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Introduction

In many situations it is important to know what is beneath the earth’s or the ocean’s surface.
The reasons why this knowledge is worthwhile are wide-ranging. One common reason is
for fundamental research in order to get an impression how the subsurface is composed.
Extensive studies of the underground are also needed to decide what kind of buildings and
tunnels can be constructed on or below the surface. Another use case, this knowledge is
necessary for, is the investigation of the extent and danger of contaminated areas.

In contrast to these examples, there is a large application field, where the interest lies
in the subsurface itself. Information about the surface is crucial for the prospection and
exploration of mineral resources, like ground or mineral water, construction materials (sand,
clay, grit), oil and gas.

An obvious method to obtain information about the underground is to carry out drillings.
However, these are expensive and it is often not beneficial to use such invasive methods for
reasons of stability. In case of the exploration of mineral resources it is in advance not clear
whether a proper location was chosen or the desired mineral resources will not be found at
all.

Seismic imaging is a method to obtain information about the spatial structure of a medium
in a non-invasive way. The idea behind this approach is that a wave contains information
about the varying structure of a material after it has travelled through it.

The arrangement that is used to receive this information is the following. At the surface,
one places sources which excite waves. These waves travel through the different material
layers of the subsurface. Depending on which material they go through, the speed of sound of
the waves changes. During this procedure the waves are reflected on part of the propagation
medium and the occurring reflections are recorded by receivers. These receivers are located
at the surface, too.

For this experimental setup there are different possibilities to arrange sources and re-
ceivers like for example the common midpoint and the common source geometry. In the
common midpoint geometry the midpoint of each source and the associated receiver pair
plays a decisive role. As the name suggests, each pair shares its midpoint with all of the other
pairs. The setting of the common source geometry is determined by one single source and
receivers lying on the same line with an arbitrary distance to the source. In this thesis, we
consider the so called common offset geometry. This means that the distance from a source
to its receiver is always the same.

In practice, raw seismic data is often recorded by using one source and a fixed number of
receivers located in a line, i.e. in the common source geometry. This arrangement is called
a “shot”. A survey of an area consists of many shots. In order to obtain recordings on a
whole area, the arrangement described above is shifted. In theory, the data which relates
to the considered acquisition geometry is picked out of these recordings. In marine seismol-
ogy typically an airgun is used as source and hydrophones as receivers (see also [Sym09]).
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Experiments on shore work with hammer blows as sources and geophones as receivers, for
example.

The aim of seismic imaging is to deduce material parameters from the recordings of the
receivers. This means that we have observations and want to reconstruct the factors which
caused them, i.e. we consider an inverse problem. The corresponding direct problem is given
when we know the material the waves go through but are interested in how it changes the
speed of sound of the wave. An obvious approach is to search for a direct inversion formula. In
many cases this is not possible and in applications we only have limited data available. Hence,
even if a direct inversion formula exists, it might be useless in practice. In this thesis, we
present an approach to obtain information about the cause from observations in the situation
of seismic imaging with the common offset acquisition geometry.

In 1921 John Clarence Karcher first used the reflection seismic method for petroleum
exploration (see [Bro99]). His notes are the oldest remaining documents concerning the
usage of seismic imaging. In May 1929 Karcher applied for a patent of the method he used,
which was accepted in February 1932 [Kar29]. Since that time, many people have improved
his methods to obtain information about the earth’s or ocean’s subsurface by seismic imag-
ing. The progress of this technique starts with the pioneering work of Bleistein and Cohen
published in [BC77] and [BC79]. The book [BCS01] they wrote together with Stockwell ad-
ditionally yields a broad overview of the developments in seismic imaging. A more detailed
historical outline is given in the topical review [Sym09] by Symes. He also illustrates how
mathematics influenced practical application.

