'|sp(u) is compact} C D'(RY) the set of compactly supported
distributions.

Similar to the tempered distributions, & can be considered as linear forms on the larger set C>° (R, C)
of functions that are continuous with respect to a topology on C>°(R™ C) so that the inclusion of @ is
continuous.

Definition Proposition 5.1.4

We define the topological space §(RY) := (C’°° (RN, C), TCoo) via building its topology 7&° out of the
family of semi-norms (|| - ”Kn,oo,a)neN,aeNéV defined in Def. 4.1.19. This is a Fréchet space.
&'(RN) is, as an topological space, equal {u € LF[&, (C,| - |)] | u continous} covered with with its
weak topology. Further, the continuity of u € LF[&, (C,| - []] is equivalent to the existence of C' > 0,
a € Ny and n € N such that, for all f € &, the following bound holds true:

|u[f]| S C Z ”f”K",oo,oz .

aeNy |a|<a

[HI83, Theorem 2.3.1] and [RSI80, Theorem V.2
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Similar properties apply as for the convolutions of @’ and @ in Proposition 4.1.23 and Lemma 5.1.2:

Definition Lemma 5.1.5 Convolution of & and Testfunction

Given u € &, f € D and g € &, then the following statements are true:
1. uxfedD.
2. uxg:=(x— u[Tpg]) € 8.
3. For any a € N}, 0%u x g = u x (0%g) holds true.

4. sp(u* g) C sp(u) +sp(g).

Item 1 holds true, since & is a subset of @’ and by Proposition 4.1.23 in combination with
Lemma 5.1.2.

Item 2 and Item 3 are proven by a slight alternation of the proof in [HI83, Theorem 4.1.1]. We
regard the function (z,y) — g(z — y) and, given |h| <1 and i € 1,..., N, the vector he;. Due to
Taylor’s theorem, we find

1
g(x + he; —y) = g(x — y) + hdg g(x — y) + h* / dt (1 —t)03% g(x + te; —y) .
0
For fixed & € RY, this leads to
0%ux* g(x) = 0%uly — gz — y)
uly — g(x + he; —y)] —uly — g(x — y)]

= lim

h—0 h
 lma [yH g(w+hei—y)—g(w—y)]
h—0 h

1
= lim u [y — Ogig(xz —vy) + h/ dt (1 —1)92¢ g(x + t he; — y)]
h—0 0
1
=uly— dSiglx —y)] + }lbirr%)hu [y — / dt (1 —1)92¢ g(x + t he; — y)] .
- 0

The first term can either be identified with u x (0% g)(x) or (9% u) * g(x). Due to the continuity of u
and its characterization in Definition/Proposition 5.1.4, there exists C > 0, a € Ny and n € N. This
allows for the following estimate of the second term

1
U [y — / dt (1 — t)@ieig(:c + te; — y)] ‘
0

<c )

ey a|<a

<C Z 191l oy +10,1]{es 1Ko 00,0+ 261

aeNy |a|<a

1
T / dt (1 — )02 g(z + the; —y)
0

Ky, ;00,0

< o0

since {x} + [0,1] - {e;} — K,, is compact. Thus, the second term vanishes which results in the
statement.

Item 4 is a straight forward adaption of the proof of [HI83, Theorem 4.1.2].

The convolution of certain kinds of distributions with certain kinds of test functions fulfills certain types
of sequential continuity:
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Proposition 5.1.6 Sequential Continuity of Convolution |

For i — oo, the following limits hold true:
1. u, (Ui)nen in D', f, (fi)neny in D with u; 2’> u, fi 2, f implies u; * f; LN f.
2. u, (uj)nen in &, f, (fi)nen in D with u; N u, fi 2, f implies wu; * f; 2, ux f.
3. U, (Ui)nen in &, f, (fi)nen in & with u; 6—/> u, f; LN f implies u; * f; LN f.

In addition to the characterization of the continuity of distributions in Theorem 4.1.20, the proof of these
statements is based on the following property of convergent series on @:

Lemma 5.1.7 Convergent Series in @, @’ and &

Let (fi)ien in D, (u;)ieny in D’ and (v;);en in &' be convergent series. The following statements are
true:

1. There exists compact K C R, such that, for all i € N, the set sp(f;) lies in K.

2. For all n € N, there exists C,, > 0 and a,, € N such that, for all f € C>*(K,,C) and i € N, the
following bound holds true:

Al <Cn D Ifllk, oo

aeN) |al<an

3. There exists compact K C RY, C > 0 and a € N such that, for all f € C°(RY,C) and i € N,
the following bound holds true:

lwlfl<C Y0 Ifllkooa

aeNY |a|<a

Item 1 is a consequence of [RSI80, Theorem V.17].

Item 2 follows from a version the uniform boundedness principle, i.e. [RSI80, Theorem V.7]. We
follow the ideas used in the proof of [HI83, Theorem 2.1.8] by noticing that, for given n € N, the
restriction u;|ce (g ¢) maps the Fréchet space (C*(K,, C), (|- ||Kn,oo,a)aeN{)V) continuously to the
Banach space (C,| - |). Due to the weak convergence of u; to u, for all f € C>(K,,C), the set
{lus[f]I|i € N} is bounded. Then, [RSI80, Theorem V.7] implies that there exist Cy, > 0 and a,, € N
such that, for all f € C°(K,,C), we find

wlo=goll| SCn Y Ik, o

aEN(I)V,|a|San

and thus the statement.

Item 3 holds due to the fact, that u; maps the Féchet space (C*°(RY,C), (||- ||Kn,oo,a)neN,aeNé\’)
continuously to the Banach space (C,| - |). The weak-convergence of u; to u implies, for given
f € C=(RY,C), the boundedness of the set {|u;[f]||i € N}. Then, [RSI80, Theorem V.7] implies,
that there exist n € N, C > 0 and a € N such that, for all f € C(R",C), we find

wlfll<C Y Il oo

aeN) |a|<a

and thus the statement.
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Proof Proposition 5.1.6

The proof of all these statements follows the same strategy: First, we show the pointwise convergence
of the convolutions according to the pattern of [HI83, Theorem 2.1.8]. This is lifted by the Arzela-
Ascoli theorem to the type of convergence indicated in each case.

Item 1: Let us fix i € N and o € N} and regard & € RY. First, we notice that there exists n € N
such that {x} —sp(f;) C K, leading to

lim [0 (u; * fi(z) —ux f(z))]

(1:') Zlirgo |(Uz % (8afl)($) —u % (80tf) — (:l}))| (4) by Proposition 4.1.23
< dim (Jus «0%(fi = )(@)] + (= w) * (97f) (@)])

2 dim (oo (= )@ =] |+ [(ws =) [0 —][) @) by et Lemma 4122
(ii5)
Chim G Y 0% = Dlls

1—00

BENY,|B|<bn
(iv) since f; 2, f
with (4i7) due to u; 2, w and Ttem 2 of Lemma 5.1.7.

To show the convergence in &, we regard n € N and o € NY'. Finding, for all j = 1,..., N, a uniform
bound of the partial derivative 9w, x f; of 9%u; * f; on K,, = [-n,n]" implies the equicontinuity
of 9%u; * f;. This, by Arzela—Ascoli’s theorem, results in their uniform convergence on K,,.

Due to f; 2, f, there exists, by Item 1 of Lemma 5.1.7, a compact K C R such that sp(f;) lies in
K. Further, due to the compactness of both K,, and K, one can find m € N, such that K — K,, lies in
Kin. We will apply this in step (i) of the following calculation:

0% i = fill, oo

= sup 0Ty, * fi(x)

xzecK,
= sup ’ui[8a+8j file —- )]|
zeK,
(%)
< Cn Z Haa-’_ej fz(il: - .)HKm,oo,ﬁ (4) by Item 2 of Lemma 5.1.7
BENY . |B|<bm

=Cn Y Millkyoatsre;

BENY,|8|<bm
(44) ”
< o0 (#) by fi — f.

Thus, by the pointwise convergence and the equicontinuity, we find

Zg?o llwi * fi —ux* fHKmoo,a = }ggo [0%u; * fi — 0%u * fHKmoo =0

which implies, due to the arbitrariness of n € N and a € NY', the statement u; * f; & s f.

Item 3: We argue in a similar way as in Item 1. Let us fix i € N and a € N{Y and regard x € RV.
By Item 3 of Lemma 5.1.7, there exists compact K C RY, such that, for all i €€ N, the support of
u; is a subset of K . We pick n € N, such that {} — K C K,, and argue:

lim |8°‘ (u; * fi(x) —u* f(a:))’

1—00
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D tim [(ui % (0% f) (@) —ux (9°f) = (@) (i) by Definition/Lemma 5.1.5

i—00

< Jim (Ju;+ 9°(fi = N)(@)] + (s — ) + (9°)(@)])
2 tim ([us[0°(f; = @ — )] | + (s — w) [0 fl — )]

1—00
(i1)
< 1 (e R
< ;}rgocn Z 0% (fi f)HKn,oo,ﬁ
BeNY ,|B|<bn
@

(3v) since f; 4, f.

Step (i%) stems from wu; £, w which implies wu; 25w and, thus, by the application of Item 2 of
Lemma 5.1.7.

Similar to the case in Item 1 we pick for fixed n € N and o € N} a natural number m, such
that K — K,, C K,;,. We use this fact in the following step (¢) by referring once more to Item 2 of
Lemma 5.1.7. We find

H8‘1+ej u; * f; = sup 0% u; x fi(x)

HKn,oo zeK,
= sup u;[0*F% fi(x — )]
zeK,,
(%) ,
<Cum D 0% fillk, cop

BeNY,|B|<bm
=Cn Z ||aafi||Km,oo,a+ﬁ+eJ~
BeNY,|B|<bm

(@) 3 8
< 00. (1) by fi = f

Thus, by the pointwise convergence and the equicontinuity, we get

lm |lu; * fi —u* f]
71— 00

|6°‘ui * fz — 0%u * fHK,,L,oo =0

= lim
Kn 00, i—00 |
which implies, since n € N and o € N} were arbitrary, the statement u; * f; LN .

We are now ready to extend these results to the convolution of & with @’:

Definition Theorem 5.1.8 Convolution of & and @’

Given u € & and v € D', there exists a unique way to define their convolutions u * v € @’ and
vxu € D', such that

1. uxv=v*uc D,
2. sp(u*v) C sp(u) + sp(v),
3. for all @ € 0, the equation d(u * v) = (Ou) * v = u * (Ov) holds true and,

. . . . & @’ ) %
4. given (u;);en in & and (v;);en in D’ with u; — u, v; — v, for i — oo, we find u; * v; — u*v.

The Definition of the convolution, for given u € & and v € @’, with the notation established in
Definition/Lemma 4.1.22, is provided by:

—_—

uxv:D = C, f—uxv[f] = (uxv)* f(0) :=ux(v*f)(0) =uvx f] and
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—

viu: D — C, f s vxul[f] = (vsu)x f(0) :=vx (us f)(0) = v[ux*f].
These are well defined, since,

« by Proposition 4.1.23, v * flies in &, which can according to Definition/Proposition 5.1.4 be
paired wit u, and

« by Definition/Lemma 5.1.5, u flies in @, such that it can be paired with w.

Item 3 holds due to the definition of u * v in combination with Proposition 4.1.23 and the definition
of v u with Item 2 of Definition/Lemma 5.1.5 using further u * v = v * u.

Section 5.1.1: Given f € D, we apply the statements of Proposition 5.1.6:

« The convergence u; * v;[f] — w* v[f] holds true, since u; * v;[f] = u; * (v; * £)(0) and, thus, by
Proposition 5.1.6 of Item 1, Ui*f LN v*f. This leads, by another application of Proposition 5.1.6
of Item 3, to u; * (v; * f) LN (v * ~) which in particular implies pointwise convergence.

