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Abstract

This master thesis is devoted to the study of the electromagnetic field associated with radiation.
The primary objective is to present a rigorous proof of the validity of the well known radiation
term. Specifically, we demonstrate that for a sequence of points (x,,)nen in space-time converging
to a point g(,~) on the world-line of a charged particle, the tensor components of the radiation field
converge to: A

e
lim ity = 5 (@il = Tl (1)

n—oo

where Fi" = Fr~ — F#T ig the difference between the retarded, F**~, and advanced, F**T,
Lienard-Wiechert fields of the trajectory q(r). These fields are known to be divergent at the
particle’s position, see equations (4.1) and (4.2). Therefore, the limit can only be achieved by a
delicate cancellation between the divergent terms in both fields. To achieve this result, the thesis
is structured into four chapters:

1. Chapter One provides a motivation for the topic, revisiting key concepts from electrody-
namics. It offers a refresher on general principles of the theory, defines the radiation field,
and addresses aspects of Dirac’s theory of radiation in classical electrodynamics which are
relevant to this work.

2. Chapter Two marks the beginning of the main body of this work which is presented in
a mathematical rigorous manner. Here, the foundational concepts of space-time, world-
lines, and retarded/advanced positions are introduced and defined. Specifically, this chapter
establishes the existence and uniqueness of the advanced and retarded positions (Lemma
2.9), demonstrates the continuity of the advanced and retarded times across all of space-time
(Lemma 2.12), and proves their differentiability outside the world-line (Lemma 2.13).

3. Chapter Three develops a physical intuition for the radiation fields. In this chapter, the
mechanism of the divergence cancellation between F#*~ and F**T are analyzed by shifting
the spatial position by an infinitesimal amount in an arbitrary direction. In this chapter, we
work rather with the electromagnetic fields instead of the tensors to also study the role of
Coulomb fields in radiation. For this, we investigate the electromagnetic Lienard-Wiechert
fields (equations (3.3) and (3.4)) in different scenarios.

It is shown, through explicit computation, that the radiation fields vanish for a particle
moving with constant velocity (Results 3.1 and 3.2). Expansions of the advanced and retarded
times near the particle are derived (Results 3.4 and 3.5), as well as for the normal vectors
(Results 3.6 and 3.7). These results came as an interesting surprise, as these quantities are
not differentiable at the trajectory, which means that a conventional Taylor expansion is not
available. A particularly interesting observation presented at the end of this chapter is that
for the case of motion with constant acceleration, it is shown that the Coulomb fields diverge
in such a way that they cancel a divergence of the far fields, making the entire expression
convergent in the end (Result 3.11 and equations (3.32) and (3.33)). Hence, any study of
equation (1) for general trajectories must include both the near and the far fields.

4. Chapter Four is the final chapter of this thesis and is again presented in a mathematical
rigorous manner. In this chapter, the announced proof of the convergence of Dirac’s radiation
term (1) is provided, where the main difficulty is to control the cancellation mechanism
between F#*~ and F*T. In order to achieve this, the existence of a special point on the
world-line (referred to as ”"Dirac’s choice”) is shown. This point is evaluated at parameter
T, at which qg‘m(xu — Qu(r,)) = 0 holds (Lemma 4.3). Due to this property, it serves as
a convenient expansion point because it simplifies the computations of the field tensors.
It is then demonstrated that the parameter 7, at this point must converge, along with the
advanced and retarded parameters 7.7, to the same parameter 7* on the world-line (Corollary
4.4).

From this point, an expansion of the retarded and advanced field tensors is performed around
Tn, and their divergence at the trajectory is studied (Lemma 4.7). In the final section, the
limit of the radiation field and the error term are computed explicitly, which constitutes the
main result of the chapter (Theorem 4.2).

5. Chapter Five concludes with short outlook in this topic.
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Chapter 1

Radiation in Classical
Electrodynamics

The goal of this chapter is to provide a self-contained introduction to the topic of radiation reaction.
In the first section, we present a brief overview of Maxwell’s equations, the Lorentz force and the
interplay between them. In the second section, we discuss the radiation phenomena, where we
briefly introduce the historical methods used to tackle this problem. Here, we will focus on the
developments in the model of a point particle. We also present a discussion about the validity of
P.A M. Dirac’s assumption introduced in his famous paper "Classical theory of radiating electrons”
[Dir38], where he motivated that the radiation field tensor is the difference of the retarded and the
advanced Lienard-Wiechert fields.

1.1 Electrodynamics

Today, the electromagnetic theory remains as one of the most successful frameworks of physics.
From Maxwell s original work [Max10] in 1873, we have seen the theory to evolve into a well
established and robust field with the help of which a wide spectrum of phenomena can be grouped.

The classical theory of electrodynamics, as understood today, is described in terms of the
electromagnetic fields and charge distributions. A charged body moving in space-time is modeled
with the charge density p : R x R® — R, which tell us about the spatial distribution of the charge in
space, and the current density J : R x R* — R3, which provides information about the movement
of the charge. Given these two quantities, it is possible to solve the Maxwell ‘s equations'
[Grill, p. 417]

P, @
V- ﬁ(tj) =63,
€0
V- §(t,?) = 07
83(,&77)
V x E(t,?) =TT

83 L=
VX 3(@?) = Ho?(t,?) - “060#’

for the clectric E : R x R® — R3 and magnetic fields B :RxR® - RS, If, on the other hand,
we are given the electromagnetic fields, then we can compute the Lorentz Force that acts on a
charged body. For point particles with charge ¢ at position 7@) it reads [Grill, p. 272, 446]

?(tv?(t)) =4 (B(tv7(t)) + 7(0 X §(t?(t))) )

and for extended charge models one would integrate over the charge density, which is normally
assumed to be supported on a compact subset V of R3. For our case of interest, we would like
to mix the Lorentz force with the Maxwell’s equations. This is so because we would like to
model a charged particle which is moving in space-time and therefore is producing time varying

1Here we use SI units, such that ep ~ 8.8 * 10*12% is the vacuum permittivity and pg ~ 1.2 * 10*6% is the
vacuum permeability.



electromagnetic fields, which, at the same time, produce a force that acts on the particle, changing
in this way its trajectory.

To understand better why this procedure is problematic, we discuss now how to solve the
Maxwell’s equations and provide as an example the fields of a point particle. It is of common
practice to rewrite the Maxwell’s equations in terms of the electromagnetic potentials, which
are defined as [Grill, p. 526]

32@’?)

E(t,?) =—Vouz)— ETE

and

§(t,?) =V x Z(t,?),

where ¢ is called the scalar potential and X is the vector potential. These four new functions
are not uniquely defined, one can perform what is called a gauge transformation and obtain equally
valid expressions?.

99,2

It can be shown [Grill, p. 531], that under the Lorentz gauge (V - Z(t’y) = ~Hoto—p, )s
the Maxwell’s equations can be given in the form
P,z
D(b(t,?) = - ( )a
€0

DZ(t,?) = —M07(t,7)~

The theory of special relativity provides us with a comfortable framework in which the last equa-
tions are melted into one, using the so called four potential [Grill, p. 671]

o ?)/C
Al = ’ ,
(t.7) ( Z(t,?)

where we introduce the index p € {0, ...,3} and A* gives us the vector components. The same can
be done for the quantities associated with the charge distribution. We define the four current as

[Grill, p. 668
CPt, )
JH = .
() (7@,?))

In this way, one can rewrite the original Maxwell’s equations as

One of the main focus in the theory of electrodynamics is to study how to solve equation (1.1).
In this section we follow [Jacl4, p. 708]. We begin by calculating the Green’s functions of the
D’Alembertian, i.e. we look for a function G'(yx ) that solves

OG (o o) = Oy _gruys (1.2)
where 52;”730%) is the four dimensional Dirac delta function. Because the D’Alembert operator is

invariant under translations, we look functions of the form G;u_zuy. Performing a four dimen-
sional Fourier transformation on equation (1.2) we obtain

1

_ KOy — Y
kG =1=G = o

and get (using the shorthand notation z# = z# — z'H)

1 efikazo‘ .
G(zur) - —W/Wd k’

2The Gauge transformations are given by Z/(t,?) = Z(t,?) + VA7) and ¢l(t,?) =¢u7) —

OX (t,7)
ot
scalar, differentiable function )\(t’7> [Grill, p. 530]. Inserting these expressions in the equations for the electromag-

netic fields show that the choice of A does not change the fields ﬁ and B

, with a
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Figure 1.1: Possible paths of integration

Since the integral diverges for k,k* = 0, we use complex analysis to evaluate it at the poles. We
write then

1 — efikozo
— _ d3k ik-Z dkO
Glon =~y | 4 7 [i

where the last integral over k° can be evaluated using one of two possible paths, as shown in figure
1.1. Using the residue theorem, we obtain

)

@( 0_z10) sin (H?”Rs (.’L‘O _ .’13/0)) ei?.(?_?l)
o /d3k _
e 7 o

where ©(,0_,0) is the Heaviside step function and || - [|gs denotes the euclidean norm in R?®. The
last integral can be solved using spherical coordinates. We use the relation between the Dirac’s
delta function and the integral of the exponential function and finally arrive at

G(mu _m/u) =

_ _ G(xo—x’o) 1 0 10 /

G = Gy = g @ I = T e)
This result is know as the retarded or causal Green’s function of the D’Alembert operator.
If, on the contrary, one selects the second path to perform the integration (figure 1.1 right), the
result obtained is the so called advanced Green’s function of the D’Alembert operator

at=a, _Owrn 1
(@t —a'h) 4 127 — 27 ||ms
Notice that there is no mathematical motivation to choose one result over the other. But the
physical implications of the last result is that one must know the particle’s position in the future
in order to calculate the actual electromagnetic fields, as shown below.

The Green’s functions are of great use when solving equation (1.1) because it holds that

(20 — 20 + |7 — 7' ||ps).

+ 4 +
Aé’?) —/d LU/G J(ptl,’?,) (13)

Example 1.1: The Lienard-Wiechert Potentials

In order to study the motion of a point particle, we set

where e is the electric charge and 7(,5) denoted the position of the particle at a given time
t. If we put this expression in the last integral, we obtain two different outcomes. For G~
the result is the retarded four potential



an, = Hoc ! <70)
CE AT — 7 e (1 L)

where all quantities with a subscript ”minus” must be evaluated at the retarded time ¢—,
which shall fulfill

_ 1 _
t(t77) =1- EH? - 7 ||R3-

Using GT we obtain the advanced four potential instead

A#+? _ Hoc 1 < c >
_ ).
O TR 7 g (1 ) 7

where now the quantities with the subscript ”"plus” must be evaluated at the advanced
time t* which shall fulfill

1
thay =t+ 17 = 7"k

From this last example we can see the appearance of a factor

1

EEXEs (4

in both the advanced and retarded four-potentials. It will be shown later (Corollary 2.10 in chapter
two) that if 7 = 7@, then 7@(4; ) = 7(,5) and therefore the equation (1.4) is divergent at the
@)

particle’s position. This problem is also transported to the electromagnetic fields. This is better
seen from the electromagnetic field tensor, which is defined as [Grill, p. 666]
nv L 7
F(t,?) = 8"A‘(’t,?) — BVA(tﬁ?),
where p,v € {0, ...,3}. Comparing this equation with the definition of the electromagnetic poten-
tials allows us to check that the components of F'*¥ are the components of the electromagnetic
fields. From Aéij) we can compute the advanced and retarded field tensors. The calculation is
given in Appendix E and here we will only show the final result. Lets assume that we are given

the trajectory of a particle in space-time, denoted as g(,), where 7 may be the proper time of the
particle. Then, at a point x = (¢, ?) in space-time, the Lienard-Wiechert fields are given by

d QZ- mu __qi_ __qi_ xu __qi
it _ Fe (@ = 4tr) ~ i (@ — a) ’ (5)

@ ity (@ = gie)) | dr G (@ = qm)

T=7%

where in this equation 7% denotes the proper times at which the equations
1
+ _ 1.,
t(@?) =tx EH7 - 7 H]RJ

hold. 7% and their properties will be discussed in detail in the next chapter. For now, we only
need these formulas to state the problem we are facing. As the four-potentials, the field tensors
also diverge at the particle’s position. So there is no clear way to compute the Lorentz force using
just the retarded or the advanced fields.

In the next section we provide an overview of what the people have done in order to model
radiation and its influence in the movement of the particle.

1.2 Models of the Radiation Phenomena

One of the main results of the theory of electrodynamics is the fact that the Maxwell’s equations
obey also the wave equation. The speed at which the wave propagates in vacuum is (in SI units)
the constant ¢ = \/Eiﬁ = 299792458 m/s, i.e. the speed of light. This let Maxwell propose that
light was in fact "made of” electromagnetic fields. The process in which charged objects emit light
is called radiation. In other words, it refers to the way electromagnetic fields carry energy away
from their source, [Zanl3, p. 730]. For this reason, the emission and absorption of radiation is a
subject of high interest in many fields of study. One of the core formulas in this topic was derived




by Larmor in the paper "LXIII. On the theory of the magnetic influence on spectra; and on the
radiation from moving ions 7, 1897, [Lar97] and reads
1 262 ) |13

P, = . 1.
) 47eg 3¢c3 (1.6)

A derivation of this formula can be found in Appendix F.

Unfortunately, this formula provides us only with information about the power radiated at
spatial infinity. Other people attempted to derive models in which one gets more information
about the movement of the particle pursuing the following line of reasoning. If we think about
our understanding of how nature operates, we assume the principle of energy conservation to be
valid, then the electromagnetic fields that are carrying energy away from a particle must also
posses information about its change of movement. In other words, the particle must lose energy
through some mechanism which one wishes to model as a force acting back on the particle, in that
way changing its movement until there is no more energy to be radiated and therefore achieving
a state of constant motion. As mentioned before, it is not possible to work directly with the
Lienard-Wiechert fields as these are divergent at the particle’s trajectory.

One approach to avoiding this problem is discussed in [Spo04], where, instead of studying a
point particle, an extended charge model is considered. However, two unavoidable issues arise:
if one works with a rigid body, first introduced by Max Abraham in 1902 [Abr02], then one will
violate the theory of special relativity and will end up with an effective mass which depends on
minus the inverse of the radius of the charged body. So, for example, in the case of an electron if the
radius is smaller than the classical radius, the bare mass is be negative [Spo04, p. 77]. On the other
hand, if the model adheres to the theory of special relativity, as in the Lorentz model introduced
by Hendrik Lorentz in 1903 [Lor03], one encounters another problem of "mass renormalization.”
Here, the effective mass of the electron have an extra term due to the angular momentum and to
control this term, the bare mass of the electron must tend to zero. In this case it also happens
that the equator of the electron rotates with the speed of light (see [Spo04, p. 51]).

Another path was proposed by Paul Dirac in 1938 in [Dir38]. In this paper he split the retarded
field tensor as

1 1
[ G- v — pr+ pr— _ pprt
By = (B + FEST) + S (FGT = ), (1.7)

and use it to calculate new equations of motion. We see the appearance of the difference
124 _ pv— v+

Fruaez) = Fo.2) ~ Fraae,z) (1.8)
which was identified by Dirac as the radiation field produced by the particle [Dir38, p. 151]. In
order to illustrate his idea, we study a simple experiment, see Figure 1.2. Here we assume that
a charged particle moves with constant velocity before entering a zone where it interacts with an
external force. In this zone (colored cyan), the particle may absorb and emit light and in turn
accelerate. At the end of the interaction, the particle comes again to a state of constant motion
where no radiation is emitted or absorbed. Let us explain in detail what we are supposing;:

1. The blue line represents the particle’s trajectory g(R). (A full definition of world-line is given
in the next chapter, see Definition 2.6).

2. As asymptotic behavior, the particle shall move with some constant velocities v before and vy
after the interaction. In space-time, the asymptotics are straight-lines and here, the particle
fulfills the second Newton’s law with external force equal zero.

3. In the cyan colored zone, the particle accelerates due to the interaction with f.,:. Here,
radiation may occur.

The advantage of this scattering picture is that, before and after the interaction, we can separate
in a physical meaningful manner the field that belongs to the particle and external fields. So, at
some time T~ before the interaction occurs, the total field in space-time can be written as

— v1
FtOtﬂl,T7 — Lin, T~ + FCoulomb,T*’

where we write the sum of F},, - called the incoming field (radiation that may interact later with
the particle, which is a homogeneous solution of the Maxwell’s equations) and the Coulomb field
of the particle moving at constant speed v;. The same can be done after the interaction occurs,
such that we write at some other time 7% the total field as

-Fifoifal,T+ - Fout,T+ + FCoulo7nb,T+’
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Figure 1.2: Motivation of the Radiation Field

where in this case we do not have an incoming field but rather another homogeneous solution of
the Maxwell’s equations, called the outgoing field Fy,; 7+ (we think of it as radiation moving away
from the particle).