In the presented approach we simplify the elastic wave equation by some physical restric-
tions. We assume that no shear waves appear and the medium has constant mass density.
Further, we consider a constant background velocity ¢ and interpret the speed of sound v of
the excited waves as the background velocity plus an additional perturbation. More precisely,
we take

114 n(x)
v2(z) c?

for z € R3. The quantity n thereby contains the same singularities as v, which occur when
the material of the subsurface changes. Henceforth, we are searching for n instead of the
actual speed of sound v. The last simplification we make is to assume the absence of mul-
tiple scattering. This assumption is very common. According to the topical review [Sym09]
it causes only small errors in case of our choices for ¢ and n. These already small errors can
be minimised according to the authors of [BDM18]. Therein they invent a model to map
measured seismic data to data which contains virtually no effects caused by multiple scat-
tering. After adapting measured data by this model, the data concerning multiple reflections
is filtered out. Every method, which does not regard multiple scattering, is suitable for the
filtered data. However, we take the small errors into account and do not manipulate the data.
After some computations, we approximate n by the solution of the equation

Fn=y. (D

Here, the right-hand side, given by y, represents the measured data and the operator F' is
defined by

Fn(s,t) := /E( t)n(as)da(x)
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for (s,t) € Spx (2c, 00) with an open, bounded and connected subset Sy C R? and a weighted
surface measure o on F(s,t). The parameter s € S, determines the location of the source
xs(s) = (51,82 — @,0)" and the receiver x,(s) = (s1,s2 + @,0)", which have a constant
distance 2« with offset o > 0. Further, we have

E(s,t) == {z € R} ||xs(s) — 2| + |7 — x.(s)| = t}

for (s,t) € So x (2a,00) with R3 := {y = (y1,92,93)" € R*|y3 > 0}. Hence, we integrate
along open half-ellipsoids with the two foci x;(s) and x.(s) and the travel time ¢.

The representation of the operator F' raises the question whether a function can be de-
termined by knowing certain means of this function. This problem has already been studied
by Johann Radon. In 1917 his report “Uber die Bestimmung von Funktionen durch ihre In-
tegralwerte ldngs gewisser Mannigfaltigkeiten” was published (see [Ral7]). Therein, Radon
approached the determination of functions from their integral values along certain manifolds.
He answered the question in case of sufficiently smooth functions depending on two variables
and their line integral over all lines in the plane, where the functions are defined on. In this
case, he also proved an inversion formula. Both formulas are named after him, the Radon
transform and the inverse Radon transform.

As the German title of Radon’s publication suggests, integration along certain manifolds
and not only along lines is not far to seek. Under certain conditions such integral represen-
tations are called generalised Radon transforms. We introduce them according to Quinto
in [Quin80] by their defining measures. Then, we verify that the operator F' satisfies the
required conditions to be a generalised Radon transform. Since we integrate over open half-
ellipsoids, the operator F is often called the elliptic Radon transform.

To the best of our knowledge there is no inversion formula for F' if we have the full data
over all open half-ellipsoids. However, in the application we only have data limited by the
numbers of sources and receivers determined by Sy and a certain interval of travel times ¢.
Thus, even if there exists an inversion formula for F' in case of full data, it does not apply in
practice.

For this reason, we choose a different approach to obtain information about n. By our
ansatz, n is a kind of perturbation in addition to a constant background velocity. The quantity
n has the same singularities as the speed of sound, which occur when the material changes.

In order to describe singularities of a function or even a distribution, there is the notion
of the wave front set. It contains the locations of the singularities and, roughly speaking, in
which direction the functions are not smooth.

The name wave front set is derived by the fact that for a fixed time ¢ the singularities
of the solution to the wave equation are located at all points with travel time ¢. In case of
constant velocity, these points are precisely the ones with the same distance to the source,
which excited the wave. The directions related to the singularities point in the direction of
the movement of the wave. By this means, the wave front set describes the evolution of a
wave front in the physical sense.

For the determination of the wave front set of n we apply a result of microlocal analysis,
a field that goes back to Hormander and Sato. They started independently of each other to
consider local properties of distributions and certain functions. The groundbreaking work of
Hoérmander for pseudodifferential and Fourier integral operators with smooth symbols is still
widely used today. At the beginning and throughout Chapter 2 we give some more details
concerning his work.
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The approach for the determination of the wave front set of n is to consider the wave front
set of An where A is a so called reconstruction operator. For this reason, we have to find an
operator A which adds no singularities and preserves as many as possible.