« The convergence v; * u;[f] — v * u[f] holds true, since v; * u;[f] = v; * (u; * )(0) and,
thus, by Proposition 5.1.6 of Ttem 2, u; * f 2y ux f This leads, by another application of
Proposition 5.1.6 of Ttem 1, to v; * (u; * f) LN (u * f) which in particular implies pointwise
convergence.

5.1.2 Convolution via Strictly Compatible Support

Building on the ideas of [HI83] at the end of Section 4.2, we can further extend the notion of convolutions
provided by Definition/Theorem 5.1.8 by the following definition:

Definition 5.1.9 Compatible Sets

We call m € N subsets A1,...,A,, of RN compatible if the map + [A; 5 xA,, : A X o+ X Ay —
RV, (€1,...,%m) — X1 + ... + @y, is proper, i.e., the inverse image of + |4, x...x4,, of compact sets
is compact.

Definition Theorem 5.1.10 Conv. of two Distr. on Compatible Supports

Given closed, compatible sets A1, As and u € D'(A;1), v € D'(Asz), there exists a unique way to define
their convolution u* v € D" and v * u € D’ such that

1. uxv=v*u,

2. for all & € 0, the equation d(u * v) = (Ou) * v = u * (Ov) holds true and,

3. given (u;)ieny in D'(A;) and (v;)ien in D' (Ag) with u; ®—/> u, V; Ci) v, for i — oo, we find

Ui ¥ V; — UK V.

Item 1: Given n € N, we define the convolution of u € @'(A;) and v € @D’(Az) restricted to
O (K, RY),

« by choosing compact K,, 4, 4, C RY | such that (4 |a,x4,) (spf) C Kn 4,4, X Ky a,,4, and
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« by selecting xpn, 4, 4, € D, such that x, 4,4, = 1 on some neighborhood of K, 4, 4,.

Given f € C°(K,,, RY) we declare

u* U[f] = (Xn,A1,A2u) * (Xn,AhAzU)[f]

where Xp 4, 4,8 and Xp, 4, 4,0 are now distributions of compact support whose convolution is,
according to Definition/Theorem 5.1.10, defined. Thus, u * v is a continuous linear form on the
domain (C°(Ky,, C), 7o x,,)) - If the definition is independent of the choices of Ky, 4,4, and xn,4,, 4,
the convolution is a well-defined a distribution.

We pick different K’ and x’®. According to the algorithm above, we find

xu x xU[f] = x'ux X0[f] = xu* xv[f] = x"u* xv[f] + x"u* xvlf] = x'u* x"v[f]
= Aux xv[f] — x'u* Av[f],

with A =y — X/, and, according to Definition/Theorem 5.1.8 of Item 2, this leads to:
sp(Au  xv) C sp(Au) 4 sp(xv) € (KNK)E N Ay 4+ Ay since Alkrkr = xlkokr — X' |k = 1 — 1.

Furthermore, (+ |A1><A2)_1(Spf) is a subset of (K x K) N (K" x K') = (KN K’) x (KNK’). This
fact implies sp(f) N sp(Au * yv) = 0 since any element in (KN K')® N A; + Ay can be written by
the sum of a tuple (z,y) € A; N (KN K')C x Ay, This sum cannot ly inside sp(f) which would
imply (z,y) € (+ |A1XA2)_1(sp f) C A1nN(KNK’) x Ay reaching a contradiction. The same line of
argumentation holds true for x’u * Av[f]. This implies the independence of the definition of the
involved choices.

Item 3 is a corollary of Section 5.1.1 of Definition/Theorem 5.1.8.

“We neglect all the subindices for clarity to the proof.

Definition/Theorem 5.1.10 can be successively applied to a finite set of distributions u,v,w, ... to define
U * (v * (w * )) if their supports are compatible. However, showing the associativity and support
properties of the product, if possible, seems quite cumbersome. Instead, we will derive these properties
via sequential continuity from the properties of the convolution product on C°(RY,C). The following
lemma shows that C2° is sequentially dense in a way that does not mess the support too much:

Lemma 5.1.11

Given € > 0 and u € @', there exists a series (u$);en in C2°(RY,C) such that both u§ — u in @’
and additionally sp(u$) C sp(u) + B(0).

By [HI83, Theorem 4.1.5] and its proof.

We therefore tighten the condition for the support of the distributions accordingly by defining the term:

Definition 5.1.12 Strictly Compatible Sets

We call m € N subsets Ai,...,A,, of RV strictly compatible if there exists € > 0 such that
Afe,... Ate are compatible, where AT® := A; + B.(0).

With this notion, Lemma 5.1.11 and Definition/Theorem 5.1.10 we find directly:
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Definition Theorem 5.1.13 Conv. of Distr. on Strictly Compatible Supp.

Given m € N strictly compatible subsets A1, ..., A,, of RY and for each j = 1,...,m a distributions
u;j in @D'(A;), then there exists a unique way to define their convolution product u; * ... * u,, € D’
such that

1. its is associative and commutative,
2. sp(ug * ... % Up) Csplur) + ...+ sp(um),

3. for all @ € 0, the equation O(uy * ... % Up) = (Ouy) ¥ U * ... KUy = -+ = Uy .. F U1 % (O,
holds true and,

4. given for all j =1,...,m a series (u;;)ien in D'(A;) with u;; 2, u; we find, for ¢ — oo, that

)
UL, * ...k Uy — UL * ... % Uy, holds true.

The following observation shows that the case of a convolution of a distribution with a distribution with
compact support is included in this framework:

Lemma 5.1.14

Given any subset A C RY and compact K C RY, then they are strictly compatible.

Given € > 0, K’ and k, k¥’ > 0 such that, for all y € K, the inequality |y| < k holds true, and, for all
ze K, also|z| <k.Ifx e Aand y € K+ B.(0) such that x +y € K, then we find

Izl < [l +yl =yl < lle+yll+llyl <& +k+e

and, thus, are A and K strictly compatible.

Further a strictly compatible finite family of sets can always be accompanied by a compact set while
staying strictly compatible:

Corollary 5.1.15

Consider m € N subsets Ay, ..., A,, of RY which are strictly compatible and an additional compact
set K C RY. Then, also Ay,..., A,,, K are strictly compatible.

Let & > 0 such that A]® := A; 4+ B.(0) are compatible and define AT := A7 4 ... + Af¢. Given
compact K’ € RY, we observe

(+ |A{r5x---xA;€xKE)_1(KI)
(o 0] s 1)
and, thus, by Lemma 5.1.14, are the two sets
T ((F Lasene) (KD)and mo((+ Larenke) T (K)
are compact. This implies, due to the compatibility of A] + ...+ A}¢ that further the set
(+ |A1+E><...><AT+:)_1(771<(+ |A+E><KE)_1(K/))>

is compact and thus the statement of the lemma.
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5.1.3 Conical Support

For our intended application, the supports of the occurring distributions have special types of supports
that are conical. We use the following definition:

Definition 5.1.16 Closed Cones

We call a subset I' € RV a closed cone at {0} € RV if T is closed and if additional, for all € I and
A € R>q, also Az € I'. This allows for the identification of closed cones at {0} with the closed subsets
of S1(0) := {x € R¥||x| = 1} endowed with its subset topology in R¥.

Given compact K C RY and a closed cone T at {0}, we call the set I'x := I' + K the closed-I" cone at
K. If K= {x} for & € RY, we abbreviate I'y := I'(4).

Closed cones have some nice properties when it comes to the compatibility of two cones, which we will
now analyze. First of all, the compatibility of cones at 0 can be characterized in the following way:

Lemma 5.1.17 Compatibility of Two Closed Cones

Given two closed cones I',T" C RY at {0}, then they are compatible if, and only if, ' N (—I") = {0}.

The statement of this lemma is equivalent to:

I and I are not compatible <= T'n(-I") # {0}.

= : Let I" and I be not compatible, then there exists (x,,,¥,,)neny € (L' x I')Y and C > 0, such
that,

. foralln €N, ||z, + vy,]| is bounded by C, and
o either lim, o ||@, || = 00 or otherwise lim, ||y, || = cc.

These imply both lim,, o0 [, || = 00 and limy, o0 [y, | = 00 (®n/||2n]l),, o POSsesses a convergent
subsequence denoted by (n,/||@n,|) Its limit point, called &, lies due to the closedness of T’

itself in I'. Furthermore, since

i€EN’

Ln,; + Yn,; ‘ < c
[@n ]l Nzn T~ 2|
and lim; o0 ||y, || = oo, the sequence (y,,, /@, ||)Z.EN limits —& which is, again due to the closeness

of IV, an element of I". Since clearly ||| = 1 holds true, we find T' N (—T") # {0}.

<: Let x € TN (-I")\ {0}, we find (+ |rxr)"1({0}) D {(Ax, —Az) € T x IV|A > 0} which is
not compact.

Further, with this characterization, we can see that if two closed cones are compatible at {0}, they are
also strictly compatible:

Proposition 5.1.18 Strict Compatibility of Closed Cones

Given two closed cones I', TV C RY with I'N (—I") = {0} and compact K, K’ C RY, then I'x and I},
are strictly compatible.

The following lemma will help us to prove the preceding proposition:
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Lemma 5.1.19

Given a closed cone I' at 0 and some compact set K, then there exists, for all € > 0, another compact
set K, such that T'x C I'"* UK where I'® := R - {@ € $1(0)|3b € I'N51(0), such that [|a — b|| < £}.

Given € > 0 and k > 0, such that, for all € K |z| < k, we find
T+ K = (' NBak/c1£(0) UT N Byy /ey £(0)8) + K = (TN Bag/ei£(0) + K) + (TN Bay/ey1(0)¢ + K)

and deduce from the compactness of Byj/-14(0) that the set K:=In Bak/e+#(0) 4 K is compact
too.

To show that I' N ng/5+k(0)c + K is a subset of I, we note that, for any given ¢ > 0, the following
equation holds true:

I'*NSc(0) = {a € S.(0)|3b € T' N S:(0), such that ||a — bl <c-c}. (5.1)

Thus given z € I' N BQk/€+k(O)B and y € K, we collect that
(@) llyll <&,
(i) llz+yll > [lz] - lyll > 2k/c +k — |y| > 2k/e, and
(@d1) [l —yll = llzll] < [ly].-

This leads to the following calculation:

H

ta < |1 - L=l 2 + ||

ll|l

_ llyll
=l +yll (7= - vl - lel] + L2

(21)

lul
< M=+ yli2 iy

< llw + yll2ptyy Tetal

< o+ 2ok
= oty <.

Sine T is a cone, we find ”aﬁ 0 vigern S|jz+y| (0). Thus, by Equation (5.1), we find ¢ +y € I""®.

Proof Proposition 5.1.18

Step One: We show, that there exists € > 0, such that I'""® and I'"® are compatible. This is a
consequence of the characterization of cones at 0 as closed subsets of S;(0) and Lemma 5.1.17 about
their compatibility. We find

(P'NS1(0)) N (—I"'NS:(0)) =0

and since S1(0) is a compact, metric space with metric
d: 51(0) X 51(0) — Rzo, (a,b) — d(a,b) = ||a — b” s

there exists open neighborhood Uy, U; C S1(0) of T'N S1(0),—I" N S1(0) and € > 0 such that
UinUs =0, d(Uf,TNS1(0)) > ¢ and d(US, I N'S1(0)) > e. Thus, we get both

. FﬂSl(O)C U {aeSl(O)]d(a,b)Se}: F'sﬁsl(O)CUl and
be T'NS1(0)
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. —I'Nn 51(0) C U {a S 51(0)|d(a,b) < 6} =-I"*n 51(0) Cc U,
be—-I"NS;1(0)

which leads to I'"* N S1(0) N —=I""* N S1(0) = @ implying I'* N (-I'""¢) = {0}.

Step Two: We use Lemma 5.1.19 which shows, that there exists compact K C RY, such that

e (Tk)** =Tk +B.(0) =T +K+B.(0) CT +K+B.(0) C I"* UK and

e T)Te =T} +B(0)=T"+ K +B.(0) CI"+ K' + B.(0) c I"* UK.