In this scattering picture, we can intuitively define the radiation field. Before the interaction
occurred, the particle had not radiated, such that the incoming field corresponds to radiation
external to the particle. But after the interaction, because the particle radiated and then it
moves again with constant velocity, the outgoing field must contain all external radiation plus the
time-evolved radiated field by the particle during the interaction. In other words, advancing the
incoming field forwards in time until 7", we define

L evolved
-FRacl,TJr = F‘out,TJr - Lin, T+

In this last equation, f;’%ﬁed represents the solution of the homogeneous Maxwell’s equations
evaluated at time 7F3. In the region where the interaction happens, at some time ¢, we can do

the same procedure and evolve Fy,.; - forward and Fioiq 7+ backward in time. Here both fields
must result in the same field, obtaining in this way

— lved - _ lved +
Ftiﬂtﬁgve +Ft — [evolve +Ft )

out,t
We define again the radiation field as the difference between the evolved outgoing and incoming
fields, namely

. mevolved evolved
Fradt = Foury " — Find ° %,

or, if we use the equation for F} to substitute them, we obtain

Fraatr = F, — F". (1.9)
This physical motivation is used here to define the radiation field. With the help of this term,
Dirac derived the following formula for the radiation field

de
% _ il ey )
Fraatary) = 3 (q (i — 4 (7)%)) (1.10)

and he also derived equations of motion, which allowed him to study some solutions. This term is
interesting because of three aspects:

3See for example [Decl0, p. 62], Corollary 4.13.



1. It is an homogeneous solution of the Maxwell’s equations.
2. As the difference of two divergent terms, it has a chance of being divergence free.
3. Dirac’s result is compatible with Larmor’s formula, see [Bar80, p. 189].

The mathematical rigorous study of the term F (‘;'%) - F (’;Vg) and how it leads to equation (1.10)
is the main topic of this thesis. In chapter four, we demonstrate that this term can be expanded,
providing an explicit calculation of the remainder. Dirac’s approach also presents two significant
issues, which remain unsolved: First, because of the splitting in equation (1.7), one also has to
deal with the divergent expression )
S T ESD

which, to be controlled, one needs to let the ”"bare mass” of the particle to diverge. Second,
the solutions of the differential equation derived by Dirac are not of physical nature, where for
example, a particle radiating would approach the speed of light exponentially fast, phenomena
which is known as the "runaway solutions”. In Appendix G we provide some examples of the
solutions obtained by this approach.

It is important to mention that there were some works done in this topic after Dirac’s paper
was published. For example, in 1945, R. Feynman and J. Wheeler published a paper in which
they introduced the ”absorber theory” [WF45]. In this theory, it is not the accelerated motion
of a particle that causes radiation, but rather the interaction with other particles, referred to
as the absorber medium. There is no self-force and no divergences, as the force acting on a
charged particle always stems from other particles. The motivation for this paper was Wheeler
and Feynman'’s criticism ([WF45, p. 159]) of the works of Lorentz and Dirac: Lorentz “provided
an incomplete expression of the self-force,” while Dirac “offered no explanation for the origin of
radiative damping.” The two authors derived an expression for the radiation reaction which is in
accordance with Dirac’s result (1.10).

Since equation (1.10) appears quite often in the literature of radiation reaction and its mathe-
matical status is not clear, we provide a theorem studying under which conditions equation (1.10)
holds and give the convergence rate in chapter Four, Theorem 4.2. We will make use of the Dirac’s
ideas which simplify the calculations.



Chapter 2

Mathematical Structure of
Minkowski Space-Time

In contrast to chapter one, in this second chapter we aim to construct and define the basic objects
needed for the rest of the work in a mathematical rigorous way. We want to show the existence of
the advanced and retarded times and study some of their basic properties. Explicitly, we will show
that the advanced and retarded times are continuous everywhere in the Minkowski space-time.

Summary of this Chapter

In this chapter, we present a collection of essential results required for the convergence of
the radiation field. Specifically, we demonstrate

1. the existence and uniqueness of the retarded and advanced positions (Lemma 2.9).

2. the continuity of the retarded and advanced times (Lemma 2.12) and their differentia-
bility outside the world-line (Lemma 2.13).

2.1 Definition of Minkowski Space-Time

Here we present a rigorous definition of all elements needed in classical electrodynamics. We
establish a solid mathematical foundation and demonstrate that a sequence of points in Minkowski
spacetime, which converges to the world-line of a particle, gives rise to two distinct sequences of
points along the world-line, namely the advanced and retarded positions.

Definition 2.1. (Pseudo-scalar Product) Given two vectors =,y € R* which in Cartesian

coordinates are denoted by x = (z°, 2%, 2%, 2%)T and y = (y°,y*, y?,9>)T, we call the map

{IR{4><R4—>R

(z,y) =z -y = 2%y’ —aly! —2?y? — 2%y
the pseudo-scalar product of 2 and y. For the special case x - ¢ we also may write 2.

Definition 2.2. (Metric Tensor) Given two vectors x,y € R*, which in Cartesian coordinates are
denoted by z = (2%, 21, 2%, 2*)T and y = (v°, ', %%, v*)T, we call the matrix W whose components
satisfy the equation
—
zoy=a""y
the metric tensor. Its components can be read off from the defining equation of the pseudo-scalar
product, i.e.

1 0 0 0
o 0o =1 0 o
T=1o 0o -1 o

0 0 0 -1

Definition 2.3. (Einstein’s Summation Convention) When working in the framework of
special relativity we may also denote the vectors € R* by their components x#, where y is an



index going from zero to three. Then, it is possible to write the pseudo-scalar product of two
vectors as

-y =aly, =z"'n,y", (2.1)
where the repeated indices above and below are summed over. In this context, (9,.)u.v)efo....,312

denote the components of metric tensor. We also note the implicit definition in the way of writing,
namely y, = 1,,¥”. We may say that the metric tensor can be used to ”lower indices”.

Definition 2.4. (Minkowski-Spacetime) We define the set of vectors in R* doted with the
pseudo-scalar product z -y for all z,y € R* as the Minkowski-Spacetime M.

Remark. The name of n,, as a tensor is well supported by its behavior under coordinate trans-
formations. That is, when choosing two different coordinate systems x* and 2, we find the

transformation relation
ox* Ox¥
77”/1// = AaCCP‘, 83:”/ 77;1.117

whenever these coordinates are either rotations or Lorentz-boosts in some direction.

The last set of definitions give us the vocabulary needed to talk about moving particles and
fields in space-time. As always in the case of special relativity, we embed the zeroth component
of a vector & with the meaning of the time component. We will also refer to the vectors in M as
four-vectors.

Additionally, we need a meaning for convergence and we will use this word in the normal
mathematical sense using the euclidean norm rather than the Minkowski-metric. Whenever we
write ||z||g~ for x € R™, we actually mean

n 1/2
ol = [z ]
=1

and as ee will always refer explicitly to the dimension in which the norm has to be taken, there
should be no confusion between the pseudo-scalar product of M and the conventional scalar product
of R.

Definition 2.5. (Converge of Sequences in M) A sequence of four-vectors (z,)neny with
zn € M for all n € N is called convergent with limiting vector ¢ € M if it holds true that

Ve>0 INeN Vn>N : x,€Bq):={ycR:|y—qlps < e}

2.2 Physical Objects in Space-Time

We now aim to define precisely what is meant by a particle moving through spacetime and introduce
the concept of the light-cone.

Definition 2.6. (World-Line of a Particle) We call the maps

R—M

g = (O (22)
Q(T) ?(f(f)) 3

world-lines, with E(T) the time coordinate at world-line parameter 7 € R, ?(

- d
time ¢(,) € R and 7(5) = d? the velocity of the particle, if the following properties are satisfied:

i) the position at

1. g€ CEEM)
2. t: R — R is bijective

3. The four-velocity is time-like and positive oriented, i.e!

VreR: g(.,-) > H?({(ﬂ)‘

Here the dot is the derivative with respect to 7.

= (2.3)




Figure 2.1: Illustration of a light cone centered at a general point x.

4. There exist a maximal velocity smaller than the speed of light, i.e

dq 5

dt

’RS -

VEER: ||V g < VUmas < 1. (2.4)

R3

for some vpqz € [0,1).

Sometimes we also refer to the set ¢(R) as the world-line of the particle. From the context should
be clear when we talk about the set and when we talk about the map as a function of the parameter
T.

Remark. Normally one would use 7 as the proper time of the particle. But as this definition is of
general character, we leave open the choice of the meaning of the parameter 7.

Definition 2.7. (Light Cone) For any point « € M, we call the set
L, ={yeM: (y—2)*=0} (2.5)
the light cone centered at x.

From a physical point of view, this set contains all points that can ”"communicate” with x using
a beam of light. This definition allows us to introduce the important concept of advanced and
retarded positions.

Definition 2.8. (Advanced/Retarded Positions) Given a world-line ¢(R) as in Definition 2.6
and a point z € M we construct the set

L;NgR)={yeM:(y—=z)>=0 A 3ITeR:q, =y} (2.6)

Its elements are called the retarded positions with respect to z if for y = (ty,7) and for
x = (tsg, 7) it holds that t, < t,. We call the elements of this set the advanced positions with
respect to x if, on the contrary, it holds that ¢, > t,.

Using a physical perspective, this positions denote the points of the world-line that can interact
with the point 2 by radiating or absorbing light (see figure 2.1.) It might seems clear that there
is only one retarded and one advanced position, but instead of leaving a vague argument, we will
proof the correctness of this statement.

Lemma 2.9. (Existence and Uniqueness of the Retarded and Advanced Positions) Let
q be a world-line as given in Definition 2.6 and let = be any point in M \ ¢(R). Then, the set
L, N ¢(R) has exactly two elements, one retarded and one advanced position with respect to x.

10



Proof. 1. Existence:

Let € M\ ¢(R) have the components (¢, 7’) and since { is bijective, there exists one 7, such
that g,y = (t, 7(t)). We define the set
Co(q(r,y) ={yeM } Vs € R,0 € [~Umazs Umaz), € € R®
with [|[€lge=1:y=(t+s T +sve)"}

with the following properties

(a) q(R) C Culq(r))-
We study the non trivial case s 75 0 since for s = 0 we get q(r,) € Cy(q(,)) by definition.
Let 7 € R be a real number and € be any unit vector in ]RS then we look for solutions
(s,v") of the following set of equations

q —( fr) )—< t+s >
™ ?(fm) ?(t)—&-sv’? '

The first equation has a unique solution s = f(T) —t = 0 for all 7 and ¢ For the second

equation we have 7
o = (f@) B ?(t) 2,
by —t

for all 7 and t. This expression is also well defined since the denominator is not equal
to zero. From the mean value theorem we see, that there exist at least one time w €
(min{t(r), t}, max{t),t}) such that

v = 7(11,) e
(because g is differentiable) and therefore
V'] <11V )l < Vmas
So for all 7 € R it is possible to choose the pair (s,v’) such that for all unit vectors

@ € R3 holds 4y € Colq(r,))-
(b) CU(Q(T,D)) NL, 7é 0.

Here we follow a similar strategy. Let y = (¢t + 3,?(,5) + sv@)T be a four-vector in
Cy(q(r,))- Then

S
y—r= (?(t)—?—i—sv?)’

and when we look for solutions of the equation (y — x)? = 0 we obtain

(y—2) =" (d@y— @ +sv€)°
= (1 - 1)2)82 - 21)?> . (7(,5) - ?)S - (7(,5) - 7)2 =0

W (T — )£/ 02 (T — D2+ 1 —02)(Tr) —
= 5= ;
1—v2
which is always defined for all x € M. That is, for a given four-vector x, we can freely
choose @ and |[v] < Vmae such that s € R can always be calculated from the last
equation and we obtain y € Cy(q(r,)) N La.
(c) q(R)\ (Cyu(q(r,)) N L) is split into three disjoint sets.

Let y € Cu(q(r,)) \ (Cu(q(r,)) N L) and let (s,v) be chosen such that y = q(;) for some
7 € R. Then we know that (q(;) — x)? # 0 and therefore

iy =t # £ T ) — lles-

Here we have four mutually excluding possibilities:
1) () > t with i(7) > t+117 )~ @ lles, 2) f(r) > t with f(;) < t+017 ¢ )~ 7 e, 3)
(T) < t with t(T) >t — ||?(t(7)) ?HD@ and 4) ¢ () <t with t(T <t— ”é(t(ﬂ) ?”DW

11



And so we can build the following disjoint sets

qR)™ = {q(r) € q(R) 1ty > t+ Tz, — T lles},
q(R)™4%e = {q(;y € q(R) : t + ”7(%)) — T s > f(ry >t — H7(i‘(7)) — @ lp2},
qR)™ "™ = {g(r) € qR) : i(ry <t =T i) — T llzs},

which are not empty since £ is bijective.

(d) From the continuity of ¢ and the intermediate value theorem it follows that ¢(R) must
intersect C,(q(r,)) N Lz Just by choosing two parameters 71 such that g(.,) € q(R)down

and 73 such that q(.,) € ¢(R)"?, we notice that qéi) has to take all values in the interval

[q(“ﬁ), q€‘72)]. In other words, there exist a 7 € (71, 72) such that gy € Cy(q(r,)) N L.

= Q(R) N (C’U(q(Tm)) N Lx) = q(R) N Lx 7é (Z) (27)

2. Uniqueness

In order to show that~q(R) N Ly = {q(-), 4(++)} for two unique proper times 7=, 7 with the
property t(,-y <t < {(;+), we use a proof by contradiction. First we show the uniqueness of
T .

Suppose that there exist two different proper times 7=~ and A~ and without loss of generality
we can assume 7~ < A~ such that f(T_) < t~()\_) < t. Then, because g, is a differentiable
function in R, we can use the mean value theorem and state that there exists another proper
time w™ € (77, A7) such that

. o) — ) 1 ( fam) = T )
Qw=) = = i i ’
(w™) - — 71— A\ — 71— 7(t(r)) - 7(t(;))

Using the third property of the world-line in Definition 2.6, we see that a time like four-
velocity must have the time component greater than the spatial component, i.e.

)_?(f

If we use the fact that t~()\7) > f(Tf) and the condition of the retarded time ¢ = t— ||7(£) *7”]1&3
we can rewrite

frey —Fe| > | T .

() R3

N 7(50—9‘

to-y —t+t—t,—) = H? - Tq

(f—ﬂ‘ma B H RS

and get

[ERrN I S (NS

which leads to the contradiction
EE R

This means that our assumption was incorrect, therefore there can not exist two different
parameters 7~ and A~ under which g(;-) and g(y-) are both retarded positions with respect
to the four-vector x.

> H7(f B 7(g(r—))

R3 R3 ()\_)) R3 ’

=) ||gs "

The proof of the uniqueness of the advanced position follows the same steps as we showed,
just using the condition ¢ = ¢ + ||7({) — 7 ||gs.
O

Corollary 2.10. For the situation given in Lemma 2.9, if € ¢(R), then the set L, N ¢(R) has
only one element.

Proof. Let x € q(R). So there exists a 7* € R such that z = g(,-). Then we look for elements of
the set

LQ(T*) N q(R) = {Q(T) € Q(R) : (Q(-r) - Q(T*))2 = O}

Clearly q(r) = q(r+) solves the equation, so we have q(;«) € Lg,.yN ¢(R). Now suppose that there
exists other 7 with g( ) € Ly ., N q(R). We then have

(@(r=+) = q(r+))? =0

12



THEE

— * 2
N <Q<T**> e >> _o

Now, because of the mean value theorem, there exist a w € (min{7*, 7**}, max{7*, 7**}) such that

. . q(r*+) — d(r*)
q(w) - THRE ok

which is a contradiction to the definition of a world-line 2.6 in which the four-velocity must be
time-like. Therefore there can not exist another parameter 7** such that the four-position belongs
to Ly Ng(R) and it follows

Loy Na(R) = {q(4) }-
O

The existence and uniqueness of the retarded and advanced positions allows us to examine the
time components in more detail. As the following definition shows, we interpret these components
also as a function of a point in space-time.

Definition 2.11. (Retarded and Advanced Times) The zeroth component of the retard-
ed/advanced positions are called the retarded/advanced times.

Remark. Because of the Light-cone equation, we can also study the retarded and advanced times
as a function of the position, namely

M—R
: 2.8
AR Ay o 28)

One can notice the difficulty of this expression. The retarded and advanced times are implicitly
defined where the expression of the position can be very complicated. We will calculate explicit
formulas for t* in the next chapter when we study a particle that moves with constant velocity.

Lemma 2.12. (Continuity of the Advanced and Retarded Times) Let (x,)nen be a se-
quence with z, € M\ ¢(R) for all n € N and ¢ be a world-line as in Definition 2.6. Let this
sequence converge to a point y € M. Then, the retarded and advanced times are continuous, i.e.