One of the aforementioned results from microlocal analysis is that applying a pseudo-
differential operator to a function or a certain kind of distribution does not add any singu-
larities. If the pseudodifferential operator is additionally elliptic, it even preserves the wave
front set. However, ellipticity on the whole domain of the operator is a strong assumption,
but a weaker generalisation suffices. Provided that A is a pseudodifferential operator, which
is microlocally elliptic at certain points, the singularities and their directions related to these
points are preserved.

In this thesis, we take advantage of a result in [GS77]. Since we are able to verify that F'
is a generalised Radon transform and satisfies another condition provided in [FKNQ16], we
obtain that the operator F*¢ F' is a pseudodifferential operator, where v is a smooth cut-off
function. Further, we present a more elementary approach to verify that F*¢ F is a sum of a
pseudodifferential operator and a smoothing operator, i.e. an operator without singularities.
For this purpose, we rewrite F*¢)F" and finally obtain an explicit expression of the top order
symbol of F*y F.

A pseudodifferential operator with positive order emphasises the preserved singularities.
We thus augment the operator F*iyF with differential operators in order to get a recon-
struction operator A of positive order. Then, we determine at which points the operator A is
microlocally elliptic and at which it is smoothing.

In a further step, we analyse the asymptotic behaviour of the top order symbol of A. Using
these results, we modify A in different ways. We also investigate the microlocal properties of
the modified operators.

Now, the question is posed how we deduce the value of An at a point in the subsurface
from the measured data y. At this point the structure of A helps to proceed.

The reconstruction operator A contains the composition F* F. Thus, by applying A to n
the term F'n appears, which is according to identity (1) equal to the given data y. Using this
observation, we calculate An evaluated at points p in the subsurface numerically and obtain
reconstruction images presenting an approximation of An.

In these reconstruction images we see the qualitative behaviour of n. The jumps we notice
therein are the singularities which occur between different material layers. By this means, we
obtain an impression how the underground is composed and what is beneath the surface. We
recall that An and n are only connected by their singularities and we do not get quantitative
results.

Beside the mentioned analytical investigations of the operator F' and the reconstruction
operator A, the second major part of this thesis is the implementation of the approximation
of An at a certain point.

In order to efficiently compute An we use geometrical considerations to simplify the cal-
culation of F applied to certain functions. We test our implementation for synthetic data and
different choices of parameters. Here, we also regard the modified reconstruction operators
and compare them with A. Finally, we show that our implementation yields good results in
an experiment with data generated from the wave equation.

In the joint work [GKQR18a] with Kunstmann, Quinto and Rieder we analyse the same
setting in two space dimensions. In this case, the operator F' does not integrate along open
half-ellipsoids but along open half-ellipses in R2 . Different from this thesis, the operator F
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therein is approximated to simplify calculations. The numerical examples performed there
are comparable to the ones in this thesis.

Again, jointly with Kunstmann, Quinto and Rieder we show in [GKQR18b] some microlo-
cal properties of the operator F' in two space dimensions and present numerical experiments
with different reconstruction operators as a continuation of [GKQR18a]. Therein, we deter-
mine the top order symbol of F*¢F in two and three space dimensions. Here, we greatly
benefit from the publication [Quin80]. We state the three dimensional result in this thesis
again and argue why the mentioned theorem in [Quin80] is applicable. However, we do not
repeat the calculations already given in this publication.

Another closely related work is [QRS11] by Quinto, Rieder and Schuster. The authors
consider a different acquisition geometry in three space dimensions, which corresponds to
choosing « = 0 in our approach, i.e. source and receiver location coincide. This fact simplifies
many of the appearing computations. Since they also assume the background velocity to be
constant, this leads to an operator which integrates along open half-spheres. The reconstruc-
tion operator used there contains additional differential operators. However, they derived its
representation motivated by an existing inversion formula in their setting.