Furthermore, given compact K' € RV, we regard

(+ |+ x oy, )+<) THK)
C (4 |reukyxrreuk)) (K
C (+lrexre) MK U (+ e xk) T K) U (F [kcrre) T KD U (F [kxk) THKD)

which is, by the first part and Lemma 5.1.14, the finite union of bounded sets in RY. Thus, its
projection on (I'k) ™ x (I, )™ is compact in the subset topology.

5.2 Particle Source

The inhomogeneities we want to consider are supposed to represent a source given by a particle, either
point-like or extended, moving along a fixed smooth trajectory r : R — R? ¢ + r(t) whose velocity is
bounded by vmax < 1 away from the speed of light, i.e. [[£(¢)|| < vUmax for all ¢ € R. Since we have
developed the notion of distributions in Section 4.1.2 along the idea of formalizing point sources, we are
not surprised that these inhomogeneities can be understood as distributions. We first formulate them in
this framework and summarize their expected properties in the subsequence theorem:

Definition 5.2.1 Particle Source

Given some interval I C R and smooth r : R — R3¢ ~ r(¢) such that there exists vyay < 1 and, for
all t € R, the bound [|#(¢)|| < ¥max holds true. We define

11pes: S(RY,C) = C, f /R dt f (¢ x(t)) 11 (1)

which we abbreviate by 17(t)pr,s(t, ) = 1;(t)qé(x — r(t)). For I = R, we will denote py 5 := 1rpr.s.

For a particle shape o € C*(R? C), we define 17pr, : R x R? — C : (t,x) — 11(t)pro(t, ) :=
1r(t)go(x — r(t)).

Furthermore, given vy, < 1, we define the following closed cone at O:

Iomes = {(t,2) € R x R®||] < max -}

Theorem 5.2.2 Properties of Particle Sources

Given the setting of Def. 5.2.1, then the following statements are true:
1. 17prs and 17py, lie in 8.
v

2. sp(1spr,s) = graph(r|r) C Ty, )y for all i € R.

3. sp(L1pr,e) = sP(Lrpr,s) + {0} x sp(0) C LYG L (101 14-{0} xsp(o) fOF 21l To € R.
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Item 1 follows immediate by regarding for given f € S(R?* C) the estimate

Lionolfll < [ atdealf2)] ol —v0) 110

(1+8)(1+|2°) (¢, 2)| sup [o(@)]

< / dtd’c q(1 4+ )" (1 + |2|°)™"  sup
R4 ZER3

(t,2)ERXR3
<C Y fllsos
BeENY ,|1B8|<7

which implies 1;py , € 8’. The case of 1;p, s follows analogously.

Items 2 and 3 can, for - = 4, ¢, be read directly from the definition of 1;p, . and the condition,
that, for all t € R, ||#(¢)]| is bounded by vmax-

To construct solutions for parts of the particle source along the line of Section 5.1, we need to ensure that
the convolution of the Green’s functions and the inhomogeneities is well-behaved:

Proposition 5.2.3 Strict Compatibility of G*4¥/*t and p,

Given some interval I C R and smooth r : R — R3,¢ — r(t) such that there exists vpmax < 1 and,
for all ¢ € R, the bound ||#(t)|| < vmax holds true. Then, the support of G2/t and 1;p, 5, and
respectively, the support of 1;p, , are strictly compatible.

This is a corollary of Proposition 5.1.18 by referring to the support properties of G24v/rt in Ttem 5
of Theorem 4.4.3 and of 1;p; 5, and respectively, of 17p, , in Item 2, and respectively, Item 3 or
Theorem 5.2.2.

5.3 Particle sourced Solutions

Our preparation for the advanced and delayed Green’s functions G23¥/*t and the particle sources 1 IPr,.
given by an interval I C R and for - = §, ¢ leads, through the statements developed in this chapter, to
generalizations of distributions:

Proposition 5.3.1 Partial Solutions as Distributions

Given some interval I C R and smooth r : R — R3¢ — r(t) such that there exists vyax < 1 and, for
all t € R, the bound ||#(#)|| < ¥max holds true. The following statements hold true:

1. Gadv/ret 4 q 1Pr,5 is well-defined as a distribution on space-time.

light,
2. Sp(G'adv/ret * 119!‘,6) C 1_‘glrga.ph:(Fl‘h)

3. OGadv/ret 4 1rpes = 11prs

Similar, given additionally o € C°(R3, C), then the following statements hold true:

4. GAV/ret  11p, , is well-defined as a distribution on space-time.

dv/r light,F
5. sp(G*/™ % 11pr o) C T ofiiliy )+ {0} xsp(e)

6. DGadv/ret * 1Ipr,g = 1Ipr,g
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Item 1 holds true, since vy, < 1 implies Fl(io%%t)’;ﬂ—f‘?a“)g’s = {0} and, thus, due to Proposition 5.1.18,

have G2dv/ret and 1 1Pr,s compatible support. This results, according to Definition/Theorem 5.1.13,
in the well-definedness of convolution.

Item 2 is a further consequence of Definition/Theorem 5.1.13. According to Item 5 of Theorem 4.4.3,
sp(Gadv/rety = I‘l(ltgit)’jF and, by Item 2 of Theorem 5.2.2, sp(1;py5) = graph(r|;) which leads to:

SP(G™/" 4 11 pr 5) C sp(G™/™) 4 5p(L1pr.5) = T(Fa ™ + graph(x]s) = TpEST .

Item 3 follows by considering Item 2 of Definition/Theorem 5.1.13 in step (i) and Item 2 of
Theorem 4.4.3 in step (ii) of the following calculation:

adv/re () adv/re
OGN/ 4 11 pp 5 = (OGN ™) % Lypps = 0 % Liprs = Liprs

Items 4 to 6 can be proven in an completely analogous way.



Chapter 6

Regularity of Solutions

The, by the preceding chapter provided, solutions of linear partial differential equations are distributions
and, as such, possible of both local as well as global regularity within the bounds set by the regularity
theorem 4.1.25. We develop tools for the analysis of their local regularity which are especially useful
when trying to supplying the differential equation with initial conditions at some time. Additionally, we
will apply these methods to the solutions constructed in Section 5.3, which are sourced by partial chare
trajectories.

Section Summaries:

6.1 Time Foliation of Distributions on Space-Time: We provide an in dept introduction
to the notion of time foilable distributions on space-time which we motivated in Section 2.3.1. It describes
a certain kind of local regularity in the time direction. Furthermore, we provide conditions on distributions
on space-time which imply their time foilablity.

6.2 Regularity Particle sourced Solutions: The tools of the preceding section are applied
to the solutions of the wave equation of Section 5.3. Afterwards, by the use of a certain transformation
used in the proof of [Dec10, Theorem 4.18], we find a representation of the solutions by functions. This
illustrates both their local and global regularity.

6.1 Time Foliation of Distributions on Space-Time

Given some linear partial differential equation 0¢ = p understood, for example, in the sense of distributions,
the set of solutions for a given inhomogeneity p is rarely unique. Thus, these equations are usually
supplied by extra conditions which constrain the solution space. One class of conditions arises when
foliating the domain RY of the generalized functions and forcing certain properties of the solution of the
PDE on one hypersurface. We will only consider one special kind of foliation, namely

RY = {(t,x) e Rx RN}t € R},

and call the first component ¢ of a point (t,z) € RY the foliation parameter time while the later
components € RV =1 spacial points. (¢, x) is called a space-time point and R x RV~1 space-time. This
suggestive nomenclature stems from our desired application of PDEs on spacetime. From the theory of
PDE of regular functions we know that, given some PDO 0 involving n time derivatives, one needs to
specify the value of the 0,1,..., (n — 1)-th derivatives of a solution on some hyperspace {to} x RV~1 to
uniquely identify it. Since general distributions are defined in an implicit way, acting on objects this
domains exceeding hypersurfaces, we cannot expect that the specification of its values on such a set is
well defined. Still, in a weak sense, a distribution on spacetime can be foliated into distributions on space,
which we will discuss in the following.

6.1.1 Smeared Time Foliation of Distributions

Instead of restricting a distribution u € @’(R x RN~1) to strictly one hypersurface, one can always restrict
it smoothly around it in some interval (tg — €, to + €) of the foliation parameter to yield a distribution on
RN~1. This is a consequence of the Schwartz kernel theorem as we will see after stating the theorem:

85
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Theorem 6.1.1 Schwartz Kernel Theorem

Any distribution u € @’(RY* x R¥2) can be regarded as a linear map from C°(R™M) to @' (RN2) by
fLre CERM) »u[fi® -] = (f2 € CCRY,C) = ulfi ® f2]) € D'(RY?),

which is continuous as a map from @ (R ) — @’(R™V2). Furthermore, any linear, continuous map of
this kind defines a distribution on RN x RNz

[HI83, Theorem 5.2.1]

To follow along the previous idea, we regard an smooth approximation of unity §. € C°(R, R>¢) supported
on (—¢,+¢) and as defined in Def. 4.1.5. We translate it to ¢y by considering ¢ — d.(t —t9) € C°(R,R>0).
This leads us to the following definition:

Definition 6.1.2 Smeared Time Foliation of Distributions

Given a smooth approximation (d;).cr.,, employing Theorem 6.1.1, we define

uw R — @RV, t = wde(t) = ufd(t— )@ -].

Since u, as a distribution, is differentiable in a weak sense in the time direction, we expect some regularity
of its smeared time foliation. One suitable notion is given in the following definition:

Definition 6.1.3 ¢-Differentiability in Time

We call a function u(-)[-] : R — @'(RN¥N~1) €-continuously differentiable of order m € Ny if for all
f € CX(RYN~1 C) the evaluation t — u(t)[f] is m times continuously differentiable. Given o € N{¥
with a; < m, we define the function

Ou( ) R DRV, ¢ (£ 0 (0102 (u(0) ) 1)
and call its the a-partial derivative of wu(-)[-]. Furthermore, we define for m € Ny
the space €™(R,®’(R¥~1)) and the space of €-smooth functions €*(R,D'(RV-1)) :=
Mpen € (R, CD’(RN*I)) by the following expression:

em (R, CD'(RN_I)) = {u(~)[~] ‘R — @'(RY " |u is continuously differentiable up to order m € No}.

‘We find:

Lemma 6.1.4 Smeared Foliations are ¢-Smooth

Given u € @'(RY) and a smooth approximation (6:)ccr.,, then for all € > 0 is u% €-smooth.

This is a direct consequence of the smoothness of convolutions between @’ and @ in Proposition 4.1.23.

Since we need to restrict the first (deg(d) — 1)-th orders of partial time derivatives, we analyze the
smeared time foliations of time derivatives:

Lemma 6.1.5

Given u € D'(RY) and m € N, then (9™€1u)% = 91y’ holds true.
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Given m € Ny, t € R and f € C®(RN~1, ), we compute

(@™ u)[f] = (0™ W) [5(t — - ) @ f]
D (gmeru) « (5@ f)(t,0)
W oomus (5@ f)(t,0)
9 orals.(t— )@ f]
= meryte[f]

with () by Definition/Lemma 4.1.22 of convolutions of @’ and @ using the properties of its derivatives
shown in Proposition 4.1.23 in step (ii).

6.1.2 Strict Time Foliation of Distributions

If we want to specify m =0,...,n — 1 time derivatives at some time, we require at least that, for u € @’,
the smooth foliation of its time derivatives ((8™¢ u)% (t))€>0 converges in D’to a ¢-differentiable function.
However, later, we want to analyze a more general setting of space-distribution valued functions on time,
in which case the following definition is convenient:

Definition 6.1.6 Time Foliation of a Distribution

We call a distribution u[-] € @'(RY) time foilable, if there exists a function u(-)[-] in the sense of
u(H[] R = D'RY ), t = u(t)]-] and u@)[-]: D' (RN = C, f— u(t)[f],
such that for all f € C2°(RY,C) the function ¢ — u(t)[f(t, - )] is Lebesgue integrable and
ulf] = /Rdtu(t) £t )] (6.1)
holds true. The space of time foilable distributions is denoted by @'(R — R¥~1).