VyeM: lim tf =

n—oo (:Eﬂ) (limn—n)o 51771,)

=17 (2.9)

Proof. We divide the proof in two steps:

1. (t?; ))neN is a Cauchy sequence:

Let m,n € N and let x,, z,, be two elements of the sequence (z,)neny With components
(tn, @) and (tm, ). Let tan) be given as in Definition 2.11. Then

o = | = o=t (170 = Tl =170 = )

Using the triangle inequality we obtain

+ +
’t(wn) t(wnz)

<t = bl + 1T = Tzl = 1T = Tl

and if we notice that |||a|| —[[b]|| < [la—b]| for all vectors ? in R®, we can rewrite the inequality
as

+ +
‘t(mn) B t(zwl)

and the triangle inequality yields again

< |tn - tm| + H?n - ?m - ?(ti )) + 7(t(im ))”]R37

’t?;n) - t?:zm)‘ < |tn - tM| + ”?n - ?m”Ri" + H?(t(iz ) - 7(# )”]R3~

(zm)

2This is valid since we have the following case distinction
(@) llall = [|b]l: In this case we have ‘Hall - ||bH’ = llall = [[ol] < lla —o].

(b) flall < [[bl|: Tn this case we have |[la]| — [1BlI| = [IB] = flall < b - al| = [la = b].

13



Now we use the fact that the trajectory is per definition differentiable with respect to t*.
We apply the mean value theorem, rewrite the last term as

i
! )~ !
) T e )
(JL ) (zm) + +
‘Qx - (xM)‘ tay — Lo = |16y~ Lo | 17 (¢ I

R3

for some t between ta ) and tz—; ) and because the velocity is assumed to have an overall
maximum, we obtain

+ +
”?(t(izn)) a 7(%"”)”11%3 < Umaz (b, = Hay |- (2.10)
Inserting this result in equation (1), we get
tn = tm| + |70 — @l
’t:t _t:i: )’ < | |1+ | [ES (2.11)
— Umax

and since the sequence (z,,),en converges, it is always possible to find a N € N for all € > 0
such that |t, — t,,| < € and |2, — @ |gs < € for all n,m > N. Therefore,

2
+ .
hm_Qw>§i3;j—ﬂ

In summary,

%>03N€N:‘%w—i

t(wm)‘ <é Vm,n>N

as a Cauchy sequence (t(j;n))neN always converges to a real limit in R.

. Now we know that the limit

Jim £

exists and we want to determine its value. For z, — y as n — oo with y = (ty,ﬁ) we
calculate the following difference

lim & . —¢f

=00 (zn) (limy, — 00 zn)‘ -

+
lim +* t(y) ‘

n—oo (Tn)

=|lim ¢, + lim | %, — —t - :
e L [ 7@:&%))”]1%3 y T ||7 7(t(iy))||R3

and, when using the continuity of the norm and the trajectory, we obtain

o] = 1V = Tz llzs =17 = Tl

lim & . —¢f

n—oco (Tn)

+ +
< ||7(1imnﬂoo t(i;n)) - ?(t(iy))HR?’ < Umaa hm t(LL) ﬁ(hm”%m PR
where we have implemented again the equation (2.10) and the inequality |||aH — Hb||‘ < |la—0]|

for vectors in R3. We can then conclude, since vy,q, < 1, that

t:l:

(limy, s 00 Tn)

Jim £ -

<0,

which, in other words, implies that the retarded and advanced times are continuous.

O

Unfortunately, in our theory, these times are not differentiable at the world-line of a particle.
However, the following lemma demonstrates that if we remain outside the world-line, we can
compute the partial derivatives of t*.

14



Lemma 2.13. (Differentiability of t*) Let t* be the retarded and advanced times as given in
Definition 2.11 for all four-vectors 2 € M with components (£, 7). Then, if the point  is chosen
outside of the world-line, the retarded and advanced times are differentiable. In fact, their partial

derivatives are given by

6t(ix) 1
ot 1+ 7%)) "t #)
and
875?; in(tiw?)
dxt 1+ 7 i 2 ’

(=)’

where 77 denotes the normal vector
Z -
—>( s o= 7(%))
. .
) z - ?
[ (t(iw)) (I

Proof. 1. First we compute Ot /0t by definition, i.e.

+ ot
Oy _ o ey ~tiew)
ot Py € '

The numerator yields

t

et (17 - P, oo~ 17 - P

+ +  _
(t+6, @) t(t,?) =ttet ||7 - 7(%“7,_1,))“]1&3 —tF ||7 -

(2.12)

(2.13)

(2.14)

7(%,?))”1&3

>>||Rs) |

Now, because we assume z #+ 7(# )» We can interpret the norm as a function of t*+ and

)
expand it around t( L 7) This results in

17 - 7 |1R3 =7 - 7(# ||ra+

(tae,?) t(t 7)) ( ~ ||R3>

+R,

(t,7)

s=t

where R is the remainder term of the Taylor expansion?®, and it is of second order. Performing

the derivative we obtain

17 =Tl =17 = Tl

+ +
(t(“rf’?) B t(t?)) 7(% ) 7 s A

From here it follows

+ + _ + —>
By “tem =€t < (t(m?) %, ?>) Vg S RGN ?)*R)-

or, after a quick rearrange of the terms

et R

t:l:
(t+6,7) (t T 1+ -

ﬁ )
(t(t ?) (t(, 7)7?)

where we can see that, in order to perform the limit of the partial derivative, we must know
the behavior of R/e. For this purpose we use the remainder form given by Lagrange and

write

2
+ et
R:(tme,?) ) (d I
2 ds?

- 7(s>IIRs)

)
s=A

3As an abuse of notation, here and later we omit the point at which R is evaluated. It should be understood
that, e.g. in this case, the remainder is evaluated at some time between (¢, @) and (¢ + ¢, @).
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with a A between t(it ted) and t(it - Let us call this last derivative C, to spare some writing?.
Then, we obtain

+ + 2 + + + +
R_ e ~tew) , _ Clinem) ~ o) lerem) ~lew

€ 2e ¢ 2 €

We can insert this last equation in the limit we want to calculate and get

+ +
Lige sy ~ L, d) _ 1 " R 1
= = - =
€ 1+ 7(%,?)) -1 (ti,?)’y) elx 7(%,?)) -1 (t(it,?)j?)
1
= X
LT ) T 3
+ + + +
(1 4 Cﬁ(t(t+e,?) - t(t,?)) ) t(t+e,7) - t(t,?))
2 € ’

which can again be rearranged into

tt —t
(t+€,7) @) 1 . 1
P I - Ce(t, L —tE )"
(t(t,?)) (t(t,?)’ ) 1 F %
Now we can perform the limit of the last equation and obtain
+ +
. t(t+e,?) _t(t,?) o 1 1
fixg gl i o, th )
€— € €— + C Nt = \tte, ) (¢, T
(t(t,?)) (t(h?)’ ) 1 F %
1 . 1
= - lim
1+7 T 0 Co(th L —F
G n (t =) - T ( (t+s~32r’) @7
B 1
LT ey T 3

which is the desired result.

. For the partial derivatives 0t*/0x' we can do all calculations in a similar manner. We
consider, for example, the partial derivative with respect to z, i.e.

+
tw,,2)

+
ot* . t(t,z+e,y,z) -
— = lim
or e—0 €
Here the steps are little bit trickier than in the previous calculation because the numerator

is equal to

xr+e€ x
+ + _ _
oty ~ lays —LE|I| Y | T 7(ti,m+€,y,z>> Exily)+ 7<ti,m,y,z>>
z RS z RS

In order to perform the Taylor expansion of the first norm in the right way, we have to

consider it as a function of the four variables (t(it steyp LT EY z) and expand it around

7h T o)’

4Explicitly we have Ce = —70\) ~ﬁ(/\‘?) + T7=7 o Ts for some A\ between ti?) and tF

(t+e, )"

In

the limit € — 0, the velocity, acceleration and normal vector are well defined and finite since we are always outside
the world-line. Moreover, assuming the existence of a maximal acceleration, we have

QU?naac
‘Ce| S Amaz + N Y .
mmse(ti + ) Iz — 7(3)||R3

67 e, ?)
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t:i:

the four-dimensional vector ( (2.2

) 5 Y 2)T. This Taylor expansion is given by

xr + €
_ =

O IR N I A P (8 e — o) ¥
z RS

9 T

s

z s=tE
R3 (t,z,y,z)
o |(*
(r+e—m) D9 Z/ +7(t(ifsyz>) +R,
s'=x

R3

where again we have a remainder term R. After doing the partial derivatives we obtain

Tr+e
y +? t(if r+e1/z)) :H?_?(t(it)%y‘z))”R?’_
z R3
+ + s
(t(t zT+e,y,z) t(t Y, Z)) 7(t(t Y)) " (t(t @)’ 7)+
+ R,

<t<t )

where we have written n' for the z-component of the normal vector. Inserting this result in
the numerator yields

+ + + +
trates ~ ttaye) =T (t<t,x+e,y,z) - t(t,a:,y,a) v
+ R,

LT
(=) G2 T
1
€N, , +
(t(t)?)vj)
or, if re rearrange the terms in the last equation, we acquire

+ =+ +n! + R/e
t(t zte,y,z) (tﬂwm) _ (t(f ?>’7) /

(2.15)
€ 1:|:7 (t ?)) ﬁ(t(t?)’?)

So we see again, that is necessary to check the behavior of the remainder term with respect
to epsilon. Because this is rather a tedious computation, we provide a full calculation in
Appendix D, where it is shown that the remainder term vanishes in the limit € — 0. Therefore,

we obtain
+ +
o+ 1 t(t7w+67y’z) _t(t#v,y,Z) _ (t(z ) )
T e—0 € (it?)) ( & ?)’7)

(2.16)

which is the desired result. We can see, that the partial derivatives with respect to y and z
are computed in the same way as it was shown here.
O

Definition 2.14. (Advanced and Retarded Proper Parameters) For the situation given in
the Definition 2.11, we call the maps

N M—R
=+ L (2.17)
T Ty = Nl @ T o)

the advanced (with plus sign) and retarded (with minus sign) proper parameters. Because of the
bijectivity of £ and Lemma 2.9 these maps are well defined.

Corollary 2.15. Let (2,)nen be a sequence of points outside the world-line and let it converge

to a four-position g+ € ¢(R) with 7* € R. Then, the advanced and retarded parameters T+ as
given in definition above, converge to 7*.
Proof. The map
- |[R—=R
£ N (2.18)
T = ()
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is per definition of the world-line 2.6 bijective and differentiable at all 7 € R, therefore the map
t~1 is also bijective and differentiable. From here it follows

lim 7t , = lim £} =t1
n— 00 (zn) n— oo (t(iwn)) (limnﬂoot(ixn))

and using the continuity of ¢t* we obtain

lim £t =%} =il
A A N T

Because of corollary 2.10, we know that at the world-line there is only one element of L, ., Ng(R)
and that element is actually q(;«). Therefore
ty = b
from which follows
A T =iy =7
O

Because the times t(j;) correspond to the time-coordinates of the advanced and retarded po-
sitions, 7'(“;:) are the parameter at which the four-position is an element of L, N ¢(R), i.e. Uty
(@)

are the advanced and retarded positions. The following results provide a limit for the induced
sequence (q(T(# >))neN.

Corollary 2.16. In the context of the last corollary, the advanced and retarded positions g(,+)
as given in Definition 2.7 and in Lemma 2.9 converge to g(,«).

Proof. Using the continuity of ¢ and the last corollary we obtain

T}Ln;oq N =q/ N = q(r+)- (2.19)
(T@(In))) (hm"—’oo T(E(zn)))
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Chapter 3

Radiation Fields Under a Simple
Expansion

In this chapter, we explore the radiation field in a scenario where the spatial component is shifted
by a small amount in an arbitrary direction. Our primary aim is to develop a physical intuition
for the behavior of the radiation field, so the approach here is more conceptual than mathematical.
We focus on understanding the physics behind the motion of a particle in various specific scenarios.

The chapter is structured as follows: the first section introduces the notation used throughout
the discussion. In the second section, we revisit the basic case of a particle moving with constant
velocity, using this as a foundation to explore more complex scenarios in the subsequent sections.
The primary aim is to investigate the role of Coulomb fields in the radiation process.

Summary of this Chapter

A series of results is derived, here we

1. show that, with an explicit computation, for a particle moving with constant velocity,
it is possible to calculate both the retarded and advanced electromagnetic fields, and
that the radiation field vanishes (see Results 3.1, 3.2 and the equation (3.16)).

2. compute a novel expansion of the retarded and advanced times (see Results 3.4 and
3.5).

3. calculate the limit of the normal vectors at the particle’s position (see Results 3.6 and
3.7).

4. demonstrate that the difference between the retarded and advanced Coulomb fields
is, in fact, divergent. Furthermore, we show that this divergence cancels out with
a corresponding divergence in the difference of the far fields (see Results 3.11 and
equations (3.32) and (3.33)).

3.1 The Lienard-Wiechert Fields

3.1.1 Important Remarks

In this chapter, we will engage in extensive calculations where detailing every argument may
become cumbersome. To streamline this process, we introduce a concise and efficient notation that
will help distinguish between the retarded and advanced expressions.

1. The retarded and advanced times will be denoted as t*, where the proper definition was
given the second chapter and reads

(3.1)

tE=tt_ =t+ H?—
() 7(%?)) R3

2. The retarded and advanced positions and velocities are expressed as

7= 7(’%,?)) ’
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and
7i = 7(ti

a)

3. The retarded and advanced normal vectors are given by

wE 7 7 -q*

() " 17 — 7% e (3.2)

4. In this chapter, we will use the Lienard-Wiechert Fields of a point particle of chage e = 1.
For an extensive study of their properties, we refer to the PhD thesis of Priv.-Doz. Dr. Dirk-
André Deckert ”Electrodynamic absorber theory” [DeclO, p. 66]. These fields are written

as
B (W THA-TF?) TEX[(WELVE) x TF
B =B o) " Fomimas s 7 o aiea T e O
for the electric field and
B*=B —FREx BT (3.4)

(ti,‘z’)’?)

for the magnetic field. Here we make a split the fields in two different components, the
Coulomb fields and the far fields. The Coulomb electric fields are defined as

Fe . (A ETH -V
N EEE S I S

and the far electric fields are given by

B WEX[(WE+VE) x TF
P o7 = es(l A E-TH)3

The Coulomb and far magnetic fields are then computed from equation (3.4).

Because we want to perform an expansion around q(—t)> , we choose 7 = q(—t)> + e?, with an
unitary vector € and a small parameter €. It will be shown later that this choice allows us to
derive explicit formulas for t*, and that the normal vectors converge to some result that depends
on the direction € chosen to approach th; .

In our notation, the radiation fields are written as
Erag=E~ —E* and Bg=LB" - B+

Since a Taylor expansion does not exists at the particles position (ft)) , we aim to derive some
formulas to compute these quantities in a feasible manner.

3.2 The Case of Constant Velocity

If we want to calculate the radiation reaction, we need to develop some useful techniques that will
help us in the general set up. Because of this, we will first study the simple case of a particle
moving along the x-direction. In general, we dispose of two methods to get the radiation field:
we could use the machinery of special relativity or the brute force. We will see that the latter
method yields important results that are applicable in general. Therefore, both approaches will be
examined in detail.

3.2.1 Special Relativity

We suppose that a charged particle moves along the x-direction with constant velocity, i.e., the
velocity vector is of the form v = (v,0,0)T, where v is constant. In this case, we can calculate the
retarded and advanced fields of the particle in its rest frame and then transform the fields into a
coordinate frame in which the particle moves with velocity ¥'. It is seen from equations (3.3) and
(3.4), setting v = 0, that in the rest frame of the particle the retarded and advanced electric fields
are equal to the static Coulomb field and that the retarded and advanced magnetic fields are zero.

Writing 7i = 7 , we get
O Pr_p-_ o (3.5)
17— olls '
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and

Bt=B =7.

This means that the radiation fields are equal to zero too.
Now, we boost the fields from the rest frame of the particle using the following formulas (with
the speed of light ¢ set equal to one) [Jacl4, p. 645]

= o
E —v(ﬁ—7x§)—m7(7-ﬁ),

§:7(§+7xﬁ)—#7(7-§).

Here we denote the Lorentz factor as v = 1/4/1 — v2. We are able to calculate the radiation field
of a particle moving at a constant speed

P BB = (B - LA B - 0B - A )

v+1

= W(E’ - f*) — #ﬁ(ﬁ : (ﬁ— _ g+) Ba(3:5) 5

(3.6)

and for the magnetic radiation field we obtain

ﬁrad = EL - §+ = —’y? x E- +7§ x Bt = —7? X (E* - ﬁ*) Ba3:5) 5 (3.7)

So we see, in a very simple manner, that the radiation field and therefore the radiation reaction is
zero for a particle moving with constant velocity.