The microlocal properties of operators R integrating along manifolds and the associated
normal operators R* R have been studied in various publications. At this point, we mention
a few, which are connected to the content of this thesis.

The publication [KLQ12] is about the microlocal properties of the normal operators in
two different acquisition geometries. The geometries are given in two space dimensions and
one of them is the common offset geometry.

In [FKNQ16] the authors analyse the microlocal properties of the normal operator in the
common offset and common midpoint geometry. We benefit from their result that the Bolker
condition is satisfied in case of the common offset geometry. According to this publication,
the Bolker condition does not hold in the common midpoint setting. Hence, our approach
would not work in this geometry.

The publication [FQ15] deals with the artifacts in numerical reconstructions caused by
limited data. The results the authors present therein are visible in our numerical experiments.

Microlocal properties of similar operators and the associated normal operators have also
been studied in [FG10], [KQ11], [NS97], [Quin93] and many more.

In Chapter 1 of this thesis we derive our setting from the acoustic wave equation. Further,
we introduce the prolate spheroidal coordinates we use many times throughout this thesis.
Finally, we remark which changes appear if we consider a non-constant background velocity.

Background information concerning microlocal analysis is provided in Chapter 2. More-
over, we introduce generalised Radon transforms.

Chapter 3 attends to all theoretical investigations in conjunction with the operator F'. In
Section 3.1 we prove that the operator F' is a generalised Radon transform by verifying the
required conditions stated in [Quin80].

The representation of F' as a Fourier integral operator is derived in the first subsection
of Section 3.2. Afterwards, we consider the normal operator F*yF where 1 is a smooth
cut-off function. According to [FKNQ16], the operator F’ satisfies the Bolker condition. For
this reason, a result in [GS77] yields that since F is a generalised Radon transform, the
operator F*yF is a pseudodifferential operator. In order to analyse which singularities of
certain distributions n are preserved by the operator F*¢ F we calculate the wave front set
of F*yF'n. The proof is similar to the one in [KLQ12] where the authors consider the full
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space R3. Based on this result, in Section 3.3 we define a reconstruction operator A and
explain our choice. Further, we state the top order symbol of A and refer to Section 5.2
in [GKQR18Db] for the calculation. The explicit expression therein is a result obtained by
applying Theorem 2.1 in [Quin80]. However, this approach is not easily accessible. For this
reason, we present a more straightforward way taking advantage of the structure of F*¢F.
Using the obtained representation of the top order symbol, we analyse in which points the
operator A is microlocally elliptic. As a consequence, we draw conclusions which of the
singularities of n are preserved or even emphasised by applying A. Moreover, we show that A
is smoothing off the closure of the set in which it is microlocally elliptic. In the last subsection
we modify the operator A. For this purpose, we analyse the behaviour of the top order
symbol depending on the offset «. Based on these results, we define modified reconstruction
operators. Finally, we deduce the microlocal properties of the modified operators from those
of A.

In Chapter 4 we explain how we obtain an approximation of An evaluated at a fixed
point. A description how to apply the method of the approximate inverse in order to obtain
the searched approximation is given in Section 4.1.

In the numerical experiments we present later on we choose a sum of characteristic func-
tions of balls and one half-space as n. In order to generate synthetic data of n, we reformulate
F applied to the characteristic function of a ball and a half-space. This is presented in Section
4.2 and Section 4.3, respectively. The first reformulation is also helpful for the reconstruction
kernel appearing in the method of the approximate inverse.

The last chapter of this thesis focuses on numerical experiments. Except for the data,
the reconstruction kernel is the second essential part we need to obtain an approximation
of An. In Section 5.1 we calculate the different reconstruction kernels associated to the
reconstruction operator A as well as to the modified ones.

Further preparations are made in Section 5.2. We explain the expectations we have of the
reconstructions based on the considered data and take a closer look at the implementation
in the coding language Python.