Given a function u(-)[-]: R — @’(RV~1), it is not necessarily true that it gives rise to a distribution on
space-time. If u is €-continuous, however, this is the case:

Proposition 6.1.7 Embedding of ¢° in ®’

(R, @' (RN~1)) c @'(R — RN~1) via the canonical embedding of Equation (6.1).

We need to prove that given u(-)[-] € ¢° (R, CD’(]RN’l)), the linear map
u:D = ( ), f— /dtu . ]

is continuous. Let n € N, then, for all g € C>°([-n,n]N~1,C), the sets {|u(t)[g]| |t € [-n,n]}
are bounded due to the €-continuity of u(-)[-]. Further, U(t)[‘”Cgo([,n’n]Nfl’(C) maps the Fréchet

space (C2°([—n,n)N=1,C), (||- ||[_n7n]N—17oo7a)aeN(J)V) linearly and continuously to the Banach space
(C,| - |). According to the uniform boundedness principle ([RSI80, Theorem V.7]), there exists
C, > 0 and a,, € Ny such that

OB <Co 3 ol a

aeN) ! Ja|<an
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for all g € C°([-n,n]N~1,C) and t € [-n,n]. Given f € C®([-n,n]Y,C), this results in
) < [ atfurce, ]
R
< [dtC, 0™ f(t,
_/R . 3 sup (0% f(t, )]

— N-—-1
aeNY a1=0,|al<a, €[

<2nC, > sup [0 f(t, @)

— N
aeNY a1 =0, | <a, BPE

which implies u € D'(R x RN¥~1) i.e. u(-)[-] is indeed a time foliation.

Given a time foilable distribution u, Def. 6.1.6 provides an instruction to retrieve u from its foliation
u(+)[-]. We want to derive sufficient sets of conditions for the foilablity of distributions. These will be
regularity conditions on a certain foliation candidate. For the definition of this object and the derivation
of these sufficient sets of conditions for foilablity we need the notion of the tensor product of distributions:

Definition Theorem 6.1.8 Tensor Product of Distributions

Given u; € D'(RM) and uy € @'(RM2), there exists a unique distribution denoted by u = u; ® ug €
D' (RN x RM2), such that

1. for all f; € C®(RM,C) and fo € C°(RN2,C), we have u[f1 ® fa] = u1[f1]ua[fa],

2. given f € C°(RM x R™2), then the following equation holds true

’U,[f] = Ui [331 — ’LLQ[mQ — f(il:l,mg)]] = U2 [mg — ul[wl — f(ml, 132)]]

3. sp(u1 ® ua) = sp(u1) x sp(uz),
4. and for all n € N, let C ,,,Ca,, > 0 and a; p, a2, € N such that

o Al € Crn X en jaj<arn 1f1llk, . c0.a for all fi € C°(Kyn = [-n,n]*,C) and

o lu2lfo]l < Con X en |aj<as,, 112llks 0 00,0 fOr all fo € O (Ko = [-n,n]N2, C).

Then for all f € C°(K,, = [-n,n]M N2 C), the following bound holds true:

|ulf]] < C1,nCon > £l 00,

aGNéV1+N2,|a|§a1,n+a2m
Proof
[HI83, Theorem 5.1.1]

Further, we need some statements about their interplay with sequential convergence and convolutions.
We start with a proposition about the convergence of tensor products of convergent series:

Proposition 6.1.9 Sequential Continuity of Tensor Products

Given w1, (u1,i)ien in D' (RM) with ug ; ®—,> up and ug, (ug,i)ien in D'(RN?) with ug ; ®—/> uo, then
!

0} .
also uy; ® ug; — U1 ® ug for i — oo.

To prove this proposition, we show the denseness of finite linear combinations of f; ® fs first:
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Lemma 6.1.10 Dense Subset via Tensor Product

span (C°(RM, C) ® C°(R™2,C)) is sequentially dense in @ (RN +12),

Given f € C°(RN1TN2 C), we will construct a convergent series (fy)nen in span (C°(RM,C) ®
C° (RN, (C)) by two steps of approximation. First, we pick one smooth approximation of unity
(61,6)eer., in C°(RM,C) and one (d2.)cer., in C(RN2,C). By [HI83, Theorem 1.3.2], one
finds the following convergence and, while due to Item 2 of Definition/Theorem 5.1.8, there exists
K ¢ RN1+N2 guch that:

f*(61,5®5275)2>ff0r€—>0 A sp(f*(01,®02.)) CKforall0 <e<1. (6.2)

Furthermore, for fixed 0 < e < 1 and 0 < 0 < 1, we define

feo RV S Cais Y @ ok)eM N6 @ 6y (0k)

keZN1+N2

which converges, given any Oe < 1, according to [HI83, Lemma 4.1.3] in the following way

feo 2, fx(01e®02c)forc—=0 A sp(feo) CKlorall0<o<1 (6.3)

possibly choosing for K some larger but still compact subset. Next, we want to build a sequence
- o Jnen recursively which converges in @ to f. Given n € N, we regard a € N1 V2 with
n:0n g g 0

|a] < n and estimate:

[ fer — f”K,oo,a Sfeo = f5 (01, ® 6275)||K,oo,a + [ f * (01,e ® d2,6) — f”K,oo,a :
We pick 0 < €, < ,_1 < 1 such that, for all « € N(I)Vl+N2 with |a| < n, we have
1 % Ore, @026,) = Fllk oo < 300

which is possible due to Equation (6.2). With &, at hand, in a second step, we choose 0 < 7, <
on_1 < 1, such that, for all a € NYY with || < n, we infer

”fen,an - f * (51,£n ® 6275n)||K,oo,a < %’

which is possible due to Equation (6.3). We summarize that, with this construction, we find
(fen,on)nen in span (C(RM,C) ® C°(RM,C)) and a compact set K C RM*N2 such that
sp(f),8p(fe o) C K and, for all @ € NY"P™ that ||fe 00 = fllk oo — 0 for n — oo, ie.

@/
fen,on — f for n — oo.

Proof Proposition 6.1.9

For f € D(RN1TN2) we pick (f;)jen in span (C (RN, C)®C(RN2, C)) according to Lemma 6.1.10.
We find

|U1,i X u21[f] —uy @ uz[f]]
< Jurs @ ugs[f] — uis ® ugs [fi]] 4+ w1 @ uai[fi] — ur @ ualf5]] + [ur @ ua[f;] — ur @ us[f]|
1 =1 =11

and we estimate the summands individually. For € > 0, we find:

I Since f; 2, f, by Item 1 of Lemma 5.1.7, there exists n € N, such that sp(f;),sp(f) C K,.

Furthermore, due to u; ; Ci) up and ug ; ®—> ug Item 2 of Lemma 5.1.7 combined with Item 4
of Definition/Theorem 6.1.8 implies that there exists C,, > 0 and a,, € NJ""*™2 such that the
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estimate

[=Juri @uaulf = [l < furi @ uglf]] < Cn > 1 = Tillk, 00,0

aGNév1+N2,\a\§an
holds true. We may thus pick j. € N such that I< e/3 for all ¢ € N.

IIT A similar argument holds true here.

II Given j., we regard II. Since f;, € span g\,COO (RM, C ® c (RN"‘,(C)), there exists m € N|
(c1)ieq,...,m) in C, (f )le(l m) in CP(R and z)le(l m) in C°(RN2,C) such that
fj. can be represented it in the followmg way:

m
1 2
fi. = ch fia® [

=1

Now, we are able to estimate

3

I = |(ur,i @ ugi — w @ u2)[f5]l <Y larl| (s @ uzs — wy @ u2) (£}, @ £7 ]
=1

= lalluilfi Jueslf7 ) —walff Jualfs ]
1

1=

3

which converges to 0 for i — co due to u; ; CD—) up and ug ; 2) ug implying the existence of
ic € N such that Vi >i. I1< /3

Combining the statements above, we found i, € N such that for all ¢ > i
lu1,i ® Uzl f] — ur @ ua[f]] < e.

As announced, we consider the interaction of tensor products and convolutions, whose behavior on test
functions can be lifted to distributions by the subsequent corollary:

Corollary 6.1.11 Convolutions and Tensor Products

Given uy,v; € @' (RM) and ug,vo € D'(R™?) such that the supports of u1,v; are strictly compatible
the supports of us, vy in the sense of Def. 5.1.12, then (u; ® us) * (v1 ® v2) = (u1 * v1) ® (uz * va).

We pick € > 0 such that the pairs (sp(u1) + B-(0),sp(v1) + B.(0)) and (sp(u2) + B.(0),sp(v2) +
B.(0)) are compatible. This implies that further sp(u; ® uz) + B-(0) and sp(v; ® v2) + B.(0) are
compatible. We consider the approximating series (u{ ;)ien, (u5;)ien, (Vi ;)ien and (v5;)ien in CZ°
of Lemma 5.1.11 and argue

(1) (u1 ®ug)* (v1 @vg) = zlg&(uiz ®us ;) * (vi,; ®v3 ),

(4t) lgn (uf; *vi,;) @ (ug,; *v5 ;) = (w1 *v1) @ (ug * v2) and
K3 o0

(édi) lim (Uiz ® ng) (vi 4 ® vy 1) = hm (ug Ug 4 * ’Uiz) ® (u§z * 'USZ)
11— 00 — 00

with (i) by Definition/Theorem 5.1.13 Item 4, (i¢) due to Proposition 6.1.9, and (ii) follows by
Fubini’s theorem.

‘We can now state the definition of the foliation candidate:



6.1. TIME FOLIATION OF DISTRIBUTIONS ON SPACE-TIME 91

Definition 6.1.12 Foliation Candidate and its Representation by Functions

Given u[-] € D'(RY), we call the family of distributions ux (§@[~])[-] := {ux* (5®f)[']}fec<>o(RN—1 0)
the foliation candidate of u[-]. ‘

Further, we call a family of functions (v];( . )) feCe@®N-1c) & representation of the foliation

candidate by functions if, for all f € C>°(RN¥~! C)

« the function vy lies in Li, (R, C) and

loc

. the equation vs[-] = u#* (6§ ® f)[-] holds true in the sense of the embedding vs € Lj,, C D’.

loc

If there exists such a family, we call the foliation candidate representable by functions and denote
the family by u* (6 ® [7])(-, -) and the functions vy by ux (@ F)(-, ) for f € CXRN-L C), and
thus in this notation:

u*(6®[’:’])('v '): (u*(6®f)(’ '))f€C§(RN—17C)'

Furthermore, the tools established in the preceding statements allow us to prove the following theorem.
It justifies the nomenclature of u  (§ ® [~])[-] as the foliation candidate:

Theorem 6.1.13 Representation of the Foliation Candidate

Let u[-] € D'(R — RY~1) and u(-)[-] be foliation of u[-]. If, for all f € C°(RN~1,C), the function
u()[T.f]: RN = C, (t, ) = u(t)[Tof]

. . 1
lies in L,

(RM,C), then {u(- )[T'f]}feCw(JRN—l o) is a representation of the foliation candidate by
functions.

We will show u(-)[T.f] = u* (6 ® f) first as an equality of linear forms on C°(R, C) ® C°(RN~1,C).
Let g1 € C(R,C) and g, € C°(RN~1,C), then we calculate
~ (2) s ~ ~
ux (0@ flg1 ® g2] = (u* (6@ f)) * (91 ® g2)(0,0)

Dok (6@ [+ i © ) (0,0)

Wk (g1 @ (F % 32))(0,0)

where the steps are justified by:
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(i) By Definition/Lemma 4.1.22 of the convolution of @’ and @.