3.2.2 Explicit Calculation

In this section we want to repeat the results (3.6) and (3.7), but this time we are going to compute
the fields near the particle position (ft)) and show that they vanish. This explicit computation is
rather tedious, but we will be rewarded with some expressions that will hold in more general setups
and will serve as guidance when we confront a general movement. First, we notice that ¢* can be
computed explicitly in this case. Since we impose a constant velocity, the particle’s trajectory is
given by 7(75) = Ut and 7* = Ut*. Then we use the implicit equation that defines both ¢t~ and
tT and get

to =t =tk 17 — ¢ F||rs

x —vtt\ 2
-1
2

= (5~ 0> = |7 — 7" (3.8)

RS
=t —t)? =(z—ovtF)2 492 + 22
This equation is a polynomial of second order in t* and after rearranging all the terms we get
(1 —o)tF +2(wv — )T + 12 — || Z||gs = 0 (3.9)
with zeros at the retarded and advanced times

t—avE/(r—vt)2+ (1 —0v2)(y% + 22)
+ —
t ) = — . (3.10)

For a charged particle with constant velocity we obtain exact equations. Plotting the retarded
time for some velocity as in Figure 3.1 shows in an explicit manner, why these functions are not
differentiable at the world-line. The plot reveals that ¢~ is at y = 0 and z = 0 given by two planes
that intersect at the line @ = 715, i.e. the retarded time is continuous everywhere but not
differentiable at the particle’s trajectory, a result showed in the last chapter.

Even so, t* behave well enough to perform an expansion around the particle’s position. This
expansion is dependent on the direction chosen to approach the trajectory. To illustrate this idea
we define an arbitrary unit vector
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Figure 3.1: Retarded time for constant
velocity as a function of t and x for v = 1/2

where a, 3,7 € R and o + 32 + 2 = 1 and set for any € > 0
T =qu+ee. (3.11)

We can now investigate how do the different relevant functions look like near the particle’s trajec-
tory in the direction of @ and at the end, we can use our results to compute the radiation fields.
We can also get explicit formulas for some quantities. Using (3.11), we obtain

vt + ex
7= e
€y
. va+ I (B 477
= t(t77(t)+€?) =t- 6( 1— 1)2

It is interesting to note here that e is an arbitrary positive number and at this point, it is not
necessary to impose € to be an infinitesimal quantity. Therefore, there is no remainder associated
with this expression. Now we can calculate the retarded normal vector inserting our expression for

% —
ec + 7@) -7 -
w = (t“’?m*ﬁ?))
€e + 7(,5) — 7_ -
(t(tvﬁ(tﬁ'f?)) R3
¢+ =
H? + 7*677
R3
where in the last step we have introduced our abuse of notation to make the equations simpler.
Inserting everything together and remembering that 7_ = 7t_, we are able to calculate the
retarded normal vector
2032 2
. a+vy/T= 2B +77)
T

\/1+2va\/m+v2(l —2(82+1+2)) (1—v%)y

This equation shows that the normal vector is independent of the parameter e. In other words,

when performing the limit € — 0, W isa quantity that depends on the direction chosen to take
the limit.
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Example 3.1: 7~ for some directions ¢

We want to give some explicit values and see how do the normal vector looks like. We
can split any vector in components parallel and perpendicular to e to simplify some scalar
products. So, for example, we write v = ’u”? + 7 where v, and v, denote the parallel and
perpendicular components of 7 with respect to . We get then the following results:

1
if a=1,=0,y=0 = "W =[0]=1—-02¢+0, with v, =0
0
v
if a=0,=1,vy=0 = = VI—0? :\/l—vf?—l—v_f with v, =v
0
v
if a:O’/BZ’)/:\/Li = 7_: ]\-/_51)2 :\/1—1)%_?4_11) With v, =0
V1—v2
V2

We see an interesting feature in these examples, the retarded normal vector seems to take
the form /1 — v2 € + 0, in all cases. We will show later in the section 3.3.2, that actually
the retarded normal vector can be replaced with this equation when the limit € — 0 is taken.

We are ready to calculate the retarded electric and magnetic fields. Using the equation (3.3)
and setting the acceleration to zero we obtain the following long equation:

Result 3.1: Retarded Electric Field of a Point Particle with Constant
Velocity

B (- -Ha-7%
17— 7R (1 =7~ )°

(1—0?)3 "
3
€2 <\/1 + 2vay/1 — v2(B2 +42) + v2(1 = 2(f%2 ++2)) —va — v%/W)
a+vy/1—v2(5%4+~2) — v\/l + 2vay/1 —v2(B2 +42) + v2(1 — 2(B%2 ++2))
(1-2*)B
(1 =v%)y
(3.13)

We can repeat these steps but using the advanced time ¢*. The results are just listed here since
the calculations are the same as for the retarded time

n L —av+ /1 —v%(B% ++?)
t(t,?yﬁ-e?)_t —t‘l—E( 1_1}2

and

o vy TR T )

= 1 (1- )8

V1= 200/ T— (T +77) + v2(1 - 282 +72)) (1 - )y

This time, if we look at some examples for the vector ﬁ”‘, we observe that it takes always the
form /1 — vf? T Again, this will be showed to be true in section 3.3.2. We can now put
everything together and calculate the advanced electric field, where we see a similar result as for

the retarded electric field.
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Result 3.2: Advanced Electric Field of a Point Particle with Con-

stant Velocity

=, @+ DHa-vy)
e A ARt

(1—0?)3
62<¢1 v/ T (BT T 7)1 v2(1 — 252 + 1)) + v — vwm)

o= vy/T= V2B +77) + vy/ 1 = 20ay/T= V(B2 + 72) + v2(1 — 2(62 +72))
(1-22)B (3.14)
(1-v%)y

X

These results illustrate that even for the simplest case, the equations of the fields are very
complicated and there is no way to read off important properties of them. For example, it is not
obvious from Results 3.1 and 3.2 that the difference between the two fields is zero. Even worse, the
factor 1/€? in both fields could let us think that the difference of these fields is actually divergent.
But actually these two fields are the same.

As the reader may see in Appendix A.1, the following equation is true

3
M :Wl 200/ T2 (B 177 + 02(1 — 2%+ 2) + var - m)
3
= <\/1 + 2vay/1 — v2(B2 ++2) + v2(1 — 2(62% ++2)) —va — UQ\/W)

(3.15)

Therefore we can write the radiation electric field as

BB _Fr- 1)

eeM
a+vy/1—02(62 +12) — v\/l + 2va/1 — v2(B2 +92) + v2(1 = 2(5% 4+ +?))
(1-v%)pB
(1—v?)y
(1—02)p [a—vV/1= v2(5% ++2) +v\/1 — 2vay/1 — v2(B2 +72) + v2(1 — 2(82 +12))
eM (1-2%)pB
(1 =)y

20/ T= (% + 77) (V1 200 T= 7 + 021 2 +2)
—v vy i—v +v)—v
- (162—MQ)3 "‘\/1_2“0‘\/%4—@2(1—2(524_72)))

0
0

which, if we use equation (A.4), reduces to

(1_1}2)3 211\/1_1)2(/524_72)_21,\/1_02(/324_72) 0
ToeM 0 =19]- (3.16)
€ 0 0

In this way, we arrived to the same conclusion as in the last section. For the calculation of the
radiation magnetic field we proceed following the same path. Using the equation (3.4) and our
Results 3.1 and 3.2 we obtain

?mdzﬁ_—ng:ﬁ_xﬁ_—i—ﬁ”xE‘)*

_ (1— U2)4U _07 (1— 112)411 _O’y _ 8 (3.17)
2 2
eeM 3 e M 3 0
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Summarized, our results are

Main Result 3.3: The Radiation Fields are Zero if the Velocity is

Constant

E7‘ad
§rad =

ol <ol

3.3 General Formulas for the Expansion

We are ready to explore a more general scenario. In this section we develop formulas for the
retarded and advanced times t* in the neighborhood of the particle’s position. Then, we use
these formulas to show that the normal vectors converge in a suitable sense. These results play an
important role in the study of a particle moving with constant acceleration.

3.3.1 Expansion of the Retarded and Advanced Times

Looking back on our results of the second chapter, namely the continuity of t* which was proven
in Lemma 2.12 and their differentiability, given in Lemma 2.13, we know that it is not possible
to perform a Taylor expansion of t* at the particles position. As we know, the gradient of the
retarded and advanced times is given by

%
?ti _ +7*
t?) " 1+pt. v’

which is not defined at 7@). Beyond the mere continuity of t*, we would like to have an expression
for t* in the neighborhood of the particle. We begin by examining the equation of the retarded
time, which is rewritten as

todwree) =t [T + €€ = Tmllps =t = Coz 2,

where the coefficient C, 2 < ) (from now on just written as C,) may be dependent on parameters

like €, the velocity 7@) or the direction @ chosen to take the limit. From this equation we see
that

o - H? n Ty — q—cc

= S S Tere)

€

R3
In other words, we obtain an implicit formula whose solution provides the desired parameter C..
We can perform a Taylor expansion of the retarded position ¢~ around t:

€2C?
Ti—cco =T —CV i+

for some A € (t — eC,,t) (Lagrange form of the remainder). Then, we can insert this Taylor
expansion in the defining equation of C. and get

eC?
C. = e + 057(75) — 767()\)

R3

To make further progress, we define an orthonormal basis {?, ?, 7} and split all vectors in parallel
and perpendicular components to @ such that we can also rewrite the last equation as !

2 2 2
C. = H(l + Cev), — %)? + (Cev; — %a&? + (Cev, — ﬂag)ﬁ :

2

R3

where v, and a,, denote the scalar product between ¥ or @ with €. Note that we omitted the
times ¢ and A to make the expression readable. To avoid any confusion, note that the velocity is
always evaluated at time ¢ and the acceleration at the time A.

Lwe use the subscript || to refer to the parallel component of a vector with respect to 2, and the subscripts f, g

to denote the components in the direction of ? and 7, respectively. This approach is adopted because, in the final
equation, we only require v, a|; and the perpendicular components, e.g. vi = vf2 —i—vg, making irrelevant the choice

of the vectors ? and 7
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This statement can be squared and rearranged as a polynomial equation of fourth grade which
roots are the desired coefficients C.. We obtain

2
—%7203 + €0 - dC 4+ (1 -0 +ea,)C? —20,Cc—1=0
or after a small rearrange of terms
(1— 0302 —20,Cc—1+¢ (aucf I (o ;17203) = 0. (3.18)

The formula above reveals a particularly interesting feature. It resembles the sum of two different
polynomials in the form P )+€eQc,) = 0. Since we are seeking an expansion of the retarded time
around 7(t), we assume € to be small. This suggests that the polynomial P must be corrected
by €Q. Consequently, we expect C¢ to be very close to another coefficient, denoted as Cy, which
corresponds to the roots of equation (3.18) when e = 0. In other words, C solves

(1—0HCE —2v,Cy—1=0
which has two solutions
v, £ /1 —0v2
1—02

This leads us to consider that, as ¢ becomes smaller, C. should converge to Cy. Consequently, it
seems reasonable to expand C. in powers of €. Informally, this can be written as

Co =

C.:=Cy+eCy+eCoy+ ...

Example 3.2: Numerical Comparison between C. and Cj

Using Phyton we can compute numerically both C. and Cj for some given values of the
velocity and acceleration. For this example, we choose the following values

vy = % On = %
a; =04 a, =03
and we get the two square roots Cj
Co = —0.73205 Cp = 2.73205

Now we can compare these results to the numerical solution of C.

€ First Root | Second Root
0.1 -0.72770 2.31732
0.001 -0.73200 2.72623
0.0001 -0.73204 2.73146
0.00001 | -0.73205 2.73199

The last example supports our idea of C, being close to Cj.

Because we know that the retarded time is unique, we must decide which of the two roots Cjy
could be used as a good approximation of C.. Looking back at the equation (3.1), we observe that
the right choice is the plus sign. For this reasons, the retarded time takes the following form

v+ /1-vi

t"=t—eCy+R.=t—¢ + R.,
1 — 02

where R, denotes the remainder of our approximation. To show that R, cpnverges to zero, we first
define the polynomial

P(X) = (1= v?) X% = 20X — 1+ ¢ (0 X*+ T - TX° - 272X4)
with P(C.) = 0. Now we set
C.:=Cy+eCi+ R,
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and insert this expression in P(X). If we define the coefficient

2 = -
P A (o LT (3.19)
2 (1-2v2)Co—v,

we obtain the following formula (see Appendix B.1)
P(Co +€Cy + R.) =2(1 — v*)CoR. + (1 — v*)(eCy + R)*+

e(a(200(601 + Ro) + (eC1 + R)*)+
U@ (3C3(eCh + R.) +3Co(eCy + R.)? + (eC1 + R)®)—
iaQ(Cg +4C3(eCy + R.) + 6C2(eCy + R.)*+
4Cy(eCy + RO + (eCy + R&)): 0.

In order to show that R tends to zero we take the limit ¢ — 0 and use the continuity of the
polynomials to obtain

lim P(C,) = 2(1 — v*)Cp lim R, + (1 — v?)(lim R.)? = 0.
e—0 e—0 e—0
The last equation hast two solutions, namely

lim R, = —2Cj
e—0

and

lim R, = 0.

e—0
The last one is the only possible solution, since we can also take the limit ¢ — 0 on equation
(3.18) and see that lim.,oCe = Cy. If we assume that lim. o Re = —2Cj, this would imply
lim._,o C. = —Cy, which an incorrect result.

Inserting the expansion of C. in the defining equation of the retarded time we obtain

t—=t—eC.=t—eCy— 2C; — €R,.

Result 3.4: Expansion of ¢~

The retarded time in the neighborhood of the particle’s position can be expressed as

C? ¥-dCo+a _
- — 4 2+0 0 I
t(t,7(1)+6?) =t ECO te 2 (1 — U2)00 —, + R, (320)

where Cj is given by

Cy= v+ /1 =02

1 — o2

Remark. We introduced the second-order approximation because it will be necessary when calcu-
lating the normal vectors. See, for instance, section 3.3.2.

We turn now our attention to the advanced time t*. The expressions for the advanced time are
very similar to those for the retarded time. Therefore, we have the advantage that the calculations
are made in the same way as before. We rewrite ¢t as

tygwree) =T [T @ + €@ = Tunllas =t + Bz v,

with a new coefficient B.. Repeating all steps from the last page we are able to obtain the following
coefficients
.BE = Bo + 6B1 +R:,
—v; + /1 -2
I
_ B2 ¥ -dBy—a

By =

B —_—
YT 2 1= ?)By + v,
and
lim R} = 0.
e—0

Finally we get the expansion of ¢+.
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Result 3.5: Expansion of ¢+

The advanced time in the neighborhood of the particle can be expressed as

R 21
2 (I—UQ)Bo—l-’UH +R€’ (3 )

+ _
t(t77(t)+€?) = bl he
where By is given by
—uy +V1-02

B =
0 1 — w2

3.3.2 Convergence of the Normal Vectors

Now we are equipped with enough knowledge to study how the normal vectors behave in the
neighborhood of the point particle. The defining equation of the retarded and advanced normal
vectors is given by

e Ao
EEKES

We make the computation first for the retarded normal vector. Inserting 7= ?(t) +€¢ in the
last formula yields

ﬁi B ? + 7(t)_67(t—)
= c
If we make the replacement ¢t~ = t — eC,, we can Taylor-expand the retarded position to obtain

7(t_) = 7@) — 6007@) + R. Inserting this expression in the equation of the normal vector, we
arrive at

- © I

n- = — —_

C. eC.
where the last term is well defined since the remainder is of order €2. Now we set our expansion of
C. and perform a Taylor-expansion on the denominator
1 1 1

Cc™ CoteCitR. Co(l+ G+ &)

_ 1/ Gy 2
= G (1 Co + O(e ))

We can divide the statement by Cj since Cy = 0 implies v? = 1, condition that is excluded in our
scenario. With this result, the normal vector takes the form

%

W= 4T+ Oe).
Co

Result 3.6: Convergence of the retarded normal vector

The retarded normal vector converges at the particle’s position with the limit
%

e = €
lg% " (t(_tﬁq,(t)JrE?)’?(t)Jre?) - CO(t) + 7@) (3.22)

If we split the velocity in parallel and perpendicular components to ?, then the limit can

be written as
S _ 2 =
ll—rf(l) " (t(_tv7(t)+e?)7?(t)+€?) Y o Vi €T 74’5)' (3.23)

This limit is not unique since it depends on the direction used to approach the particle.

The same procedure can be done to compute the limit of the advanced normal vector. As
calculated in the Result 3.5, we can use the coefficient B, and expand the expression in powers of

€. Repeating all steps we obtain
? + 7(t)—€7(t+)

+_
= 7
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Here, we recall that 7 =t + eB,. Again, the Taylor expansion yields

— 4 € _ R
" T B B,

We can notice the similarity of this expression with that of . Expanding the coefficient B, we
get

0

Result 3.7: Convergence of the advanced normal vector

The advanced normal vector converges at the particle’s position with the limit

.= _ €
B 75y semy T0te®) = By~ ¥ O (324

If we split the velocity in parallel and perpendicular components to ?, then the limit can
be written as

P o g _ 2 =
21—I>I(1) " (t?rt,?(twe?)’?(‘)“?) AR O 7L(t)' (8.25)

3.4 A Particle Moving with Constant Acceleration

In the previous section, we derived general formulas and demonstrated that the normal vectors can
be meaningfully expanded, being well-defined at the particle’s position. With this foundational
understanding, we can now proceed to analyze a particle moving with constant acceleration in
space. Surprisingly, we will obtain an expression for the Coulomb component of the radiation
field that exhibits a divergence. Specifically, we explicitly calculate that the Coulomb part of the
radiation field diverges as 1/e.