In the very last section of this thesis we present the results obtained by different numerical
experiments. First, we illustrate experiments using the reconstruction operator A and discuss
the choices of certain parameters in the implementation. Afterwards, we observe what hap-
pens if we simulate errors in the positioning of sources and receivers. In a second experiment
we see what changes if the distance between source and receiver used for recording data is
different than their distance in the reconstruction procedure. In the next subsection of Sec-
tion 5.3 additional reconstructions obtained by using the modified reconstruction operators
introduced in Subsection 3.3.3 are presented. We compare the reconstructions obtained by
the different reconstruction operators and note the improvements achieved by the modifica-
tions. The section concludes with the presentation of results we received using data from the
wave equation. Here, we evaluate solutions of the wave equations (see Section 1.2) at the
receiver points.



CHAPTER 1

Derivation of a problem in seismic imaging

We start this first chapter with a detailed list of the notions we use throughout this thesis.
Subsequently, we derive the statement of the problem in seismic imaging we consider. A
special kind of coordinates will be constantly recurring throughout this thesis. We state
these coordinates and show how we apply them to reformulate the operator we obtained
from the problem. Last, we remark the differences which arise by assuming a non-constant
background velocity.

1.1. Notations

In this thesis, we use N to denote the set of strictly positive integers. Now, let d € N. For v =
(u1,...,uq) and @ = (U, ..., uq) in R% we write u - for the Euclidean scalar product defined
by u-u := Zle u;u;. Further, |-| is the corresponding norm. We also denote the multiplication
of an element u € R? with A € Rby A - u = (Auy, ..., Auy) if it makes understanding easier.
The space R is the open half-space in R? given by R} := {z = (z1,22,23)" € R®|z3 > 0}.

For a multi-index o € N¢ the differential operator D¢ means Dg = 931 ... 924,

We denote by C°(R?) the space of infinitely differentiable functions with compact sup-
port. Further, S(R?) is the Schwartz space or the space of rapidly decreasing functions. These
functions are infinitely differentiable and they and their derivatives go to zero as z — 4o
faster than any inverse power of = € R?,

We use the following form of the Fourier transform. For u € S(R?) the Fourier transform
is given by

~ 1 o
(FF) = (@)= —— [ f(e¢d¢

(2m)% Jra

and its inverse is

F = [ g@eta
(2m)z Jra

For Banach spaces X and Y we denote by £(X,Y") the set of linear continuous operators
from X to Y. The dual space £(X,R) of X is called X*. We also define for T' € £(X,Y") the
dual operator T*: Y* — X* by (Tx,y*) = (x, T*y*) for all x € Y and y* € Y*. Here (-, -)
is the dual pairing, consequently we have z*(z) := (x,2*) for z € X and z* € X*.

If we denote by £(R?) the space of smooth functions with a suitable topology, the dual
space is given by the space of distributions with compact support named £’(R%). The dual
space of S(R?) is the space of tempered distributions S’ (R?). Last, we equip the space C°(R9)
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with its usual topology and write therefore D(R?). Then, the dual space is D’'(R?), the space
of distributions.
We introduce the Sobolev space H” (R?) for r € R given by

H'(RY) :={f e S'R)|(1+] - [))2Ffe LXRT)},
i.e. we have H"(R?) Ce L?(R?) for r > 0. In addition, for an open subset 2 C R? we define
HL.() == {u e D'(Q) | du € H' () for each ¢ € C=(Q)}.

For a given set A C R? the characteristic function y 4 is defined by

() 1, ifreA,
€Tr) =
xa 0, ifzdA,

for z € RY. By 9A we denote the boundary of the set A. We write B, (p) := {x € R?| |z —p| <
r} for an open ball and B, (p) := {x € R? | |z — p| < r} for a closed ball in R? with midpoint
p € R? and radius r > 0. With S9! = {z € R?||z| = 1} we denote the unit sphere in R,
the boundary of the ball with radius one and midpoint zero.

Furthermore, C, denotes a constant with C, > 0 that depends on the parameter a.

Finally, we use Id to denote the identity on a set which becomes clear by the context.