(it) Definition/Theorem 6.1.8 Item 3 implies a compact support of g1 ® g2. Additionally, Corol-
lary 5.1.15 shows that any number of distributions of which are all but at most one compactly
supported have strictly compatible support. Thus, their convolution is by Item 2 Defini-
tion/Theorem 5.1.13 associative and commutative. Since the embedding of C* in @’ is
injective the equality hold as functions and, thus, pointwisely.

(#i7) By the well-behaved interplay of convolution and tensor product of strictly compatible supported
distributions in Corollary 6.1.11. By the same argument of step (ii) the equation holds
pointwisely when regarding both distributions as C'°° functions.

(iv) Proposition 4.1.23 implies the smoothness of & — (u(t)* f)(x) which justifies the step according
to the embedding C° (RN =1, C) in @'(RV~1) of Def. 4.1.8.

1
loc

(v) Since by assumption u(-)[T.f] € L{,,(RY,C) allowing the application of Fubini’s theorem.

Since ux (§* f) € D'(RN) and u(-)[T.f] € L} (RY) C D'(RY) are continuous linear functions from
D(RY) to (C,| - |) and span (C(R,C) ® C(RN~1,C)) is dense in D(RY), we get u* (6 * f) =
(t,z) = u(t)[Tef] in D'(RN). Since further the embedding of L} (RY,C) is injective in @'(R™M)

loc
this equality holds true in L}, (RY,C).

Our sufficient sets of conditions for foilablity are now formulated as the existence of representations of
the foliation candidate with certain regularity properties:

Definition 6.1.14 Notions of Regularity for Foliation Candidates

Let u[-] € @'(RY) whose foliation candidate u * (§ ® [~])[-] is representable by functions. Given such
a representation u *x ( ® [~])(-, - ).

We call the representation form-regular if, for all f € C>°(RN~1 C), the following properties:

1. The function u * (§ ® f)(-, ) lies in L (RN, C).

2. For all t € R, the function u * (§ ® f)(t,-) : RN"! = C,xz — u * (0 ® f)(t,x) is partial
differentiable. We denotes for i € {2,..., N} the function RN — C, (¢, ) — 9% (ux(6® f)) (¢, x)

by 8% (ux (3 ))(-, +).
3. For all i € {2,..., N}, the function 9% (u* (§ ® f))( -, +) lies in L$ (RY,C).
4. For all x € RV~ the following subset of R possesses Lebesgue measure 0:

N&f:={teR |u*(6® £)(+, +) is not continuous at (t,z)}.
5. For all z € RN~! and i € {2,..., N}, the following subset of R possesses Lebesgue measure 0:

Ngwwd .= [t e R|0% (u* (6® f))(-, -) is not continuous at (t,z)} .

This allows the definition of ux(d®[~])[~, 0) |span(C°°®C’°°) € LF[span (C°(R, C)@C*(RV~1,C)), C]
by defining, for n € N, giime ... glime ¢ C®(R,C) and ¢iP*, ..., gPace ¢ C(RY-L,C), the

~1\ [~ space

evaluation of u* (6 @ [~])[~ ’0)|span(C°°®C°°) at Yo, gime ® giP* as

—~—

Z Adtﬁ(t) (ux* (8 ®g;**))(t,0) .

We call the representation distribution-regular if it fulfills the following properties:

1. For all g € C°(RY,C), the functions R — C, ¢ +— ux (§ ® g(¢, +)) (¢, 0) lies in L, (R, C) where
g(t, -) is, for t € R, understood as the function RV =1 — C,x v g(-t,-z).
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2. The following linear form on C°(RY,C) lies in @' (RY):

wk (6® [T])[7,0): C2RYN,C) - C,g > /Rdtu* (63t ))(t,0).

The distribution u* (6 ® [~])[~, 0) is clearly foilable and u* (6 ® [~])(-,0) € D'(R — R¥~1) defined
by

cux(6R[TPN(-,0):R = D' RY 1), t = ux(0®[7])(t0) and
cux (60 [T]E0): CPRN) = C, f s ux (6® f)(t,0)

is a foliation of u* (§ @ [])[~,0).

We call the representation jointly form- and distribution-regular if it is both form-regular and
continuously-regular. The relation of u* (6 ® [~])[~, O)LPan(Cm@Cm) and ux (6@ [~])[~,0) will
become clear in Theorem 6.1.17. T

The existence of form-regular representation of the foliation candidate implies that the foliation candidate
can be canonically identified with the distribution as certain linear forms:

Theorem 6.1.15 Form-Regularity implies Form Equivalence

Let u[-] € D'(RY) such that there exists a form-regular representation u * (§ ® [~])(-, -) of the
foliation candidate via functions. Then, u[-] = u* (§ ® [ ])[~,0)|span(c@ce) holds true as an
equation in LF[span (C°(R,C) @ C2°(RN~1,C)),C].

To prove this proposition, the following lemma will be helpful.

Lemma 6.1.16 Convolutions on L”-Spaces

Given a smooth approximation of unity (dc)cers,-

1. For h € L} (RY,C), we have h * 6. € C°(RY,C).

loc

2. For a point € R, a compact neighborhood K of @, and h € L**(K, C), we have lim. o h *
0s () = h(x).

3. For h € LP(RYN,C), p € [1,00), we have h * &, L hfor e — 0.

Item 1 is a corollary of [HI83, Theorem 1.3.2] by noticing that | J__, sp(d.) is bounded.

Item 2: Let € > 0, § > 0 such that, for all y € Bs(0), the estimate |h(x — y) — h(x)| < € holds true.
Furthermore, let € > 0 such that € < £ implies sp(d.) C Bs(0), Then

[hx b () — h(z)| =

| @bt = y)i.(e —y) = i)
< [ [ A%Ihe ~3) - h@)i.(z - v)
S/]RNdNyeéE(:c—y)

and, thus, lim._,¢ h * d.(x) = h(x).

Item 3 is proven similarly to Item 1 as a corollary of [HI83, Theorem 1.3.2].
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Strategy: Due to linearity it is sufficient to prove the equality u[-] = u* (0 [~])[, 0)|span(cx o)
on CX(R,C) ® C*(RN-1,C). Given g € CX(R,C) and f € CX (RN~ C), we note that, by
Definition/Lemma 4.1.22, the convolution u* (¢ ® f) can be represented by a smooth function, which

we denote by u* (¢ ® f)(-, -). The following equality holds true:

ulg® fl=ux*(g® f)(0,0).

By the properties of convolution and tensor product given in Corollary 6.1.11 and the associativity
and commutativity of the convolution according to Item 1 of Definition/Theorem 5.1.13, we also
have

ux (GO f)=ux(@R)*(6@f)=g@d* (ux (0 f))

as equalities in the sense of distributions. We want to evaluate g ® § x v where v[-] := u* (§ ® f) by
using Item 2 of Definition/Theorem 6.1.8 and, thus, approximate v[-] by (v,(-))nen in C°(RY,C)

such that v,[-] 2, v[-] (Part I). By the sequential continuity of the convolution (Item 4 of
Definition/Theorem 5.1.13), we infer

w@/[‘]§®(5*’0 = D’-limy 00 Wy -]

again as an equation of distributions with w,[-] := ¢ ® 0 * v,. Since this implies the equality

wg[-] =ux* (g f)[-], it is represented by the smooth function wg: () :=u* (¢ & f)(-, ). This
implies that, if one takes first the limit n — co of the object in @’ and afterwards regards the result
as the pairing of a test function with a C°°(R",C)-function in the sense of Def. 4.1.8, one can
evaluate it at (0,0) leading to the following equality:

u[g 0 f] = w@’(070)'

Furthermore, since now v,(-) € C(RY,C), as already announced, we apply Item 2 of Defini-
tion/Theorem 6.1.8. This leads to a representation w,(-) : RN — C of w,[-] whose value at
(t,z) € R is provided by the following complex number:

wy(t,x) = (g QI * v, (t,x))
= §® 6[(8’:'/) = vn(t — 5T = y)}
:'gv[s»—>5[y+—>vn(t—s,w—y)”
=g[s = vu(t — 5,m)]
— [ds5(s) vt - 5.2)
R
= /dsg(s —t)vn(s,x).
R

By Proposition 4.1.23, we know that w,, lies in C>°(RY,C). We will show that, due to the form-

regularity of ux (6 ® [~])(+, +), one can pick the approximation v,(-), such that w,(-) converge
pointwisely to continuous function wpy, and for all (t,z) € RV the following equality holds true
(Part II):

wPW(Oa 0) =ux* (6 & g) []?7 0)|span(C§°®C§°) .

We summarize the statements proved up to this point:
« The distribution w,[-] convergences in the topology of distributions to the distribution wg:[-].
« The smooth function wy(-) converges pointwisely to the continuous function wpy(-)
« The function w,(-) is a representation of w,[-].

« The function wq/(-) is a representation of wgy/[-].
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Since the author is not aware of an argument why the functions wqg-(-) and wpw(-) should agree
pointwisely at (0,0) € RV, which would then finally imply the desired statement

U[g ® f] = Wy (O’ 0) = pr(Ov 0) =U* (5 ® g) [J?a 0>|Span(C§’°®C§’°) )

we will show this equality manually. Hereby, we apply the regularity requirements of the spatial partial
derivatives of the representation of the foliation candidate in the definition of distribution-regularity
(Part III).

Definition of the Approximation: For given n € N and f € C*(RY~! C), to approximate

v[-]=ux (0 ® f), we pick

. asmooth approximation of unity “in time”, i.e. (65™¢),cy in C2°(R, R>0) such that sp(65™¢) C
Bl(o)v

. another smooth approximation of unity “in space”, i.e. (65P<°),cy in C2°(RY =1 R>() such
that sp(d5Pae®) C B1(0),

. smooth cutoffs “in time”, i.e. (X5™¢),en in C°(R, [0, 1]) such that x5™¢|g (o) = 1,

. smooth cutoffs “in space”, i.e. (XiP*®)nen in Ce°(RN1 [0, 1]) such that 3P| ) =1,

and note, that v[-] can, due to the form-regularity, be represented by a function v(-) which lies in
Lse . This allows us to define the function v, (-) by defining its value at (¢,x) € R x RN-1 as the
following complex number:

’Un(t, iL’) — (thime ® Xipace) (t, iL') (U " &;lime ® 6Space) (t, CE) .

Item 1 of Lemma 6.1.16 and the compact support of y!ime @ ysPace that v,,(-) lies in C°.

Part I: Now, we prove that the convergence vy, -] ®—/> v[-] holds true. Let m € Nand h € C*(RY,C)
such that sp(h) C B,,,(0), then:

onlt] = oltl] < [ dta e bt @)]| v+ (557 0 537°) — o) (1)
]RAL
Ml [ (v (650 9 57°) —v) (t,)
an 0)

We perform a restriction of v(-) to a compact domain, by defining v,,(-) := 1g,,,, (0)xB,.,1(0)V(*)s
such that it does not affect the integral. This results in ©,,(-) € L*(RY,C) and we find the estimate

[oalh] = 0] < Il [[7 % (657 @ 67°°) = 3] 1 ey

which converges to zero according to Item 3 of Lemma 6.1.16. Since m € N and h € C*(RY,C)

were arbitrary, we have shown v,[-] 2, v[-].