3.4.1 The Coulomb Radiation Fields

Since our focus is on studying the electromagnetic fields near the particle, we now address the
question of whether the Coulomb (or near) fields contribute to the emission of radiation, or if they
can be neglected in favor of focusing solely on the far fields.

In this section, we provide an explicit example by analyzing the case of a particle moving along
a straight line with constant acceleration. For this case, we derive the following simple formulas

2
T =7 —C.7 + %037,
%

7= v _fo
o T 5Cd,

V= —eC.d.

Notice that the coefficients C, theoretically contain an infinite number of terms. However, because
the position does not have more than two derivatives, the expressions become more compact. We
insert these terms in the equation of the retarded Coulomb field

2 (@ =90 -@)
TR TR o)

and obtain

Result 3.8: The Retarded electric Coulomb Field

1
= ﬁg =3 <(1 = 1}2)?> + QeC'eav?> — eszaz?
(3.26)

3
+ (1 - 02)20627 + C3%avd — %C’?(f?),
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where we used the short hand notation
2 3 o e? 3 2
A=(1-v)Cc—v, +eCeay + QeCeva - EC’ea .
For the advanced Coulomb field we get in a similar way
2
Gt =T7+€eBT + iBE?

ey

T=__ ffB
B,

7+—7+GB

which can be inserted in

Sy (@ TH0 - (@)
- G N S O

and gives us the following expression

Result 3.9: The Advanced Electric Coulomb Field
= ﬁg =

< (1—0v%)€ —2eB.ave — 2B2a®¢
2 A3
(3.27)

+(1- 112)ng7 EBlavd B4 27)
again with the notation

- 3 2
A= —-vH)B. +v, +eBeay — 563621]@ - %Bg’aQ.

Computation to e ?th Order

We see from the last two results 3.8 and 3.9 that only the fist term is of order e 2. If we wish to
calculate the first term in the expansion of the radiation electric field, we have to compute

Bruc=Fo- Bt =5 1—v2>?(1—~1>,

A3 A3
with the coefficients 1/A and 1/A expanded to the zeroth order. We then have

A=Co(1—v?) —v; =+/1—-0% =By(l —v?) +v, =4,

which shows that the desired term vanishes.

Main Result 3.10: The Coulomb Part of the Radiation Electric Field

The €2 term of the Coulomb radiation field is zero

ERad,c =0+0(e). (3.28)

Computation to e 'th Order

Now that we know the first term disappears, we may wonder what happens next. For this reason,
we must expand the coefficients A and A to the first order and we must take into consideration all
terms in the retarded and advanced coulomb fields up to order €. In this case we obtain

A% = (1—02)%2 4 3¢(1 — 0?) (C1(1 —v%) + Coa + 200211@) +O(e?),
(3.29)
A3 = (1—02)3%2 £ 3¢(1 — v?) (31(1 —v?) + Boa, — ;Bgva> + O(%).
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1 we can

For the terms of order e~ 2, we must use these expressions, while for the terms of order e~
simplify the calculation by using the expressions up to the zeroth order. Combining everything,

we are able to write

1— 2\ —
ﬁRad,C = ﬁa —EJF :(eig)ex

1
((1 —v2)3/2 + 3¢(1 — v2) (C1(1 — v2) + Coay + 3C3va) + O(€?) -

1
(1 —02)3/2 4 3¢(1 —v2) (B1(1 — v?) + Boa,, — 3 BZva) + (’)(62)>Jr
20a(Co + By) —y (1 —v?)(CE — B?)

0
: @+ O().
A=y ¢t ey ¢ TOE)

The big therm in the parenthesis can be expanded and we get

ﬁc—ﬁg:W[l—l—

N
3e 3
W <Cl(1 — U2) + COClH + 203’0@) +
Je 3
m (B]_(l — ’1)2) + BOG/H — 233'[}@) :|+
€L

2va(Co + Bo) — N (1 —v?)(C? - BY)
€
€(1 —v2)3/2 2¢(1 — v2)3/2
Here we see again that the first term in the expansion cancels out, so that in the worst case this

expression diverges as 1/e. We can simplify the last expression using the formulas of Appendix C.
After a rather tedious calculation, we obtain

BE B Eé _3(1- v2) e (va(l —0?)(Bi+C§)  3va(l — vl + vf))+

T+ O().

e(1 —0v2)? 2(1 —v2)1/2 (1—02)2
dva — 2, — 0
A== ¢ team o ¢ 7O
—2va E}+ 21}% _>+O(EO)

Te(l-?)1—02) " el —0?)(1-0?)
2a,

=) e v ) T O).

For the magnetic fields we can use
BEf =it x EZ

to compute them. As a result of an extensive calculation we have

—2vav 2a

— + L — = L= > 0
B-—Bi— x @ — X O(").
) AR (R=r:) e

And so we get the important and unexpected result

Main Result 3.11: The Divergence of the Coulomb Radiation Field

The difference between the retarded and advanced Coulomb fields diverges as 1/¢ for all
points outside of the trajectory. This holds for both the electric and magnetic radiation
fields.

2a,
ERad,C = e —v2)(1—02) ('Uua_) - ’UJ_?) + 0(60)- (3.30)

§ —ZUG’UJ_ = = QCLJ_ =% = 0
) = S O(). 3.31
Rad,C 6(171}2)(171}3)6L X € 6(171}3)6L X € + (6 ) ( )

3.4.2 The Far Radiation Fields

The immediate question is how the far fields behave in the vicinity of the particle. We now show
that they diverge in such a way that they precisely cancel the divergence of the Coulomb fields.
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The defining equation of the far fields were given as

Tt _ TEX[(ME+ V) x d]
- E G S S K

and
B = 7% < EL,

where the acceleration was kept constant. From this equations we can see that the far fields can
in the worst case diverge as 1/ €, which makes the computation easier since it is possible to keep
just the zeroth terms of A and A. Bringing everything together, we obtain

_ C()a — — 1 —
ERad,f = Ef — ﬁ}'t‘ ZW(UL € 7'UH€L — Eoel)f

Boa, - 1 0
W(U\\eL v € — B*OQ) +O(e"),
which after some algebra it reduces to
7 —2a, — - 0
Rad,f = 6(1 — ,02)(1 _ ,UQ) (’UHeJ. —v. e ) + O<€ ) (332)
1

This is exactly the opposite of the expression obtained for the Coulomb fields. For the far magnetic
field we can repeat the whole process and at the end get in the same way the following result

2
e g +_ v a.(Co+Bo) »
BRadhf—?f 7§f —Wei X € —

a, 1 L\ = 0
N (T o)
(1= 0232 (CO+BO> ¢ x e+ O(e),

which again can be simplified using the equations given in Appendix C to achieve

2uav 2a
B _Bt = L X4+ O, 3.33
T B e T L e () L LA (3:33)

These calculations demonstrate that the radiation fields do not contain divergent terms. At this
stage, it is not possible to compute the terms of order €” since we kept everything to order ¢~ '.
If one wishes to calculate the next order, the computations become exceedingly tedious, as it is
necessary to compute the coefficients Cy and Bs while carefully tracking all terms in the expansion.

While the approach used in this chapter is straightforward and easy to apply, it is not practical
for obtaining more detailed information for general trajectories. From Dirac’s perspective, we are
left with cumbersome expressions, as we are not working in a relativistic framework. The calcula-
tion of the general expression for the radiation field will be the focus of the next chapter, where we
utilize the field tensor rather than the electromagnetic fields. This is the optimal approach, as the
insights gained in this chapter reveal that one must compute with the full fields when discussing
radiation.
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Chapter 4

Dirac’s Paper on Radiation
Reaction

This chapter is again written in mathematical form and it is devoted to the profound study of
Dirac’s original derivation of the radiation field tensor. In contrast to the previous chapter, where
we dealt with separate expressions for the electric and magnetic fields, we will use the formulas for
the field tensors

- _ e _i Q(VT)(mu - qéi)) - qzif) (z¥ — Q(VT))_ (4.1)
@y (@ = qe-y) [ dT d(ry - (T = q(r)) .
and o i " )
Pl —e iCIE’T) (zt — ‘I(T)) — 4 (z¥ — Q(VT)) (4.2)
@ iy (2 =gy | dT Gy - (& —q(r) -

These expressions are derived in Appendix E. We will also need an extension of the radiation
field, which will be studied in this chapter:

Definition 4.1. (Radiation Field) Given a point = in space-time, we define the extension of the
radiation field F&., : M — R® at that point as

Fis™ — Fo5T Vo e M\ g(R),

F%:zd(m) = (4.3)

4e

3

The main goal of this chapter is to show the following result:

("i'?ﬂq(yﬂ - "i'(yr)qf;)) v =4 € aR).

Theorem 4.2. (Point-wise Convergence of The Radiation Field) Let ¢ be a world-line
as given in Definition 2.6 and let (z,)nen be a sequence of points outside the world-line which
converge to the point g(,-) € ¢(R). Then,

1. outside the world-line it is possible to write

4e
N o el v ey Iy ng
FRad(azn) - ? (q (Tn)q(rn) - q (Tﬂ)q(Tn)> + R(Cbn)’ (44)
RM¥ is the error term.
2. For the remainder, there exists a constant C' such that for all n € N with ||z, — g7+ ||lrs < 1,
it holds that
‘Ruy ‘ < Cllz, — q(r)llrs- (4.5)

(7'71)
The constant C' depends only on the supremum norm of ¢ and its first five derivatives over
a closed ball of radius r > 0.

Remark. Some facts that are important to notice here:

1. The result is independent of the sequence (z,)nen chosen to approach the world-line.

2. We will estimate the convergence rate, explicitly showing that FRad(wn) converges point-wise

to FRad(q(.,.*))'

3. This means that FRad(I) is the continuous extension of Fraq(z)-
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Summary of this Chapter

As a summary, we would like to provide a sketch of the proof of the Theorem 4.2 stating what
was done by Dirac and what is our contribution. In order to expand the Lienard-Wiechert
field tensors, we need to demonstrate first the following results:

1. Dirac mentioned a point on the world-line at which ¢ - v = 0 must hold. We provide
a proof of its existence in the Lemma 4.3. This point, which we call "Dirac’s choice”
and denote as q(;,,), simplifies remarkably the expansion of the fields. Thus, we avoid
the large computations made in the previous chapter.

2. We demonstrate that the parameter 7,, converges to 7* in Corollary 4.4.

Then, if we shift the advanced 7'(—;”) = T(x,) + O(x,) and retarded Ten) = T(@a) ~ O(zn)
parameters as Dirac did, it is possible to perform the expansion of the field tensors in the
same way as in [Dir38]. Lemma 4.7 repeats this calculation.

As we are also interested in the rate of convergence, we calculate the remainder of the
expansion and derive some important bounds (equations (4.19), (4.22) and (4.27)), which
will allow us to show that the error term vanishes in the limit z,, — ¢(r~). This is done in
the last part of this chapter in which we provide the main result of this work, namely the
convergence of the radiation field (see subsection 4.2.1).

4.1 Rigorous Proof of Dirac’s Formula

We begin this section with an important proof: the existence of a special point along the particle’s
trajectory where the computation of the field tensors becomes significantly simplified. In this
context, we will utilize the formal definitions provided in the second chapter, as well as some of
the results presented there.

Reminder: To ensure clarity for the reader, we will now summarize the definitions provided
in the second chapter:

1. World Line, Definition 2.6: the map
R— M

T () = (7%) ) :
(try)
is called a world-line, f(T) is the time at world-line parameter 7 € R, ?(f(r)) is the

d
l is the velocity of the particle, if the

position at time f(T) € R and 7(5) 3= =

following properties are satisfied:

(a) g € CRrRm

(b) #:R — R is bijective

(¢) The four-velocity is time-like and positive oriented, i.e Vr € R : i‘:(T) >
||7(£(7))||R3 = 0.

(d) There exist a maximal velocity smaller than the speed of light, i.e

47

a7 < Uz < 1.

VieR: ||7HR3 = H
R3

for some vyqq € [0, 1).

2. The parameter 7, Definition 2.14: we call the maps

M — R
Til

+ _ 71
T Ty = Nkl @7 o)

the advanced (with plus sign) and retarded (with minus sign) parameters.
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The main point to notice here is the use of a parameter 75 at which the equation

Q(Ts) : (IZ’ - Q(Ts)) =0

should hold. This four-position will be denoted here as "Dirac’s choice” and it is very useful because
the term ¢ - (z — q) appears quite often in the Taylor-expansion of the field tensors. Here we give
a full proof of the existence of at least one such points at the world-line since this fact was merely
postulated in the original work [Dir38, p. 164].

Lemma 4.3. (Existence of Dirac’s choice) Let ¢ be a world-line as given in Definition 2.6 and
let = be any point in M\ ¢(R) in the Minkowski-spacetime. Then, it is always possible to choose
a pair (7s,7(r,)) where 7, € R and -,y € M, with the following properties

L V) =2 = 4(ry)
2. V7o) " G(r) =0

+

3. 7s € (t7,71), where 7F are the advanced and retarded parameters as given in Definition

2.14.

Proof. Given the four-vector x € M, we define the maps

R— M
: (4.6)
T () T )
and
R—R
: { . (4.7
T f(r) = d(r) V(e

and study the behavior of the function f at different values of 7.

The first point to note is that at 7+, the particle’s position, denoted as ¢* = q(r=) for brevity,
belongs to the light cone centered at x, i.e ¢* € L,. Right at these two points, the four-vector = is
light-like by Definition 2.14 and for this reason, f can not be zero. For all 7 ¢ [r~, 77|, the vector
v must be time like, since the point z lies in the interior of every light cone centered at g(,).

Because of the third property in Definition 2.6, i.e. V7 € R : ¢° > ||7||Rs > 0, we have to make
a distinction between two different cases:

1. V7 < 77 it holds that
> |7 |lrs >0,

and therefore

dtry Yy =40 =T 2" = 17 llre |7 Il
> q-O,Y(] _ q'(),_Y() — 0’

where the last inequality is strictly bigger than zero since 4" is also bigger than HVHRa
Summarized, we obtain
Jfoy>0 V 7<717.

2. V7 > 71 it holds that

Y <0

with
> 17 llge > 0

In this case, we get
i) v =" =T ==’ -7 T
< =M1+ 17 s T s < =4°17°| +¢°R°] =0,
where the last inequality follows the same way of thinking as in the last case. Therefore
fry <0V T>7t.

It follows from the intermediate value theorem and the fact that f; is continuous, that there
exists at least one point 7, € (77, 77) such that f(; ) =0.
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Corollary 4.4. Let ¢ be a world-line as given in Definition 2.6 and let (z,),en be a sequence with
r, € M\ ¢(R) for all n € N such that the sequence converges to a point of the trajectory g(.-)
with 7* € R and let the four-vectors v, € M be chosen as in Lemma 4.3, i.e.

Tn =q(r) t V) MEN,

with the special property
Virn) () = 0 VneN.

Then it follows that

lim 7, =7" (4.8)
n—oo
and
Jn ot =0 ()

i.e. the four-vector v converges component-wise to zero.

Proof. From Lemma 4.3 we know that

where we use the notation

Because of the squeeze theorem we obtain

lim 7,7 < lim 7, < lim 7'n+,
n—oo n—oo n—oo
or
7 <lm7t<7" = lm7=1"

n—roo n—oo

Then we look back to the definition of the four-vector 7(,) and take again the limit n — oo

Vir) = T~ U
= lim ’yét

. no_ . N
Jim lim /) — lim s

™) T oo n—00

. b p
= Hm 90 ) =g — g

limy, 00 Tn

)y =0,

where in the last step we used the continuity of q. O

Now we can repeat the steps made by Dirac but in a rigorous way. We define two new sequences
(0n)nen and (0, )nen of real numbers as

Opi=Tpn—7, €ER and §,:=77 -7, €R, (4.10)

where, by Lemma 4.3, we know that o,, > 0 and J,, > 0 for all n € N. From the Corollaries 2.15
and 4.4 we get

lim o, = lim 6, =0. (4.11)
n—roo n—roo

These new sequences together with Dirac’s choice for the four-vectors v, € M play a central role
in the derivation of the radiation term.

About the Divergence of the Lienard-Wiechert Fields

Before we continue our investigation through the different components of the radiation field, we
will show a result of general sequences of four-vectors.

Lemma 4.5. Let (a,)nen be a sequence of four-vectors a,, € M with components (a2, E}n) for all
n € N. Let the sequence (a2 ),en, with a2 = akan,, diverge. Then one of the following scenarios
is true

1.