1.2. The considered problem

We consider an inverse problem of seismic imaging. This means we have a source x; which
excites a wave at time ¢ = 0. The excited wave propagates through different material layers
and has a different speed of sound depending on which material layer it goes through. In the
meantime, this wave is reflected and its reflections are recorded by a receiver x,.

We want to reconstruct the speed of sound in order to distinguish between the different
material layers and to obtain their locations. Actually, this is modelled by the elastic wave
equation. However, we simplify the model by assuming that no shear waves appear and that
the medium has constant mass density. Then, the propagation of waves excited at the source
point xs with speed of sound v is described by the acoustic wave equation

L
v2(x)

for time ¢ > 0 and at location = € R?, where x, is the source point. As initial conditions we
take

QPu(t, x;xs) — Au(t, 13%,) = d(z — x4)d(t) (1.1

U(O, : 7Xb) = 615“’(0’ ' ;XS) =0 (1-2)

since we assume the environment to be at rest before the wave is excited. The task is to re-
construct the speed of sound v from the backscattered field u(¢, x,; x5) observed at a receiver
point x, for (¢,%;;xs) € [0, Tmax] X R X S, where T, is the recording time and R and S
are the sets of receiver and source positions, respectively.

In this thesis, we consider a special scanning geometry with constant distance from source
to receiver. This geometry, the so called common offset geometry, is realised by x, = x5(s) =
(s1,82—a,0)" and x, = x,(s) = (s1,52+a,0) " for fixed offset o« > 0 and (sy,s2) € So C R?,
which is a non-empty open, bounded and connected subset of R?. We remark that in the
considered coordinate system the third space direction points downwards, i.e. source and
receiver are at the surface. An illustration is given in Figure 1.1.
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source Xs(s) receiver X, (s) source Xg(s) receiver x,(s)

Figure 1.1: An illustration of the setting for fixed s € So. Here, we have two different material
layers with speed of sound v = 1 in the blue area and v = 1.5 in the yellow one.

In order to solve the mentioned problem, we make the ansatz

I 1+n(x)

v2(z) 2 (13)

for x € R? with a smooth and a priori known background velocity ¢, which we assume to be
constant, and a function n with supp(n) C R3. We recall that R} = {z = (z1,22,23)" €
R3 |$3 > 0}

For simplicity, we choose ¢ = 1. The corresponding reference solution w satisfies (1.1)
with speed of sound ¢ = 1 instead of v, i.e.

Ot z;x4(5)) — ATi(t, 13%4(s)) = d(z — x4(5))d(t) 1.4

for time ¢ > 0 and z € R3.

By this ansatz, we are searching for n instead of v. Physically the quantity n can be inter-
preted as kind of reflectivity which includes the high frequency variations of v (see Section
3.2.1 in [BCSO01]). For the further procedure we follow the lines of [BC79] and [Sym98].
We insert ansatz (1.3) in the acoustic wave equation (1.1). Afterwards, we subtract equation
(1.4) and end up with

02 (u — ) (t, 2;%4(8)) — Au — ) (t, 2;%4(5)) = —ndful(t, r;%x4(s))

for t > 0 and = € R3. By Duhamel’s principle a solution of this equation is given by
(u—u)(t,y,xs(s / / x)O2u(r, ;%4 (s))u(t — r,y; o) do dr (1.5)
RS

fort > 0and y € R3. Here, u is the fundamental solution since it solves equation (1.4). From
now on, we write 0; for the derivative with respect to the first variable, i.e. with respect to
time, to avoid confusion.

We do not have any further information about u, so we have to approximate the right
hand-side. For this reason, we define formally the operator B by

Bu(t,y; xs(s / / 2)0u(r, x;x4(8))u(t — r,y; x) de dr
R3
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fort > 0 and y € R3. Using this definition, equation (1.5) simplifies to u — u = Bu which we
formally rewrite as