Part I1: We pick (¢,2) € R x RV~! and ain at an application of the dominated convergence theorem
in Equation (6.4) below. First, by form-regularity, we note that, (s,y) — v(s,vy) is continuous on
Ng x {x}. Moreover, this map lies also in L on any compact space-time neighborhood of a point
(s,z) € NE x {x} of continuity. By Item 2 of Lemma 6.1.16, we therefore get limy, o0 vn (s, ) =
v(s,x) and, thus,

lim g(s —t)v,(s,x) = g(s — t)v(s, @)

n—oo
for all (t,z) e Rand s € NE. Further, given KH™¢ C R and K®P2¢ ¢ RN~ compact, we construct an
integrable dominating function dgeime gspace : R = R>q such that [g(s — t)v, (s, @)| < dgrime gspace ()
for all s € R and (¢, x) € K'me x K5Pac® by virtue of

. sup l9(s = t) vn(s, )| < Lp(g)keme () |9l sup [on(t, )|
(t,z) EKtime x Kspace (t,z)E(sp(g)+Ktime) x Kspace

o on(t, )| S/ dpd™ "2 [u(t — p, @ — 2)|65m (p) 5P (2)
R4
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< sup lv(s,y)] dpd™ 1z §time (p)gspace (z)
(5,9)€B1(t)xB1(x) R4

= sup lv(s,y)]|.
(s,4)€B1(t) xB1(x)

Combining these estimates, we find:

sup lg(s —t)vn(s,x)| < 1Sp(g)+Ktimc (s) ||g||oo||U||oo7(sp(g)+Ktim0+Bl(0))X(Kspacc+Bl(0))
(t,z) EKtime x Kspace

= thime’Kspace (S) .

By the dominated convergence theorem we find:

lim w,(t,z) = lim [ dsg(s—1t)v,(s,x) = /ds g(s —t)v(s,x) = wpw(t, x) (6.4)
Additionally, as discussed above, the function (p,y) — g(s — p)v(s,y) is continuous at a given point
(t,z) € RN for all s € N& and is dominated by (¢, z,s) — dg, (+),8(z) On Bi(t) x B(x) x R, which
leads to the continuity of wpw(-) by another application of dominated convergence. Furthermore,
this, by the definition of ux (§&[~])(-, -) in the case of form-regularity in Def. 6.1.14 Equation (6.4),
implies the following equality:

wPW(Oa 0) =ux* (6 & g) [J?a 0)|span(C§°®C§°) .

Part IIT: We start by proving the uniform equicontinuity of (wy,(-)),en on compact sets by showing
that, for all n € N,

« the function w,(-) lies in C*(RY,C) and

o the uniform boundedness of all partial derivatives of w,(-) when restricting to arbitrary
compact domains of the form KtHme x Kspace « RN,

Given n € N, then, by the construction of v,(-), lies the function (¢, x) — g(s — t)v,(s,x), for all
s € R, in C°(RY,C). Furthermore, given i = 2,..., N, regard the following estimates which are
achieved by the methods of the preceding discussions:

. sup 10cg(s —t)vn(s, @) < Lgp(g)4kume(s)]|0g]l sup [on(t, )]
(t,z) EKtime x Kspace (t,@) € (sp(g)+Ktime) x Kspace

. sup 1057 g(s —t)vn(s, )| < Lpg)keime (5)]19]l o sup |0% vy, (t, )]
(t,z) EKtime x Kspace (t,z)€(sp(g)+Ktime) x Kspace

o Jon(t )| < sup lv(s, y)l

(s,y)e({t}—B1(0))x({z} xB1(0))

(1) .
. |0%0,(t, )] < dpd™ 1z [0S v (t — p, & — 2)|05™(p)dEPae(2)
R4

g( sup |a€iv<s,y>|> [ apa =g e (a)
(s,y)€({t}—B1(0))x ({x} xB1(0)) R4
sup |0%v(s,y)]|.

(s:»)€({t}—B1(0))x({z} xB1(0))

The inequality in (i) needs an additional argument, as it involves the commutation of partial
derivatives and integration. This is, however, immediate by dominated convergence, since by form-
regularity @ ~ v(t — p, © — 2) is partial differentiable for all ¢,p € R, and z € RV 1. Further, for all
(p, z) € RN we find

Sup vt — p, @ — 2)[65™(p)6P*°(2) < ||8eiv||0°,K“me+Bl(0)><KSPHCQ+BI(0)5:lime(p)(5;zpace(z) ,
(t,) EKtime x Kspace

so that (p, z) — ||0%v
tion.

| oo, Ktime 1B, (0) xKepace +Bl(0)5ﬁme(p)5fface(z) is an integrable dominating func-
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Combining the preceding inequalities lead towards the two estimates
. sup |0rg(s — t) vn(s, )| < 1SP(9)+K“me(S)Hag”oo||U||oo,(sp(g)+K“me+Bl(0))X(K5pace+31(0))
(tyw)eKtlmeXKspace
= del’Ktime’Kspace (S)

. sup |05 g(s — 1) vp(s, @)K 1sp(9)+Ktsme(5)||9Hoo||3meiUHoo,(sp(g)+|<time+31(o))x(Kspace+Bl(0))
(tvw)GK“mexKSpace

= dei’Ktime,Kspace (S) 5

which provide dominating functions for another application of the dominated convergence theorem,
leading to the partial differentiability of w,(-) and, for (t,z) € R*, to the following equalities:

o Qywy,(t,x) = /ds Org(s —t) v, (s, ),

R
o OSiwy (t, @) = /ds Oeg(s —t) 0%y (s, x) .
R
Applying once more our inequalities leads to the local boundedness of all partial derivatives:

. sup |0wn (t, )| < |sp(g) + K™ 1091l oo [10]| s, (sp () KEime 1B, (0)) x (KePace +8, (0))
(t’m)eKtlmeXKspace

. sup 05w (t, )] < [5p(9) + KT |[|gll o 10570 s (sp(a) Keime 1B, (0 x (Kepoce 481 (0))
(t,@) eKtime x Kspace

Thereby, for all n € N, the functions w,, are uniformly equicontinuous on any compact subset of R,
We are now prepared to prove the pointwise equality of wg/(-) and wpw(-) on RY. Fix some point
(t,z) and a number £ > 0. We will pick a number n € N and a function h in C2°(R*, R>¢), whose
integral equals to 1, according to the criteria below, which lead to the following estimate:

|w@’ (t7 :E) - wpw(t7 :B)|
< Jwa(t, ) — we [A]] + [wer (k] — wa[h]] + [wa h] = wn (t, )| + [wn (t, ) = wpw (t, )|
Term 1 Term 11 Term 111 Term IV
e/d+e/d+e/di+e/d

=£.

IN

The criteria are as follows:

I The support of A must lie in inside the ball BU((t7 a:)) with o small enough such that, for all
(s,y) € sp(h), the inequality |wy(s,y) — wy (¢, )| < £/4 holds true. This is possible by the
smoothness of wg: which leads to the following inequality:

|wp (L, ) — we ]| < / h(t, y)lwa (8, ) — wa (s,y)| < e/4]|h]| 0 = /4.
R4

IT The number n € N must be large enough, such that the inequality |wg [h] — w,[h]| < /4
holds true. This is possible due to the convergence of wy[-] to wg/[-] in distributions.

III The support of h must lie inside the ball B, ((t,2)) with ¢’ small enough such that, for all
n € Nand (s,y) € sp(h), the inequality |w., (s, y) — wy (¢, )| < €/4 holds true. This is possible
due to the uniform equicontinuity on the compact set B (¢, x). It leads, by the same arguments
as before, to the inequality |wgy (¢, ) — wyy [h]| < /4.

IV The number n € N must be large enough such that the inequality |w,, (¢, &) — wpw (¢, )| < e/4
holds true. This is possible due to the pointwise convergence of the functions wy(-) to Wpw(-).

Since € > 0 was arbitrary, we showed wg/ (¢, ) = wpw(t, ) concluding the proof.

The notion of distribution-regularity complements the form-regularity in the following sense:
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Theorem 6.1.17 Form- and Distribution-Regularity imply Foilablity

Let u[-] € @'(RY) such that there exists a jointly form- and distribution-regular representation

u*x(6®[~])(-, -) of the foliation candidate via functions. Then, u[-] is foilable and u* (6 @ [~])( -, 0)
is a foliation of u[-].

Since u * (6 ® [ ~ ])(-, ) is form-regular, Theorem 6.1.15 implies that u[-] = u * (§ ®
[T D17 ,0)|span(c@ce) holds true as an equation in LF[span (C2°(R,C) ® C°(RN~1,C)),C].
Furthermore, due to the distribution-regularity of the representation, u* (6 ® [~])[~, 0) is defined
in @'(RY) and w* (8 @ [T])[7,0)|span(cecs) is indeed its restriction to LF [span (C°(R,C) ®
C (RN, C)),C].

Since the two distributions v and u % (6 ® [~])[~, 0) are continuous and agree on a dense subset of
the domain they are equal. Finally, given g € C°(RY,C), the following equality holds true:

ulg] = /Rdtu* (6@39(t, +))(-t,0).

An interesting special case of Theorem 6.1.17 is given by:

Proposition 6.1.18 c¢-differentiable Foliation Candidates

Let u € @'(RY) such that there exists a representation u x (§ ® [~])(-, +) of the foliation candidate
via functions with the property that u* (6 ® [~])(-,0), defined by

cux(6R[7](+,0): R = D' RV ), ¢t — ux(§®[7])(t0) and
cux (R[], 0): CPMRN) S C, f — ux (6 ® f)(t,0),

lies,for some m € N, in €™ (R, ®’'(RV~1)). Then, u[-] € €™ (R,®'(R¥~1)) ¢ ®'(R — R¥~1) and
u*x(0®[7])(-,0) is a foliation of u[-].

We prove the statement by showing that ux (6 ® [7])(-, -) is form- and distribution-regular.

« Form-regularity is fulfilled due to Def. 6.1.3 of €!-continuous differentiability which implies
the properties in Items 1 to 5 in Def. 6.1.14.

« Distribution-regularity is a direct consequence of Proposition 6.1.7.

The statement then follows by an application of Theorem 6.1.17.

6.2 Regularity Particle Sourced Solutions

We will analyze the properties of certain convolutions of G*4¥/*t with parts of the source 1 1Pr,. given by
an interval I C R and for - = 4, 0.
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6.2.1 Relation of Point and Extended Charges

Theorem 6.2.1 Sources and Solutions: Point vs. extended Particle

Given the context of Proposition 5.3.1. Then, the following statements are true:
1. 11pro =11prs * (6 ® 0)
2. Gadv/ret " 1[/)1‘,,9 _ (Gadv/ret ” 1Ipr,6) * (5 ® .Q)

Item 1: First of all, due to Definition/Theorem 6.1.8, § ® ¢ has a compact support. This leads
to the well-definedness of its convolution product with 17p, 5. Let us regard f € C°(R,C) and
g € C*(R3,C), then we follow along the calculation:

Liprs* (0@ 0)[f ® 4] © (17pr,5+ (0 ® 0)) * (f ®9)(0,0)

D1 rpes# (00 0) * (F27))(0,0)
1 1pes * (F© 0% 5)(0,0)

D 1rpes[f ® 0% 3]

@) / dtqf (1) (0 +3)( — r(£)11(1)
- / dtqf(t) / dz® G(@)o( — r(t) — 2)1r(t)
R R3

- / did qf (0)g(@)o(w — ¥(t)) 11(1)

(iv)
= Llrpeolf @9l

Steps (¢) to (iv) are justified as follows:
(¢) By Definition/Lemma 4.1.22 of the convolution of @’ and D.

(#4) Corollary 5.1.15 shows that any number of distributions of which are all but at most one
compactly supported have strictly compatible support. Thus, their convolution is, by Item 2
Definition/Theorem 5.1.13, associative and commutative.

(#i7) By the well-behaved interplay of convolution and tensor product of strictly compatible supported
distributions in Corollary 6.1.11.

(tv) Due to Def. 5.2.1 of 17pr 5 and 1;py .

Their linearity implies their equality on span (C2°(R, C) @ C°(R3,C)). According to Lemma 6.1.10,
this set is dense in C2°(R x R?,C). Thus their continuity implies their equality on all of C°(R%, C).

Item 2: This is a corollary of Item 1 and the commutativity of the convolution of distributions of
Definition/Theorem 5.1.13.