N P
7}1_{1;0 a, =00 = nh_}rr;o a, = 00 (4.12)
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lim a2 = —co = lim ||@|lzs = o0 (4.13)
n—oo n—00

Proof. First suppose a2 — 0o as n — oo. For all n € N it is true that

Therefore

So we get
lad| > /a2 V¥n €N.
This shows that the components a? must tend to infinity in the limit since they are bounded from
below by the divergent four-norm +/a2.
Now suppose a2 — —oo as n — oo. For all n € N we now have
(@0)® = (ap)® - ay, > —aj,

which, again, diverges to infinity because || @ ,||2s is bounded from below by —a2 which diverges
to positive infinity. O

Lemma 4.6. (Relation between o,, and 7,) Let ¢ be a world-line as given in Definition 2.6
and let (z,)nen be a sequence with z, € M\ ¢(R) for all n € N. Let this sequence converge to a
point of the trajectory q(;«) with 7* € R and let the four-vectors 7, € M be chosen as in Lemma
4.3, i.e.
Tn = () T Vr)s V) dira) =0 VR EN,
with
T € (1,,,77) VneN.

n»'n

Further, let the sequences of proper retarded and advanced parameters be described as 7,; = 7,—0oy,
and 7,7 =7, + 4, .Then

17 () I 17 (o I
k k

L P LS L
itk >1.
Proof. 1. For the retarded time at the retarded position we have the following equation

(l‘n - Q(‘,—;))2 =0.
Inserting 7., = 7, — 0y, and performing a Taylor expansion of the trajectory around 7, yields

4

i oy on .
V(rn) “ V() + 0721 - 0721(61(7'7,,) . ’7(7'7,)) + ?( q (Tn) * ’Y(Tn)) - E(q(‘rn))2 + 0(0751) =0.

Dividing this equation by o transforms the last formula into

77n '77'n _ . _
A 4 G2 (1 — iy ) ) + O3 7F) =0 (4.14)

O—TL
2
lim (W> -1

For k > 2, equation (4.14) diverges as —1/0k~2. Therefore , replacing k/2 with k we get for

k>1 )
lim (’Y(T") -fy(T")> = —00.

n—oo \ ok ok

If k = 2 we obtain the limit

From the last Lemma we obtain the conjecture.
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2. For the advanced times we have
(SCn - Q(T:—))Q = O.

Setting 7,7 = 7,, + 0, and performing again the Taylor expansion

53 54

Virw) * Vr) + 0 = 02 () = Vir)) = 22 (4 () - Vr)) — Tg(d(m)z +0(6) =0,

3

which, up to some signs, yields the same conclusion as the equation (4.14).

O

Lemma 4.7. (Taylor expansion of the field tensors) Let ¢ be a world-line as given in Def-
inition 2.6 and let (x,)nen be a sequence with z, € M\ ¢(R) for all n € N. Let this sequence
converge to a point of the trajectory g(,-) with 7 € R and let the four-vectors v, € M be chosen
as in Lemma 4.3, i.e.

T =q(rn) T V() V) ") =0 VR EN

with

T € (1, 7.F) VYn€N.

Then the sequence of advanced and retarded field tensors induced by (z,,)nen is in general divergent
in the limit n — oo.

Proof. 1. The Retarded Field Tensor
We are going to perform a Taylor expansion of the following expression

v

e d 9@ — air) — e (" — q(ﬂ)]

s . (4.15)
D) iy - (@ = q) | dT Gy - (&= q(r) i

T=T

For every n € N it is possible to expand the four-position around every 7,

2 3
" _® _ Iy O-,n P _ n o 4
q("'n_”n) - q("'n) Gnq(Tn) + 2 q(Tn) 6 q (mn) + O(Un),

and the four-velocity

2
" o _ " [ops el 3
Urn-om) = dry = Inllry + 5 €y T O00):

Here it is important to notice, that we are not at the retarded positions. From now on,

we will use the short notation qf‘m) = ¢#. The remaining calculations are lengthy, with the
special property v, - ¢, = 0 being used repeatedly. The reader should pay attention
where the Einstein summation convention is used and where not. Greek indices
denote the components of the four-vectors and the letter n denotes the index of
the sequence.

Therefore, we can compute

2

0 —on) (Tnx = (ra—0n)) = G2 Tnr + Tn = TndnYar + %” Gavna — %dﬁdm +0O(0p)-
And, we obtain
1 B 1
Wrnmon) (Fnr = Dram0w)  @Yar + Tn — Tndidynr + % G Mvnr — B @ddar + O(0h)
B 1 1
(= @) 14 e g e e gk 4 O(of)

Because we are expanding around the point in which ¢, - v, = 0 holds, we finally get

1 1 1
y - 7 On 4 W n 0242
Grn=on) " (Tn = o)) On(L = dn-m) 14 Mg 60 g T O0n)
1 On q *Tn U?Ld2 3
(1 = Gn - Vn) ( 2(1 = Gn-vn)  6(1 —dn-vn)
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Now we continue with the next big term in the parenthesis in (4.15) and in order to save
writing, we denote with p <> v the same terms of the written expression but with the indices
exchanged. The result is then

q'(u'rnfan) (:EM - qéj:rnfg'n)> - (;u’ <~ I/)

o R A 4

These two results can be multiplied to obtain the following expression

v wo_ M _ .
U —om) (”J‘ q(m—m) heov) 1 LR VTR R (R
Q(Tn—on) : (In - Qn(‘rn—an)) 1- qn *Yn On o 2(]— - Qn : ’Vn) wm
..2 2
_Ingvan  Onovop On In____gvan 1 Tngvit (4 s 1) +0(d
5+ 5 gy ot g (1< v)+0(07) |-

For the next step we have to differentiate this expression with respect to 7,,. Because we
chose 7 = 7, — 0, with 7, fixed, the derivative with respect to 7 is equivalent to minus the
derivative with respect to o,,. This results in

el i L7 W
dr ' =1z SGnd
A n4n
dT q(T7L70-7L) (:I;)‘ - q)‘(Tn_O'n)) 1- dn * Vn 0'7% 2
plgrap b e 2 (1) h0(02)]
27" 6 (1—Gpoya) 3 n

For the last part, we multiply this expression with

e

C](T_) : (LL’ - (](7'_))7

which can be expanded in the same way as we did before. The equation of the retarded field
tensor becomes

R € O O O e
" (1 =Gy \ o3 20, 20, 2 o2
(4.16)

2..,.
_ g q nqz‘ — (,U e Z/)+O(O'n)> .

Because of Lemma 4.6 we conclude that at least the spatial components of F/*~ in the last
expression diverge when n — co.

. The Advanced Field Tensor

In this case, the expression reads

SV "o l{ _ o+ v _ 4V
PR = — l i) @~ ) ~ )@ q(tm))} (4.17)
<Y _ Y ~ :
CO G @ = ) 4T Ut (1~ Dty r=rt

Here we see that the computations are almost the same as those for the retarded fields. The
only difference relays in the fact that we set 7 = 7, + §,,. The final expression reads

poer _ e (@t @k e @k
" (1— G ymr)2 \ 63 20n 20, 2 02
(4.18)
2.,
=+ g q nqg - (,U, Ans V)+O(6n)>’
This expression is also divergent by virtue of Lemma 4.6.
O
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Remark. Tt is important to notice that we mixed up two different parameters in one notation,
namely 7 from the big term in the parenthesis in the equation of F*¥ before the derivative and 7,
outside the parenthesis. In that sense, the expressions for the fields above are not complete, since
they do not have any details on the relationship between o,,, §,, and the four-vector ,,. Only when
we use the equation of the light-cone (as in Lemma 4.6), we are able to get additional information.
The last part of this chapter is devoted to these relations.

4.2 Estimation of the Remainder and Main Theorem

We are ready to study the radiation field around a particle. We will first show how can we rewrite
on, and 0, in terms of 7y,. Then, we will calculate the radiation field around a particle.

Remark. Instead of demanding the world-line to be globally differentiable, we can take our argu-
ments locally. Let B,.(q(;-)) be a ball of radius r centered at g(,-). Then, the following facts are
true:

1. Because we study the sequence (z,)nen that is convergent, we know

Vr>0 INeN:Vn>N =z, € B.(q+)).

2. Because Br(q(T*)) is a compact set and t* are continuous, we are sure that

3 Tt:= sup ta) < 00
xEET((I(T*))
and
3 T7:= _inf by < 00
TEBT(Q(T*))

3. Therefore, all continuous functions that take values in [T, 7] or [T(r—y, T(r+)] take also
maxima and minima in this interval. For the next derivations, we will not need more than
the fifth derivative of the world-line and we assume that they are defined in the compact set

B’r‘(q(‘r*))‘

Lemma 4.8. Let ¢ be a world-line as given in Definition 2.6 and let (z,),en be a sequence with
x, € M\ ¢(R) for all n € N. Let this sequence converge to a point of the trajectory q(,-) with
7* € R and let the four-vectors ~,, € M be chosen as in Lemma 4.3. Then

4 dr
Op| < — su — ) - |Tn — qe= . 4.19
ol < g e (%)l e (1.19)
The same inequality is true for d,,.
Proof. Per definition we have
Opn =Tn — Ty -
Therefore
ol = Irw =7 S It =7 = [rer s = 7|
< dr ‘t* = | < dr (‘t* | + e =t D
su — — su — — -
B te[T—I,)Tﬂ dt (@n) )| = te[T—I,)Tﬂ dt (@n) (@n)

and, if we use the results given in (2.11), we get

2 dr .
ol <t s () (it = 14120 - T

I — Vmagz te[r-,1+]

Rs) )
ra and ||?n — 7@*)

R4 We obtain finally

If we notice that |t, —t*| < ||y — q(7) R3S < | Tn = q(rey

ol < e sw (G

onl < sup 7 ] Tn — q(r)|Ire-

n 1 — Vrnan tg[T77T+] dt n (T )

This inequality is also valid for §,, because |5, | = |7,F —7,| < |7,F — 7., |. O
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Remark. Because 2 is space-like and is given by the Minkowski-metric, we also have the inequality

en =V = 002+ T2 < /(002 + 73 = Imllss = 70 — dr s

Re + sup Q(T) |Tn — 7"
TE[T(T*)}T(Tﬁ’)}

R4+ 1907, — 4y IRt < T — qrey

Rt + sup ) | |77 =77
TE[T ()T (r+)]

N ) 4 (dT) H
R4 sup q(ry | 7 ——— Sup —7 | T 1Tn = q(r*)
TE[T(T_),T(T+)] 1 — Vmaa te[T—,T+] dt

So we are able to obtain the following estimation

4 dr .
< | 1bgp— sw (& swp ) | | e — g llre =2 Cullzn — gy
— Umazx te[T—,T+) TE[T(T—)7T(T+)]
(4.20)

Remark. We can also get a very important lower bound for €,. At the point of Dirac’s choice,
Yn * Gn = 0, we have

< lwn — qerey

< Hxn - Q(T*)

< zn = qerey R4

R4.

YnGn = '72(]91 - 7?1 : (qgﬁ) =0
= |'72| < Umaw||7n||R3~

This holds under the assumption ¢ # 0, which is valid if one chooses the parameter 7 for example
as the proper time. From this last inequality we obtain

1

e ="Tn— (0?2 (1= ) | Vallis = 51— 70 (7 s + 17 nllfs)

1 1
=6 > Z1= Vimaa) (|7 ullzs + (40)%) = Z1= Vmaz) [l

So we end up with the following inequality

1
E V1=l nlre < €n < [l7nllRs. (4.21)
This also means, that we can estimate an upper boundary of each component of v,, because

V2
1—v2

max

il < llvallre < €n. (4.22)

Lemma 4.9. (Relation between o, and \/—77) Let ¢ be a world-line as given in Definition
2.6 and let (2,)nen be a sequence with x,, € M\ ¢(R) for all n € N. Let this sequence converge to
a point of the trajectory g(,~) with 7* € R and let the four-vectors v, € M be chosen as in Lemma
4.3. Then, as a first approximation, we have

o = 0(v/=12) (4.23)
and
0n = O(V=2)- (4.24)
Proof. We perform a Taylor-expansion of the retarded position up to the third order and obtain
. o2,
Y77y = Arn—04) = 9n — Ondn + E”qn + R,

where we have used the notation g, := q(;,) and R, is the remainder of the expansion which is of
order O(c3). Inserting this in the equation of the light-cone yields
2 o 2
(xn - Q(T;)> =0= <Qn + Y — Gn + OnGn — 771(171 - Rn) = 0.
Expanding the last equation and using the property that -, - ¢, = 0 results in

4
In

LHin + O - Bn + R, = 0.
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We rename the last five terms as

4
z In

Ry == =279, - Ry — 200G - Ry + 4 QZ + O-Ezq" “Rn + REL’
which is again a remainder of order O(c3). So we obtain

After a rearrange of this equation we get

2
Op = n —.
\/1_7n'éjn+ ?72:1
From this last equation, we see that
lim —2% —1 < 00,
n— oo _72
n

which implies o, = (’)(\/—7%21) The proof for 4,, follows the same path. Here we notice just a
change in some signs because

. 52
Ay = Arn+6n) = On + 0nn + ?Qn +R,.

O

The last lemma shows that, as a fist approximation, we can write o, = §, = /—2. It is
important to improve this last equation since in general o, is not equal to ¢,. In order to do so,
we are going to make a clever use of our first approximation. The next lemma resembles Dirac’s
expansion made in the original paper [Dir38, p. 166] but we are going to take care of the remainder
explicitly. This will show that, if we want to compute the error term in the expansion, we need at
least the fifth derivative of the world-line to be locally defined.

Lemma 4.10. (Dirac’s approximation of ¢,, and d,) In the situation as given in the previous
lemma, there exists a n € N such that we can approximate both ¢, and 9,, as

oo [y €n IR (4.25)
" Vlfﬁ}/n'(jn 6 (1_7n'Qn>3/2 24(1_7n'(jn)2 " ’
and
. S (O U o L +A (4.26)
VT =Y 6 (L—7m-Gdn)32  24(1— 7y Gn)? " '

where we used the definition €, := y/—72. Here ¥, and A,, are remainder of order grater than
O(ey).

Proof. The proof of this lemma is very similar as the last one. The main point is that we are
going to solve the equation of the light cone by iterations making the degree of accuracy better.
We begin by choosing a ki1 € N such that for all 7 € R with q(;y € B(||q(r+) — 2k, [|r+), we assume
qer) € C(5R,M)' In particular, this assumption gives us local maxima of the first five derivatives in
B(||q(r+) — Tk, ||r+). Now we are going to iterate over the light-cone equation to develop higher
accuracy in each step.

1. Approximation of o,, until second order:

Here we perform the Taylor-expansion of the retarded position until the third order and

obtain
0’2 0'3
Ury) = dlrn=0u) = dn = Onln + 5 Gn — 5 In + R,.

Now the remainder is of order O(o#). Inserting this expression in the equation of the light-
cone and simplifying everything we finally get

3

.. g ~
’Y?L+0$l7072),’yn.qﬁ+§n7'n' qn+Rn:07
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where, as in the previous calculation, R, is a well defined remainder but now of order
O(ct). We recall at this point that in the last lemma we showed the following equality (with

— 2
€n 1= _’Yn) ¢ €
n n

a VI=7nGn+ 20 B VI="ndn
where from the last lemma we had that 3, is a remainder of order O(o,) = O(e,). We can
use this expression to calculate o2 and insert it in our last result, achiving in this way

On

+O(e),

3 3
3 €n 2 €n 4
O'n: "+O€n> :—+0€n
(Vl_’Yn'Qn ( ) (1_’7n'Qn)3/2 ( )
and
'ann 62

—2 402 — 02y, -G+ + R, =0.

3 (1 — In Qn)3/2

This step is possible since the leading term of o, is €, and therefore any higher power will
lead to higher orders of magnitude in the expansion. We can now solve the last equation for
oy, and get

V1= Gn 3 (1_’Yn'(jn)3/2 6%.

Since we already showed that €, := /—72 < C, ||z, — q(=)||re, we can choose a ky € N,
such that for all n > ko we can expand the square root on the right side and obtain

€n T Gp €n 3
op=—-—-1--——1[(1- - + O(e;).
" \/I’Yn'Qn( 6 (1_7n'Qn)3/2> ( )

On

. Expansion until the fourth order:

Because later we are going to need a higher accuracy, we derive one order more

2 3 4
. On .. Oy ... Oy ...
Air7y = AUrn—on) = 4n — Indn + 771(]71 - Fn q,+ ?X g, + R
Now the remainder is of order O(c?). Inserting this expression in the equation of the light-
cone and multiplying everything we finally get
3 4 4
o g, . g 7
“Vn- G+ Ry =0.

3402 ot P %

Then we use our last, more accurate, result instead of o2 and o*. From the last equation we
compute

3 e 4
3 €n In 4y €n 5
o, = - - - +0 €n
(1= vn - Gn)3/? 2 (1 =Y dn)? (en)
and
ok = L +0O(E).
" (= dn)? "
Combining everything together we attain
e 3 e 2 4
.. Tn* 4 € (Yn - Gp) €
0:_2_|_ 21_ - Gn) + n n _ n n _

..2 4 . ceee 4 N

qj €n _ _ Tn " 4 p €n _ + Rn

12 (1 — yp - Gn)? 12 (1 —7n - gn)?
And if we rearrange the terms, we obtain

. e 3 “es 2 2
Un:4en 1_'7n n enn 32+(Pyn q”) 5 i 3+
V31— Gn 3 (17771'%1)/ 6 (1_771'%1)
. 11/2
12 (1 — vy, - Gn)? 12 (I—9n-dn)? €
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This expression can be Taylor-expanded again for all n > ks to get

op = n N qy n (Y0 4n)? n +
n = = " =
V1—"n"Gn 6 (1_771'(]71)3/2 12 (1—%'%)3
24 (lf’yn%jn)Q 24 (lf’yn%jn)Q

e 2 2

(’YTL i qn) €n 4
% —%-W)*O(E“)'

The last thing we want to mention is that we also showed that for the components of -,

satisfy
V2
Iyl <

nl — ) n-
1 Umax

This means that for an 7 and [ € {0, ...,5} it is true that
dq\ ; d'q

2T ) < 2=

‘(WL dTl> n dr!

d'q
drl

4 V2 .
: ||7n||ma7: 6; S Sup 7621+1’

max T(r=)T(r—)

sup
T(r=)T(T~)

max 1- v?nam
or in other words, this expressions are of an order less or equal to O(e!™!). Because v, tends
component-wise to zero, it is also true that at some k3 € N, this last expression will be
smaller than e€,. The exact order of these expressions is unknown but we define a remainder

Yo En (yn - @0)° € 4 4w e
" V31— Gn 12 (1 —Tn - qn)3 24 (1 —Tn - qn)2

(’YTL : Qn)2 637, 4
24 (1 — Yn * qn)d +O(€n)

which for all n > max{ky, k2, k3} is of order superior as €3 and rewriting our result we have

ves ..2 2

€n Tn* 4y €n qn €n

Op=—F——oo-—-—=-11-— - 4+ = —— |43,
V1= dqn ( 6 (1_%L'Qn)3/2 24 (1_7n'q")2>

The computations for §,, are identical, the final result is then

e ..2 2

€n Tn - 4dp €n dn €n

Op = ———n- |1+ - + = m +A,,
Vlfr)/n'QVL ( 6 (1_7n'qn)3/2 24(1_'771'%1)2)

where the remainder A, is defined in the same way as >,,. O

Remark. We emphasize here the need of the first five derivatives of q. Now we are less restrictive
and do not need to impose ¢ € C*> as we demand that ¢ € C® in a compact ball of radius r centered

at q(r*)-

Corollary 4.11. As a consequence of the last result, we obtain

11
lim (——- =) =0
el <0—n 5n>

Proof. We use a subtle change of notation and rewrite

'.o. ..2 2
O-nzein 1_’7% Qn En“ 32_|_q7” En — 2+Zn

and

.0 2
€ Tn - 4 €n q €
b= —— 4 n A A,

' \/1*7n'(jn < * 6 (1_771'@11)3/2+24(1_’Vn'(jn)2+ L>
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where now ¥,, and A,, are of an order greater than €2. We compute then

1 1:¢1—%-q'n< 1
1

o ) € _ On- q, €n Gz 2
oo " 6 a5 T T yeg? T 2n

1
1+ Yn G en + G2 €2 +A )
6 (1—yn-Gn)3/? 24 (1=yn-Gn)? n

_ m(%gq . (1—7;:} yere + A, - En)

€n 1+ ﬁi + R
12 (1=vn-Gn)?

- i - +
On On 1+%ﬁ+ﬁ>n 31—%'%)3/2 €n

1 1 VT ( Yo G A, -5,
( b

where in the last expression R, is a remainder of order greater that €2 and % is a remainder
of order greater than €,. By choosing n big enough, we can make the followmg estimation

V31— Gn <2\/§

g 63,,
1 + 12 (1=vn-Gn)? + Rn

and therefore
1

On

Ay — 3y
<2f<m~ il +| 2

=)

This expression can also be bounded from above. To see this we notice first that

A, =3
’"” <e,

€n

and

V- @l = |72 qg - 7n : 7 |
<G+ 1T Cnllrs < 16 lmaw(D2] + 17 nllze) < 201 a1 ls, (4.27)

where || §'||;masz denotes the maximum norm of § taken in from the map of the interval [T, T 7]
as given in equation (4.20). Taking this into account we get

1 1 25 /2 5 2
L L a3 ZE  thmaslialss + ) 293 (B e +1) il =t s
The last expression tends to zero in the limit n — oo. O

Before presenting the main result of this section, we derive a somewhat surprising finding that
reveals a fundamental characteristic of the radiation field: the necessity of considering the Coulomb
fields when discussing radiation.

Corollary 4.12. In contrast to our previous result, i.e. the convergence of Ui — (%, the expression

11
- (4.28)

is divergent if v, - ¢°,, # 0.
Proof. In order to show this important fact, we take our expansions of ¢, and J,, and compute
3 =2 2

3 €n i qn €n qn €n
- E— In S
n (1 —Tn - éjn)g/z ( 2 (1 —Tn q7z)3/2 * 8 (1 —Tn %)2 - )

aIld 3 ces "2 2
(1 —Tn 'q7L)3/2 2 (1 — Tn 'Qn)g/Q 3 (1 — Tn 'Qn)2
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where ¥, and A,, are again remainder of order grater than €. Now we can compute

11 (1—%@”)3/2( 1
73 —_ 73 = 3 - .-.n N /’21 % -
Gn 5” en 1 o . 2q (1_7716"jn)3/2 + % (177671,'(']'71)2 + Zn
1
1 _|_ ’Y'”'. .d.‘ll en + ﬁ 6% + A )
2 (1_’Yn,'fin)3/2 8 (1_'Yn'ljn)2 n
After simplifying the last expression we obtain
1 1 (1 —Tn dn)S/Q Tn - qn
073_573:63(1_’_@76% +R) (1_7n'q.n)3/26n+An_zn -
" " n 4 (1_'Yn'qn)2 n
Here we see the appearance of the term
Tn - 4y
e

which can not be controlled by any result obtained since the components of ,, are of order €,. [

4.2.1 Proof of Theorem 4.2
We are now ready to present our main result:

Proof. Outside the world-line, Fj;” , is well-defined, continuous and even differentiable. This comes
from the fact that the Lienard-Wiechert fields are differentiable outside the world-line. We just
have to take care about the limit of ¢(R).

Let (z,,)nen be a sequence of points outside the world-line and let this sequence converge to the
four-position q(,-) with 7% € R. Furthermore, we choose to represent the points x, as in Lemma
4.3, such that all our previous results hold and before giving the retarded and advanced fields, we
calculate the inverse of some powers of o, and J,,. Using again a Taylor expansion, we obtain the
following results

1.
2. 1 1_é .9

7= _Zg'% (1+ qng'%en—cllgefﬂtzn)
§ L (1= Gn-mm)*? A in

P <1+"’2"6n—§ei+2n>

4. 1 JT= G .9

VTR (e, B
5. 1 1_é .9

5 = _Z%'% (1— q"g'%en—cllgeijLAn)
6.

1 1 _ . . 3/2 cee . ..2

1 (I =dn- ) (1_ qn2 L qgefﬂrAn)

The reader should be aware of the abuse of notation made here. All remainder are called the same
but in fact they are very different. We chose not to distinguish between them since all are going
to be later packed in a new remainder. Inserting these results in the formula of the retarded field
tensor, namely

Fiv- =

n

e Gk dndl ek G dnk
(1= Gn- )2\ o3 20, 20, 2 o2

2.,
- g q nqﬁ - (/u‘ A V)+O(Un)>7
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we obtain

R — € QV’Y# (1 — q” i 7”)3/2 + QU’Y'LL (1 — Qn ! FYH)B/2 qn “In _
n (1 — G - 'Yn)2 nin 6% n'In 672L D)
(1 _ . A )3/2 ..2 ("l/ .ll‘ _ XX} M) 1 3 e 1 _ . )
P qn " In I ndn — 4nm) L P Tn* 4 n dn " Tn
i €n 8 2 On 9 €2
cee 2 s cee ..2
. Vn - 4 1 —gn -~ o Yn g . q 2..,.
q?m’i( n Tn) . "+qu¢$”"(1—%-%)”—quZ—(uHVHRZ”)-

6 €n 2 12 3

Here the remainder comes from various terms of order €, or higher, such that we can estimate
it from above and write RY” < Cse,. The same can be done for the advanced field. Its Taylor-
expansion is given by

gt~ ¢ (qm Ll @k, (@) diok

(I =Gn-m)*\ 0% 260 26n 2 2

2
+ 3 qndh — (N A V)+O(5n)>a

and therefore we get in this case

FILV+ — € qu,yp (1 B q’ﬂ ) 7”)3/2 _ qy,yp (1 B Qn ) ’771)3/2 Qn *In .
nin €n 8 2 (5'” nin 2 6%
e 2 . cee .-2
: Yo dn) L =dn-m ., -4 . Gn  2..,. :
gl S n) p— —qm’i"2"(1—qm%)1§+3qZQZ—(/~L<—>V)+Rn“”>7
n

where in this case R;{“’ < (C3¢,. Now we subtract both expressions and obtain

o 3/2 SV LSX3% m
v vt € ) (1 qn ’Yn) (ann Qn7n) 1 1
EYT = FY Mw<qnvﬁe2(qn'7n)+2 — 5

n On 6n

Ul eee 1_q77,’)/77, Ul oo 1 . q721

Ay (Y - qn)T+qmn(%- q'n)( —qn-wn)ﬁ—
n

S~ (e )R - Riﬁ”)

We can simplify this expression and rewrite it as

(1_(jn'7n 6121

1—=Gn - v)(4,  Tn =
e )Q(M( B2 U 0 (1=, 1)

(4.29)

4..,. y
7§anﬁ‘7(:u<_>y)+7?'ﬁ )7

where we have set

PV U ..2
RM = (dnd — dh) <1 _ 1) + Y (Y - G (A = G 'Vn)ql + R — R;{“’.
2 On  Opn 12
Notice that, thanks to the corollary 4.11, R%" is a well defined remainder since every single term
tends to zero in the limit n — oo. In order to get an upper boundary of the remainder, we follow
the same path as at the beginning of this section (see section 4.2), we choose a ball of radius r
centered at g(«y, defining then the interval [T, 7] (or [7(7-), 7(1+)]) over which we can take the
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supremum of ¢ and its derivatives. The estimate is given by the following long inequality
1 1
on  On

. . g ,
1 - @l = - vl B2l R 1 R

2

12
1 V2

<z sup 1G( | sup g7 + sup \ 'Q'E/T)|€n> 2V/2C x
2 <T€[T<T>’T<T+>] TEIT (=) T(r )] ™ TE[T -y T(r )] V1= Vs

25/2
14 T sup H q (7—)Hmaa: H-’I;n —d(r*)
TE[T(T*)’T(T‘F)]
il e, -2 1 el e
sup q —F——6€n " sup CI( yllmazx Tn||R4
TE[T(r—yT(r+)] @ 1- v?nam TE[T(r—y:T(r+)] "
..2
B Sup‘rE[T R |Q( )|
(1 +2 [ sup ||q(T)||mM||'yn||R4> o 1)2(T 2T Chen + Csen,
TE

T(r=)T(T+)

1.
R <l + D)

R4+

where we have use in various instances the inequalities derived in this section (equations (4.19),
(4.22) and (4.27)). If we use the fact that €, < Ci|lzn — g(7+)|,, and choose n big enough such
that €, < 1, then we can group all the terms in the last inequality as a single constant times the
euclidean distance, i.e

R < C* ]l — qrey

where the coefficients C* are independent of n. Taking the maximum over (u,v) € {0, ..., 3}2, we
can also define a global constant

R4,

C .= max crv
(p,v)€{0,...,3}2

and state
R < Cllzn — q(r-)

The only question that remains open is what happens with the fist term in equation (4.29) since
it goes as 1/€2. We notice, that choosing n big enough, we can expand the square root and obtain

— 1. .
V=0 = 1= =500+ O((dn - 1m)°)-

This allows us to show that the fist term in our expression is in fact convergent (recall equation
(4.22)) and we get

qn%*{( dn 1) 7)(\/lqn-%l)‘

€
(2)5/2

R4.

S ——5—35 S |ldmllna sup |7 llmaa X
(1 - vzrmz)g/Q TG[T(Tf)’T(TJr)] rimas TG[T(T*)J—(T‘F)] mame
sup 1 () lmaz <1 +2 sup ||q(T)||ma$726n €n
TE[T(p— ) T(r+) TE[T(r— ) T(r+) L = Viae

< Cllzn — e llrs-

With this last inequality, we have shown that it is in fact possible to control every term in the
expansion of the radiation field. This allows us to compute the desired result

de (..u ., vy
3 (q(r)qm - q(ﬂqm) -

ol kv
Rad(q(-+y) Rad(xzy,)

(1 —n ’Vn)Q 6121

€ VI 1_qn n '(j'n' n = 4"'1/'1. ww
(qn%( ) 7)(\/1—qn~%—1)—3qnqz—(/¢u—>y)+7z;1)‘

4e 1 ~
T vy ep vl v ap v
Sg ‘(q = — 4 (T)‘I(T)) - (1= ditr) - Vr))? (q () drn) — 4 (m)q(m))‘ + Cen + R
4e 1
Al o o\ L e e
<3 ‘(q (ndm — 4 (7)%)) (L= diry Ve (‘1 () () — 4 (mq(m))‘“L
(O+C)||$n _Q(T*) R4 n—)_oo)o
where in the last step we used the explicit estimation of the remainder. O
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Chapter 5

Conclusions

We have taken an initial step in the careful treatment of radiation reaction, where we proved that
Fly. 4> as given in Definition 4.1, is the continuous extension of the radiation field and supplied an
upper bound of the error term (4.5).

The next step is to study the system of equations

YY) "
My = 4y gy (5.1)
0AL, =0, (5.2)

v
Flgy = 0" Aly) = 0" Ay,
for an initial value F, (’; ';) = ngd(zo)- The understanding of Flg;d(x) is a prerequisite if one wishes
to study in detail the equations above. A solution of this system will also be a solution of Dirac’s
original formula (G.1) but the approach proposed here needs as initial values q(,,), §(-,) and A‘(‘wo)
instead of q(r,), q(r,) and G,y as Dirac needed. In this sense, the research in this topic may provide
new light about the dynamics with radiation reaction.
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Appendix A

Computations for the Radiation
Fields at Constant Velocity

A.1 Proof that the Two ”Big Terms” are Equal

We begin by calculating the following subtraction
3
(V1 200y T= 0 13 4+ 02(1 = 252 %) + va = 2V T= 27 777 ) -
3
(Vi 200V T 477 + 020 - 257 4 92) - va = o2 T= (57 )

(A1)

=20303 + 3a2v2\/1 — 2van/1 —v2(B2 +~2) + v2(1 — 2(82% + +2))—

3a2v2\/1 + 2vay/1 — v2(82 +~2) + v2(1 — 2(B2 +12)) — 6af%v” — 12a8%0° -
12a5%0% — 6ay%v" — 12a920° — 1207203 + 600° —

v/ T= 0232 72/ 1 — 2ua/T— 0252+ ) + 02(1 — 2(82 +72) -
6av3\/m\/l +2vay/1 — v2(B2 +92) + v2(1 — 2(82 +12)) + 18av’—
200/ T= 025+ 1)/ 1 - 20ay/T = 2(5% +72) +e2(1 — 2(52 +92)—
20/ T= 032+ 72/ 1+ 20ay/T— 02(5% + 72) + 2(1 — 2(82 + %)) + Gaw—
36205/ 1 — 20a/T— 2(B% + 72) + v2(1 — 2(2 +42))+

36205/ 1 + 20a/T— (B2 1 2) + v2(1 — 2(82 +2)) -

26262/1 — 20a/T— (B + 72) + v2(1 — 2(82 +42))+

2626%/1 + 20a/T— (B2 1 2) + v2(1 — 2(82 +2)) -

37%6\/1 — 2vay/1 = v2(B2 +42) + v2(1 — 2(B2 +72))+

37%6\/1 + 20a/1 — v2(B% +742) + v2(1 — 2(B2 + 42))—

27%2\/1 — 2vay/1 = v2(B2 +42) + v2(1 — 2(B2 +72))+

27%2\/1 + 2va/1 = v2(82 +72) + v2(1 — 2(B2 +72))+

31}4\/1 — 2vay/1 = v2(B2 +12) + v2(1 — 2(B% +72))—

31}4\/1 + 2va/1 — v2(82 +72) + v2(1 — 2(82 +72))+
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+ v2\/1 — 2vay/1 —v2(B2 +42) +v2(1 — 2(B% +2))—

o214+ 2000/T— 02(F2 +12) +v2(1 — 252 +12))+
V1= 200 T 02 7 72) +02(1 — 282 +42) -

\/1 + 2vay/1 — v2(B2 +~2) + v2(1 — 2(62 +12))

Now we rename the big square roots

D = \/1 = 2vay/1 = v3(B% +72) + v (1 = 2(B? +4?))