6.2.2 Regularity in the Case of Point Particles

A particular important role is payed by the advanced and retarded times:
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Definition Lemma 6.2.2 Advanced and retrated space-time points

Given a smooth function r : R — R3¢+ r(t), such that there exists vmax < 1 and, for all t € R, the
bound ||£(¢)|| < vmax holds true. Then, we note that | graph(r) N F(it7w)| contains a single point in
both + cases. We define a tuple of functions via:

(ry,r%) : R* 5 R*, (t,2) — (r3(t, ), r*(t,2)) where {(rgt(t, x), ri(t,m))} := graph(r) N Fl(lfit)i :

Clearly, r(r(:)t) =r* and the values of these functions are for (¢,x) € R x R? uniquely defined as the
solution of the implicit equations:

- 5 (6 @) =t = e (rg (¢, @) — 2
. vt (@) = r(t+ o (4 @) — 2

Furthermore, the restriction (roi, ri)|R4\graph(r) lies in C>°(R* \ graph(r), R%).
Proof

[Harl8, Lemma 5.1.1]

Moreover, by applying our tools developed in Section 6.1, we are able to prove the following statement
about the pointwise properties of these solutions:

Theorem 6.2.3 Partial Solutions as Functions

Given the context of Proposition 5.3.1. Then, G2dV/ret x 1; pr,s can be represented by a function in
L, (RY,R)NC>=(R*\ (TlishtF  graph (rlr)),R) and its value at (¢, ) € R*\ graph(r|;) is given

loc graph(r|sr)

by

1 q
GVt 4 1100 5) (8 ) = Lognes (¢,
( * Lrpes) (t, ) rug m)lini(t,w)-fi(t,az) drfle — 1= (t, o)

+
with n*(t,z) = ”i:: Eiiil\ and (¢, x) = i"(rat(t,m)). In particular, G*dV/™ x 1;p, 5 is time
foilable.

Furthermore, given a particle shape o € C°(R3, C), then, for all (¢, z) € R*, we find:

(Gadv/ret ” 1[/)1‘,9) (t, :B) — 3d3y (Gadv/ret o 11Pr,5)(ta y)g(m == y) o
R

Strategy: We will apply Theorem 6.1.17 to the distribution (G24V/™* x 1;p, 5) by finding a jointly
form- and distribution-regular representation of the foliation candidate (G2/*t x1;p, 5)* (6@ [~ ])[-]
via functions. The search is based on the observation that, after Item 2 of Theorem 6.2.1, for

f € C(R3,C), the following equation applies:

(Gadv/ret % 1rpes) * (6@ f)-] = (Gad"/‘ret * Lrpe p)-].

In order of representing (G24V/ret x 1 1Pr,f)[-] by some function vy € L}, (R*,C), we approximate 1;

by a series (X} )nen in C2°(R, [0, 1]) which converges pointwisely to 1;. This leads to a representation
Vfp i RY— Cin C® (R, C) of (G2/*t x x7p, £)[-] (Part I). Further, for n — oo, we show

. the distributional convergence of (G24V/™* x x7p, 1)[-] to (G*IV/* x 17, £)[] (Part IT) and

. the pointwise convergence of vy ,. Its limit gets denoted by v;. We prove further, that it lies
in L} _(R*,C) (Part III) and

loc

. the distributional convergence of the embedding of v, in @'(R*) to the embedding of vy in
D'(R*) (Part IV).
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This implies that v is a representation of (G*d¥/**x1;p, ;)[-] by a function. It remains to be shown
in that (v}v) fece=(r3,c) is indeed a form- (Part V) and distribution-regular (Part VI) representation.
Finally, we show that G2dv/ret x 1; pr,s is indeed representable by the in the theorem stated function
in L, (R4, R) N C=(RY\ (T80 7 Ugraph (r]:)),R) (Part VII).

loc graph(r

Part I: Since x}pr, s lies in C° (R*,C), then, according to Proposition 4.1.23, is the convolution of
G2dv/ret and X7 Pr,f representable by a smooth functions vy . Its pointwise evaluation at (¢, ) € R*
equates to:

Vpa(t,x) = GV s X 4 (L, )
— Gadv/rot [X?p!‘,f(t - x—- )]
N 1, N
= [ass [ a05)(F O(F9) i (0 - 9) pest - 5.2 - [sl)
R S.(0) 4r|s|

= /Rds 52 /sl(o)dQ@)( FO(F9)) 47r1|s|X}L(t —s)qf(x—|slg—r(t—s))
1

_ /}R A e I af (@~ = x Ju)).

Part II: The series (Xx7pr f)nen of smooth and compactly supported functions lies in
gl(F’f{}?&xr(O))}+{O}><sp(f)) and converges in D’ to 1rp. s as we will prove by the dominated con-

vergence theorem. Given g € C°(R*,C) and (t,z) € R*, we can estimate

|af (& — () xT (Og(t. )| < all flllo(t )]

which provides an integrable dominating function in step (i) of the following calculation:
Jim X7 pr flg] = Tim pr p[XT - 9]

= lim [ dtd*xqf (@ —rx(t))x}(t)g(t, x)

n—oo [pa

R4dtd3x af (x —r(t)) nh_)n;o XF(t)g(t, x)

= ler,f[g] .

@

1=

The sequential continuity of the convolution (see Item 4 of Definition/Theorem 5.1.13) implies, for
n — 0o, the convergence of GV/™t 4y .+ to G24V/ret 5 x1p, 1 in distributions.

Part III: To understand the pointwise convergence of vy, we pick (t,z) € R* and note that, due to
7] < vmax and the compactness of the support of f, there exists a compact subset Ky z)y,5 of R3,
such that, for all y € R®\ K{(; )}, f, the expression f(x —y —r(t £ [|y||)) equates to zero. Thus, we
find an integrable dominating function by the following estimate

_7

X Nyl af (2 =y = x( 1) < D, () g

1
'M”y 1l

and we can pull, by dominated convergence and the pointwise convergence of the integrand, the
limit n — oo through the integration to find:

ve(t, x) = gl_r)% vy n(t, )

1
zlim/d3y7)<"t:|: ylDaefle—y—r(t x|y

e—0

= [ i D ad o — v — et o).

Given any compact set K C R*, we can, by the same argumentation as before, find a compact subset
Kk,s of R?, such that, for all y € R?® \ Kk s, the expression f(x —y —r(t £ ||y||)) equates to zero.
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Similarly to before, we estimate

1 q
sup |1t %yl af (2 — v — et £ 1wl ‘g Lo, @)=L Ifl. (65)
S0 T ( )| < Toes )
which implies the equality (¢) in the following calculation:
Javte| [ v le(til\yll)qf(wf r(t lyl))|
/dtd3 IR=r Hlfuiuquf(w— v e+ o)

< 0.

This results in vy € Lj, (R*,C).

Part IV: To show that the distributional convergence of the embedding of vy, in @’(R?*) to the
embedding of vy in @'(R?*) we need to prove for all g € C2°(R*,C) the following limit:

nl;rrgo R4dtd3x ven(t,x)g(t, ) = /R4dtd xvp(t,x)g(t, x) (6.6)
To use the dominated convergence theorem we construct another dominating function of this
integrand (¢, ) — vy, (t, ®)g(t, ) in the same way as before by noting that sp(g) is compact and
thus (again due to [|£]| < vmax) there exists compact K,y r C R? such that for all y € R\ Ky,
and (t,z) € sp(g) we find f(x —y — r(t = ||y||)) = 0 leading to the estimate

‘vf,n (t’ :B)g(t, ZB)l =

A ol af (e =y 50 % fyl))g(t.)

q
= (Agdgywlf<ti |y||>) 1 lllgt, )]

which is integrable on R*. Furthermore, we proved the pointwise convergence of the integrand
already in part III concluding that Equation (6.6) holds true.

Part V: To prove the form-regularity of (v ) fecs=(®s,c) We need to show, according to Def. 6.1.14,
for all f € C°(R3,C), the following propertleb

1. The function vg(-, «) lies in L2 (R*, C).

loc

2. For all t € R is the function vs(t, -) : R — C,x ~ vy (¢, z) partial differentiable. We denote,
for all i € {1,...,3}, the function R* — C, (t,z) — Oy,v¢(t, ) by Oz, v¢(-, *).

3. For all i € {1,...,3}, the function d,,v¢(-, -) lies in L2 (R*, C).
4. For all € R? possesses the following subset of R Lebesgue measure 0:
Nz’ :={teR|vy(-, ) is not continuous at (¢,z)} .
5. For all x € R® and i € {1,...,3} possesses the following subset of R Lebesgue measure 0:
NZY = {teR‘a ,vf(+, +) is not continuous at (t,x)} .

We remind ourselves, that by defining the function

Lt+llyl)af(x—y—xtEyl)) ,y#0

0 ,y=0

hy :R*xR* = C, ((t,z), y) — | 47yl

vy takes at (t,x) € R* the value [o,d% h((t,2),y). We check properties 1 to 5 step by step:
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1. That vy(-, -) lies in L{?

loc

(R*, C) follows directly by the estimate in Equation (6.5) of part III.

2. Given t € R, the restriction h|gy s xps is, for fixed = € R3, Lebesgue integrable in 4 and,
for all fixed y € R3, differentiable in . Furthermore, given i € {1,...,3} and any compact
K C R*, we pick Kk, ; as for the estimate in Equation (6.5) of part III and find analogously
the following estimate:

sup

O, B = K ;i .
S 47T||y”11(tiHy||)q S@—y—rt£llyl))| < oo, (W) H H|| fllo. (67

By the dominated convergence theorem is v f( ) :R3 = C,x — vy(t,x) partial differentiable
and, for (¢, ) € R*, the equality 0, v (t, @) = [pad® &Elh((t x),y) holds true.

3. That vy(-, -) lies in L?

loc

(R*, C) follows directly by the estimate in Equation (6.7).

4. The function hy; is, for fixed (t,z) € R*, Lebesgue integrable in y and, moreover, for fixed
y € R3, continuous on (t,z) € (R\ dI) x R3. Here, 01 is set of end points of the interval I.
Equation (6.5) in part III provides on any compact K C (R \ 9I) x R3 a dominating function.
This leads to the continuity of vs(-, -) on (R\ dI) x R? and thus the property.

5. By substitution in the preceding argumentation hy by 9,,hs and Equation (6.5) to Equa-
tion (6.7), we find the continuity of d,,vs(-, +) on (R\ &) x R? and thus the property.

Part VI: To show the distribution-regularity of (v ) fece=(r3,c)y We need to prove according to
Def. 6.1.14 the following properties:

1. For all g € C°(R*,C), the functions R — C,t — vy, .)(t,0) lies in L}

1e(R,C). Given t € R,
then g(t, -) is understood as the function R* — C,z ~ g(t, ).

2. The following linear form on C°(R%, C) lies in @'(R%):
vp[+,0) : CX(RY,C) = C, g — /dtvg(t,.)(ao).
R

We check their fulfillment.:

1. When regarding g € C2°(R*, C) we show the integrability of the following function:

R = C,t o vy, (1,0) = / Py —15(t = yl) ag(t, —y — r(t = [y])) -

4|| I

Due to the inequality [|F|| < vmax and the compactness of the support of g, there exists a
compact set K, C R%, such that, for all (t,y) € R*\ K, the expression g(t7 r—y—r(tt HyH))
equates to zero. This leads to the following bound

1 1
‘wylllf(tﬂyll)qg(t, r(tﬁ:||y||))’_4 m || K, (& Y9l (6.8)

where the right-hand side is integrable in R*.

2. The equality in Equation (6.8) further implies that the absolute value of v.j[-,0) evaluated at
some g € C°(R*,C) is dominated by:

1
dtd®y —— 1 (t,y)> 9l
</R |yl =

This proves, by Theorem 4.1.20, the continuity of the linear form vy.j[-,0). Thus, it is a
distribution.

Part VII: Given given g € C°(R*, C), we managed to show the equation

(Gadv/ret % 1Ipr,6)[g] _ R4dtd3y 1](-t + ||y||> Q§(ta -y - I‘(‘t + HyH))

1
Arly||



104 CHAPTER 6. REGULARITY OF SOLUTIONS

1
/ Aty (= [yl g9ty + x(t = y])
oY Tyl

as a consequence of the application of Theorem 6.1.17. We use the same technique as in the proof of
[Dec10, Theorem 4.18] to reformulate the integral on the right-hand side of the preceding equality
by considering for given ¢ € R the following functions:

TR = Ry = Ty(y) =y +r(t £ |y) .
The following statements hold true:

. For fixed t € R, the map Tti is bijective. Given z € R3, the equation z = y + r(t +
lyl]) is equivalent to the equation (z —y) = r(¢t + ||(z —y) — 2||) and has according to
Definition/Lemma 6.2.2 the unique solution z — y = r*(¢, z) which is again equivalent to
y = z — r=(t, z). This implies that (T77)~! : R® — R3, z — z — r¥ (¢, 2) is the inverse of T,

« According to the discussion in [Dec10, Theorem 4.18], (T7°)~! is continuously differentiable
on R3\ {0} and the value of its Jacobian determinant at z € R? is provided by the following
equation:

z—r¥(t,z) . B 1
|z — r(¢, 2)|| -r(rgt(t,z))) C 1EnE(tz) (L 2)

det D(TF)"1(z) = <1 +

T, ti is thus regular enough to perform a substitution z := T;(y) in equation (i¢) of the calculation
(Gadv/ret % 11/)1',6)[9}

/dtd3 iy ”11<ti||yu>qg(t e+t + [y])

/dt/deS ST E Iy as(ty £ ul)

zz) + ! q
dt | d*1;(t+]z— t !
/ / i Hz R v o ey e P e AU
Z 1 q
/R3 A e U] U e pr s e o e TG
(uz) 1 q
dtd 1 ight t t
/Rs et O TIRE G 2y 2 2) Iz =2 2] TP

while providing the following justification for the remaining equalities:
(¢) is due to Tonelli’s Theorem.

(ii) follows by noting, that for (,z) € R* both

. the equation ¢ & ||z — rE(t,2)[| =t + ||z — r(roi(t )| = r(t, z) holds true and
c Fllght F

+ . .
« the the statements ry (¢,z) € I is equivalent to (¢, 2) graph(r|r)’



Chapter 7

Selection of the Potential

The chapter provides the proofs backing the statements in Section 2.4.2.

Section Summaries:

7.1 Dressing: For trajectories of constant velocity the expression for the functional representation
of the function will be simplified even further.

7.2 Germination of the Dressing: We provide the convergence behavior of the by an compact
interval determined piece of particle trajectory sourced solutions constructed in Section 5.3 when sending
on of the boundary of this interval to plus or minus infinity.

7.1 Dressing

Definition Lemma 7.1.1

If the trajectory takes the form of r : R — R3¢ v ¢ + vt for zg,v € R? with ||v|| < 1, then, for
(t,z) € R*, we find that the following statements hold true:

L rg(t,2) = 7*(0)(t = (2 — 20) - v) £7(v)||L(v)(x — @) — Y(v)vt].
2. ||z —r¥(t, @)| = Lri(t, ) Ft = £92(v) (t — (T — x0) - v) +Y(V)||L(v) (z — x0) — Y(v)vt] F .

3. (z—rf(t,z)) it z) = (x —x0) v — ¥V’ (v)(t — (& — 20) - v) FY(v)||L(v)(z — o) — Y(v)vt].

Hereby, we define y(v) := (1 — [|v||*)~%2 and L(v) := 1 + (7(v) — 1)/||v]*v @ v.

Given (t,x) € R*, we define y := & — g and choose e, e, € S1(0), 7 > 0 and a,b € R such that
the following statements hold true:

. e”-eJ_:O.
s Y=rey.
.v=ae| tbe,.

Item 1: Furthermore, by Definition/Lemma 6.2.2, the equation |t — rgt(t,w)|2 = |lz—r@)|* =
| — o + vt holds true. By abbreviating 7 := ri(t, ), this leads to the following calculation:

(t=72) =|lrey —ae; —ber[" = (t—taus)* = (r - ars)’ + 073
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— 2(1—-a®*—=b*) —272(t—ar) +t* —r* =0

2
st—y-v 2|y _ 0
2 2
L—[of” 11—

In preparation, we first note that the equation
2 2 2 2 2 2
(t—y-v) = Q=) lyl") = lo]"t* = 2y - vt + |y[" 1~ [v]) + (y - v)*

holds true. Using this result, the solution of Equation (7.1) takes the form

70) (1= (@ = a0 v ol 2 2w~ 20) w1+ 2 = 2ol (0= ol + (2 - 20) o))

which is value of 7 (£, ). On the other hand, with L(v) defined as 1+ (y(v) — 1)/[|v]*v @ v, we
regard

L) — o) ~ 1)t = [ley -+ (= 1)/l a® ~ 7at) + exb((y — V/lfelPra— )|

2 2
= (r+ (v = 1/vl’ra® —vat)” + b*((v — 1)/ [v[I*ra — 7t)
= t2(Term I) + ¢tr(Term II) 4+ TQ(Term IIT)

and by separate calculations

o (TermI) = y%a® + *V?
=72 |lv|l?
o (Tem 1) =2(—7a)(1+ (v = /|lv]*a®) = 2v(y = 1)/|[v]*ab?

~2ya+2v/[[v]*a® — 29*/|[v[*a® + 2v/||v|*ab® — 29%/|[v]*a b®
~2ya(1 — (@ +0%)/|[v]*) = 29%/[[v[*a(a® + b°)
= -27%a
o (Tem D) =1+2(y = 1/|lo]*a® + (37 = 2y + 1)/|lv]"a* + (7 = 2y + 1)/ o] 'a® b
=1+ 2y = 2)/lvla® + (4" = 2y + 1)/||v]*a®
=1+ (" = 1)/|lv]"a?
=7 (1= o) (1 + (1 = (@ = [lol*)/(1 = [o]*)/l]|*a®)
=77 (1~ |0l +a?)

we find:
IL(©)@ — @0) = A()ot]]* =2 (Ello]]* = 2tra+ 121 = o)) + (ra)?)

=72 (Il 2 = 2(% = @0) - vt + & — o|*(1 = []v]]*) + ((= — @0) - v)")
Putting all together, our calculation results in:

5 (t, @) = 72 (v) (t — (x — @o) - v) £Y(v)|[L(v) (@ — @0) —7(v)vt].

Item 2: According to Definition/Lemma 6.2.2 and Item 1 we calculate:
|z — rE(t, z)|| = +ri(t, @) Ft = 72 (v)(t — (& — @o) - v) +v(v)||L(v) (& — @) — Y(v)vt]| F t.

Ttem 3: We find, by replacing r*(t, ) = x + vri (t, ) and the results of Item 1, the following
equation:

(z —r¥(t, @) 1% (t2) = (@ —20) v — 7*(v)(t — (x — @) - v) F (V) |[L(v) (@ — 20) — 7(v)vt]|
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Theorem 7.1.2 Boosted Coulomb Potential

Given a trajectory of the form r : R — R3¢ — ¢ + vt for zp,v € R? with ||v|| < 1 and for all
(t,z) € R*\ graph(r), the following equation holds true:

o B qv(v)
(G4 % ) (t,%) = 3T — ) (@Yol

Given (t,x) € R?*, then Theorem 6.2.3 provides the pointwise evaluation of G24V/* x p. 5. We just
need to apply the results of Definition/Lemma 7.1.1 to get together with #¥ (¢, 2) = v to get:

1 q

1+n*(t,x) i%(t,x) 4|z — rE(1, 2)||

_ 4 1

CAr |l —rE (4 2) || £ (2 — v (t @) - PE(E @)

q (iv2(v>(t— ( —20) - v) +7(v)[[L(v)(2 — o) — v(v)vt| Ft >_1
AT\ (@ m) v F 0] *R(0) (t = (& — x0) - v) — o] *Y(v)|L(v) (= — @o) — y(v)ut]
a (m%)(l o)t~ (@~ o) -v) F (¢~ (= — @) ~v)>‘1
A7\ 4+ (1= o)) |L(v) (& — @) — y(v)ot|

_ q7(v)
Ar(|L(v) (@ — wo) — y(v)vt|

7.2 Germination of the Dressing

In preparation, we regard the following convergence of the particle trajectory sources:

Lemma 7.2.1

Given a smooth trajectory r : R — R3 ¢+ r(t) (||#(t)]| < vmax < 1Vt € R) and tg € RU {+o00}, then,
for T'— oo, the following statement hold true:

@' o'
Y ri0)Prs — Lcooyto)Prs AN Lito,+7)Pr,6 — L(to,400)Pr,s -

The differences 1(_7 ;1pr.s — L(—oo,to)Pr,s and Lz 17yprs — ity 400)Pr,s are supported outside
Br(0) C R* and thus, given n € N, for large enough T outside of [—n,+n]*. This implies the
convergence in @’.

Theorem 7.2.2 Asymptotic Convergence of the Solutions

Let r : R — R3¢+ r(t) be a smooth trajectory such that there exists 0 < vpax < 1 with the property
that [|£(¢)|| < vmax for all ¢ € R. Then, the following convergences hold true:

Convergence as Distributions on Space-Time:

7 (4
. Gadv/ret * 1(T,to)pr,5 m Gadv/ret & 1(—00ato)pr’5 for T — —oo

! (od
o G w1 Tprs DR, Graviret Ltg,00)Pr,6 for T — 00
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Convergence of the Time Foliation in Distributions on Space: For all t € R

aav/re ®,(R3) adv/re
o (G % L0y pes) ()] = (G2 % (g 10)pr,6) (B)]-] for T — —00

aav/re ml(RS) aav/re
o (G A, 11pes) (O] —— (G 5 L 00)pres) (D] for T — 00

Pointwise Convergence: For all (¢,z) € R*\ graph(r|;)
. (Gad"/ret * 1(T7t0)pr75)(t, ) — (Gad"/ret * 1(_m,t0)pr,a)(t, x) for T — —o0

. (Gadv/ret % 1(t0,T]pr,5) (t, w) N (Gadv/ret * 1(t07oo)pr,6) (t, w) for T — o0

Convergence as Distributions on Space-Time: According to Proposition 5.2.3 have all the
involved distributions strictly compatible supports. By the combination of @’-sequential continuity
of the convolution (see Item 3 of Definition/Theorem 5.1.10) and Lemma 7.2.1 the statement follows.

Convergence of the Time Foliation in Distributions on Space: We take advantage of the
expression (G“dv/ret*l(T’to)pr,(;) (t)[-] in part III of the proof of Theorem 6.2.3. Given f € C°(R3,C),
the calculation

1

li adv/ret o 1 es)(O[f] = i dy——1 t+ —y—r(t+
pim (G * L1ty prs) (O[f] = lim_ Y o)t E Nyl af(—y —rt=£yl))

(@) 3 1 .
= dy ——- 1 1 t+ —y—r(tx
A o i e (¢ [l af (— v =% yl)

1
= [ a3 L oo (t £ —y—r(t+
A s ¢ [l ar (— v =0 )

_ (Gadv/ret * 1(_oo,to)p1‘»5)(t)[f]

holds true. Step (i) is a consequence of the dominated convergence theorem and the estimate in
Equation (6.5). The other convergence follows by an analog line of argumentation.

Pointwise Convergence: Due to Theorem 6.2.3, we find that the equation

1 q
lim  (Gadv/ret 1 t,x) = lim 1 iigne, t,x
Tafoo( (t0)Pr0) (1) T——o0 F;i;ht\mm))( @) 1+ n* . i%(t,z) 4|z — rE(t, z)||
1 q
= 1 ignt, t,ac .
F;f;‘;ht‘(,m,toﬂ( ) TTnt = (t,x) 4z|jx — r*(t, )|

_ (Gadv/ret % 1(7oo,t0)pr,6) (t, :B)

holds true. The other convergence follows by an analog line of argumentation.
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