J = \/1 + 2vay/1 — v2(B2 +42) + v2(1 — 2(82 4+ +2))

and get the following equation
3 3
(Dﬂa_vwm) _ (J_m_vwm)
= 20303 4+ 30%0*(D — J) — 6a8%0" — 12a6%0° — 1208%0% — 6a7%0”
—12a7%0° — 12a7%0% 4 600 — 6a0°\/1 — v2(82 +12)(D + J) (A.3)
—2av\/1 — v2(B2 +~42)(D + J) + 18av® 4 6av — 35%0°(D — J)
—28%0v*(D — J) — 3y*v5(D — J) — 24%0*(D — J) + 3v*(D — J)
+v3(D —J)+ (D —J).

In order to simplify this expression, we need to compute D £ J and a trick may help us here

(D + J)2 =1-2avy/1—0v2(B2+~2) + v2(1 — 2(62 +72))

ﬂ\/(l — 2vay/1 —v2(B2 +92) + 02(1 = 2(82 +92))) (1 + 2vay/1 — v2(8% +92) + v2(1 — 2(82 ++2)))
+1+ 2avy/1 = v2(82 +72) + v*(1 — 2(8* + 7))
=2+20*(1 - 2(6° ++7))
+2/1 + 202 — 4(a? + 52 + 12)v2 + v4 + 40462 + 12) (a2 — 1) + 403 (B2 +12)2
=2+ 20 — 40*(8% + %) £ 2v/1 — 202 + v*
=24 207 — 4% (% +4%) £ 2(1 — v?),

where for this calculation we have use the fact that o + 32 +v? = 1. Simplifying yields
(D+J)? =41 - 0*(B*+72) = D+ J = 2\/1 —v2(8% +1?) (A.4)

with 4+ as the only possible solution since the sum of two square roots is always positive. We also
get
(D —J)? =40*(1 - B> ++%) =4a*v® = D — J = £2a0 (A.5)

To decide which sign is the right one, we look at the definitions of D and J and notice that J > D
so that we can state that the minus sign is to be chosen. Putting everything together we obtain

(D +va — v*y/1 — v2(B2 +72)>3 - (J —va — 02T —v2(B% + 72))
=200 — 6030 — 6aB%0” — 1203205 — 1205%0° — 6ay*0”

— 1207%0° — 1209202 + 6av® — 1200 + 12a6%0° + 12a920°

— daw + 40520 + dav*v® + 18av® + 6av + 603%0" + 4a5%03

+ 60y20" + day?0® — 6av® — 200 — 200 =0

3

(A.6)

We summarize this appendix as
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Main Result A.1: The Two ”Big Terms” are Equal

3
(V1= 20— 4700~ 2579 + 0= o2 T4 7))
3
— (\/14—211@ 1—UQ(ﬁQ+72)+U2(1—2(ﬂ2+72))—va—vQ\/m)

=0

(A7)

52



Appendix B

Proofs for the General Taylor
Expansion

B.1 Missing computation of the expansion of C.
To show that the error R, is small we begin with equation (3.18) and use the fact that
Ce = Co +eCy + R,

where C is given as

v + /1 — v?
Co=1—Y— = B.1
0 1—2 (B.1)
and (1 is
G} V-WCo+a

2 (1-2v2)Co—v,

Now we insert C. in the expression (3.18) and obtain

Cy =

(1=?)C2 = 20,C. — 1+ ¢ (a,C2+ T - TC? - i#cﬁ)

=(1—-v*)(Cy+€Cy + R.)* —2v,(Co+¢Cy + R,) — 1

e (a,(Co+eCr+ R)? + T - @(Co+ eCt + R)P = S@*(Co + €€y + R)')

= [(1 =v*)CF — 2v,Cy — 1] + (1 — v*)(2Cy(eC1 + R.) + (¢Cy + R.)?) — 20, (eC1 + R.) (B.3)
+ e(a(()g +2Cy(eCy + R.) + (eCy + R.)?)

+ 7 - @(C3 +3C2(eCy + R.) + 3Co(eCy + R.)? + (Cy + R.)?)

— 20%(C) +4CH(eCy + R) + 6CF (eCy + R.)? +4Co(eCy + R.)* + (e + RJ‘*)).

The first term in square brackets of the last equation becomes zero when we insert equation (B.1).
If we rearrange further we get

=€ [2(1 —v})CyC1 — 20,01 +a,CE + ¥ - AC3] +2(1 — v*)CoR. + (1 — v?)(eCy + R.)?
+ e(a|(200(601 +R)+ (C1 +R)Y) + U - @(3C2(eCy + R.) + 3Co(eCy + R.)? + (eC1 + R.)%)
— Sa2(CF + 4C3(eCy + R.) + 6C2(eCy + R.)? + 4Cy(eCy + R.)? + (eCy + R.)*
4a( o +4C5(eCy + R.) +6C5(eCr + R,)" +4Co(eC1 + R.)” + (¢C1 + R.)7) ).
(B.4)

Here we see again that the first term in square brackets is zero if we insert equation (B.2). At the
end we obtain the desired result.
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Appendix C

Useful Identities of the
Coefficients C; and B,

In this appendix we list a number of useful relations between the coefficients Cy, By, C1, By, Co
and By. These equations are widely used when studying the fields of a particle moving with a
given trajectory. The coefficients are

U”+ 1—’()% BO: _U”+ 1—'03

Co = 1 — 2 ’ 1 — 2 ’

_0737'700"‘@” B_ig?-?Bo—a“
21— T2 Vi—v?

CO¢ 37 - ACIC) — 2a,CoCy — (1 — v?)C2

C =

C - 9
g 21— 02
B, - @ B4 437 - @B2B) — 2a,ByB; — (1 —v?)B?

2¢/1— 02

Therefore we obtain

1.
24/1—v?
CotBo=""n
2. 9
_ Y
Co— By = =02
3. s
2 1 B2 2(1+0f — i)
0 0 (1= 02)?
4.
c2_RB2— vy /1 —vf
0 0 (1 —02)?
5. 3
8+ B — 2(1—02)"" +607\/1—02
(1-v?)°
6. 5 )
03 B B3 _ 2'UH + GUH(]. — IUL)
0 0 (1—02)?
7.

20} + 1207 (1 — v?) +2(1 — v?)?
(1—0v?)*

Cy + By =
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C4_ Bt — v (1 — 022 4 8y (1 —v?)3/2
0 0 o
1)

v - d (B3 - C3) —a,(C§ + Bj)

N

—7 W (B3 +C3) +a, (B3 - C3)

2 /12

C’1+B1:

Ci—B; =

C,—B 47 (C4 = B§) =37 - @(C3C1 + BEB1) + 2a,(BoB1 — CoCh) + (1 — v?)(BE = C})
2— D2 =

N
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Appendix D

About the Differentiability of the
Retarded /Advanced Times

The goal of this appendix is to study the behavior of the remainder term in equation (2.15).Using
the error term formula given by Lagrange we can write for a A in  and z + €

1 4 n 2 [ 52 T
R = 5 (t(t,m—l-e,y,z) - t(t,m,y,z)) @ Y| - 7(5)
z Rs s=A\
+ + 82 8
Heo+e—a) (t(t,x+e,y,z) N t(t,x,y,z)) 9s05 1LY ]~ 7(3) (D.1)
z rs/ ltE.s)=(00)
2 s’ 1
2
R O [ ) B
z R3 s'=\J

The partial derivatives can be computed explicitly, so we obtain

x 2 — 2
cl .= ‘i y| - 7 N N - 7(s) - (7(5») L (s,?))
o\ Y () 1) 17 =7l
RS
! —
o2 9 Z 2 _ g T (V () - T (7)) (s 2
P 0s0Os’ Z (s) y ||7 — 7(5)”R3
and /
82 s 1-— (n25’7))2

Cc? = y | — ¢« = .
83/2 e (t(m)) . || ’; — i; (g)HRd

All these three derivatives can be bounded from above, namely

|Cl| < + 2v7gna:c
el S Omax " ? — 5
i (i) 17~ Tl
2Uma.'c
C2] < —
min 7 — :
(et ) 1T = Tl
and
03] < 2 .
el = minse(ti o ) ||? — 7(3)”R3

(t,2)" (t+e,T)

We rewrite now the remainder as

1 + + 2 1 + + 2 23
R= 9 [(t(t,m+e,y,z) o t(t,z,y,z)) Ce +e (t(t,m+e,y,z) o t(t,:c,y,z)) Ce +€e°C
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Now we can divide this expression by e and use the equation (2.15) to solve for R/e. We get

R 1 (tim+eyz)—ti“z))
fzf(ti = ))cg e, +(ti ¢l )03+603

¢~ 2| Utatens) ~ Htaw.: . (tatey.)  Utay.2)

Therefore we are able to state

1 + +
Ce (t(t,x+e,y,z) - t(t,x,y,z))

R
€ 1+ ﬁ(t(itﬁ’)) - (t(ji,"L’)’?)
1 + + 1
o 2 (t(t,x+e,y,z) - t(t,x,y,z)> Ce
(t’?i? = +(tix+eyz)_t(it$yz)> C€2+€C§.
(th o) D)
Taking the limit in both sides of the equation yields
2R
lim =~ =0 (D.2)
e—0 €
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Appendix E

Deriving the Formulas of the Field
Tensor

In this Appendix we want to derive the formulas (4.1) and (4.2). First, we show that it is possible
to rewrite the four-potential in a very useful form and for this purpose, we recall the explicit
computation made in the example of the first chapter, see example 1.1. We derived there the
following formulas for the four-potentials of a point particle

_ 1 c
AM—, — HoC ( _) , (E.1)
N e
and
1 c
Ant, — Ho¢ < > . E.2
(t,7) A ”? B 7+||1R3 (1 4 7+,‘ﬁ+) o+ (E.2)

Given a point particle and a point outside the world-line = # ¢(R), it is possible to formulate
the four-vector potentials as

A
Ay = 26/ q(0 (& —q(r))?) dr forevery e (r7,7%) (E.3)
and .
AZ;; = 26/ 457)6 ((:z: — q(T))z) dr forevery A€ (r7,7T). (E4)
A

We can prove that the last equations are actually true if we compute them explicitly and show
that they are equal to the four-potentials derived in the example 1.1. We first notice that the
Dirac’s delta function in the integral has two zeros, namely where

|t =) = 21T =T i, llre

holds. But as we are not integrating over the whole real numbers, we artificially exclude one of
the zeros of the delta function in each case. So for example, for the first integral we have

A
— . 2
Aé‘x) = 26[00 qéi_)é ((x —q(r)) ) dr
_ <
. A or—77) . _ )
= 4y~ ) — T = - ) — )
—0 q(r—) (3;‘ Q(T*)) q(r—) (3j Q(T*))
where the existence of the zero 77 is given thanks to the Lemma 2.9 and the bijectivity of f(T). The
last equation is the exact same result as the potential calculated in the example of the first chapter

upon the constants that determine the units. The computation of the advanced four-potential is
exactly the same but with an extra minus sign, because

ety - (T = 4ir)) = Gty (t - t@)) ~ Ty (T =T )
= d(r+ [(’5 —tly) — 7@;)) ' (7 - 7@@)))}
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= —(rt)

)7 B 7“&0’

which is negative, meaning that the following equality holds in our domain of integration

%
2 [1 +7(t:;)) . n(ta)’?)} ,

B §(r—77T) B —§(r—11)
24y (@ =)l 24y - (@ = qey)

5 ((z = q)?) (E.5)
These equations allow us to get the useful formulas for the field tensors and in order to provide

them, we follow the same path as in [Jacl4, p. 765] and compute the partial derivatives of the

four-potential written as integrals over the parameter 7. For the retarded four-potential we get

3”14’(’;) = 26/

A
() 0"6 ((x — q(r))*) dr

A
= 26/ qa)nuﬁaﬁé ((xw _ q‘(”T))(% — qw(T))) dr.

— 00
Using the chain rule we can rewrite the partial derivative of the Dirac’s delta function as

w w Tg — 4p(r) d
355 ((1' — (I(T))(l'w - %J(T))) = mE(S (($ - Q(T))Q) .

Hence we attain

A
» T —dp(r) d 2
:26/ qT’{’p‘ﬁ. (5(1’7(]7—) dT,

where the last equation can be reformulated with partial integration in the form

A B P
- d . S C)) 2
BAY= — 9 R . o _
A e/,oo dr [q(ﬂ qry - (x — Q(r))] (@ = ae)") dr.

and therefore

A p— -
AV = / Ll - o |_Mr-m) 4
oo dr q(r) - (:]] - Q(T)) q(r—) - (‘T - Q(T*))

v

_ d 4" —q)

e
ey (@) [dT qry - (x = Q(T))] |T_T'

Finally, using the linearity of the derivative, we get

Result E.1: Retarded Electromagnetic Field Tensor

For a point outside the world-line of a particle, i.e. = ¢ ¢(R), it is possible to write the
retarded electromagnetic field tensor as

‘U w04 _ 4 v _ UV
[ e d i — a) — 4 (@ — ai) (£6)
@ ey - (2= qe)) | dr i) - (¥ = 4) o

where 7~ is the retarded proper parameter at which the time coordinate of the particle

fulfills the equation
t(_w) =t- ||? - 7(75(;))”3&3-

The computations forj)“A”+ are exactly the same, we just have to remember that the limits
of the integral are from A to oo and the minus sign comes from the Dirac’s delta function as in
(E.5). So we obtain
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Result E.2: Advanced Electromagnetic Field Tensor

For a point outside the world-line of a particle, i.e. x ¢ ¢(R), it is possible to write the
advanced electromagnetic field tensor as

(E.7)

et _ —¢ d 4(n @ — ) — e (" — afr)
@ Gty - (T = geey) | dT dry - (2 — qr))

=7t

where 77 is the advanced proper parameter at which the time coordinate of the particle
fulfills the equation
thy =t+ Iz - ?(t?’x))HR&
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Appendix F

Derivation of Larmor’s Formula

A definition of the power given by a radiating source is found in [FR60, p. 9]. Adapted to a modern
type of writing it reads

Puoy=lim [ #- 85 ,yr2dQ by fixed ¢, (F.1)
T—00 ’

where d2 denotes the solid angle differential, the integral is done over the surface of a sphere of

radius r which tends to infinity and S denotes the Poynting vector given as

1
?m?) = %Ezu,?) x E’M,),

If we insert equation (1.3) in the definition of power, we can perform a dipole expansion on the
current density and obtain the following result in SI units for a point charge

_>
1 262“ a (t*)”]%aS

P —\ =
) 47eq 3c3 ’

(F.2)

which is known as the Larmor’s formula. This formula has experimental backup, e.g. in the case
of cyclotron radiation.
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Appendix G

Problems with the
Dirac-Lorentz- Abraham Force

What happens after one shows the correctness of equation (1.10) and how it is derived from
equation (1.8)7 Then, it is possible to compute the Lorentz force and introduce it in Newton’s
second law as an extra term to study the movement of the charged particle. In this section we
provide an outlook in Dirac’s equations of motion [Dir38, p. 156], namely

.. [ . v
mt — — " — /4, GV ¢" = eq, Fly,. (G.1)

It is interesting that we gained a new extra term that has the third derivative of the position,
sometimes called the ”jerk”! These equations can be solved exactly for some simple scenarios,
creating the following troubles [Dir38, p. 156] :

1. If the external field vanishes, then the solution of these equations is given by
& = sinh(e®” + b)
and
t = cosh(e +b),

with a = 3m/2e? and b some constant. As the proper time increases from —oo, the particle’s
velocity approaches the speed of light extremely fast. This is called the "runaway solutions”,
which appear quite often in the theory.

2. If the interaction is a "pulse” or in other words, a term of the form d(¢ — x), the solution to
these equations of motion for the position is given by

ce®” V1 <0,

c V7t >0.

In other words, the particle must accelerate prior to the interaction and then attain a state
of constant velocity. This phenomenon is referred to as the "pre-acceleration problem”,
presenting a challenge to our conventional understanding of causality.

For all these reasons, it is of outmost importance to understand the theory of charged particles and
how they lose energy through radiation. We will not address the problems given by the differential
equation, but rather we focus in the expansion of the radiation field.

1Here we are ignoring two important facts that are not relevant for the present discussion. First, we do not
mention anything about the term F'~ 4 Ft which was also studied by Dirac and led to the ”mass renormalization”
of the particle. Second, we also ignore a factor of 1/2 that was introduced by Dirac, when splitting the actual field
of the particle.
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