= (Id-B)'u

We write the operator (Id —B)‘1 as a formal Neumann series. According to [Dem15], this is
valid for small n. We have

o0
u =1+ B+ B%i+ Y B
k=3

Inserting the definition of B yields

u(t,y; xs(s)) = alt, y; xs(s / / x)0Fu(r, x;x4(8))u(t — r,y, x) de dr
RS

// 32/ / V02U (rg, 23X (s ))dZdT2:|dZd’l"1+...
RS RS

fort > 0 and y € R3. Physically the first term 4 is the incident wave. If we approximate u up
to the first order, we consider single scattering. By taking also the second order, we describe
double scattering and so on. In this thesis, we do not regard multiple scattering. Thus, we
approximate

u(t,y;xs(s)) ~ u(t, y; xs(s / / )02 (r, 2;x4(s))u(t — r,y, x) de dr
R3
with the terms up to the first order and so
u(t, y; xs(s)) — ult, y; xs(s)) ~ —/ / )02 (r, ;%4 (8))U(t — 7y, x) do dr
RS

fort > 0 and y € R3.. In the literature, the term linearisation often appears in context with
this procedure since we only take the terms up to first order of the formal Neumann series.
Now, we evaluate at the receiver point x,(s) and deduce the linearised problem
u(t, % (s); Xs(s)) — u(t, xx(s); Xs(s5)) = Ln(t, x:(s); Xs(s)) (1.6)
with

Ln(t,x.(s) : / /R3 2) 02U (1, ;X4 (8))U(t — 7, %,(5); ) do dr

//R 2)OFU(t — 1,23 %5(s))u(r, % (5); ) dw dr
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for t > 0. Moreover, we calculate
— 33/ /]R3 n(x)u(t — r, z;xs(s))u(r,x.(s); ) de dr
= —&5 A /R3 x)Ou(t — r, z;xs(s))u(r, x.(s); ) da dr
4*j£37dz)ﬁ«Lz;xS()) it . (s); ) do
/ / x)OFu(t — v, w3 %4(s))u(r, x:(s); 2) de dr
RE
+/ (Wﬂ@x&(»ﬁxd))M+/1Mﬁ@m%@ﬁﬂw&@mﬂx

Ry
/ [, @Rite = v (st x,():0) o,
RS
where we used the initial conditions (1.2) in the last step. This yields

Udata(t, X:(8); Xs(8)) = —83/0 /]R3 n(z)u(t — r, z; %(8))u(r,x.(s); x) de dr 1.7)

for t > 0 with ugata = u — u out of equation (1.6).
Since we assume ¢ = 1, the fundamental solution w is given by
U(t, 25%5(5)) = ax,(5) (@) (t = T, (5) (@) (1.8)
for t > 0 and = € R? with

1
ay(x) = E and () = |z -yl

for z € R? and fixed y € R®. Thus, we have

1

Sl ) =
alt, 23%) Ar|xs(s) — x|

6(t — |xs(s) — zl)
for t > 0 and 2 € R3. Inserting this in representation (1.7) yields

udata t Xr (5))

,y/ég ) () (@)3(E = 7 — T () (%) ey () ()8 (1 — Ty (5) (@) Az dr

for ¢ > 0. The multiplication of the two J-distributions in the integrand is well defined
as we will show in the following remark. For this reason, we anticipate some notions of
microlocal analysis we introduce in Chapter 2. However, the next lines are not necessary for
understanding. It is possible to skip the remark and go on with equation (1.10) by taking
only the information that the appearing product is well defined.

1.1 Remark. We consider

J(r,x) = 6(r — 7x (5)()) and g(r,w) == 0(t —r — T (s)(2))
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for r € (0,¢) and = € R3 and take a look at their wave front sets. A definition of this notion
is given in (2.9). In order to determine them, we follow an example in [BDH14]. Related to
f and g we define

P(r,z,v) = (r — T (s) (7)) v and (;AS(n z,v) = (t =1 — 7%, (5)(2)) v
forr € (0,t), » € R® and v € R. Then, we deduce

- 1 - 1
Vie®(r,z,v) =v and Via@(r,z,v) =v
( ) ( —VaTeo(s)(@) ) ) —VaTx,(r) ()

forr € (0,t), » € R® and v € R. According to Example 23 in [BDH14], this yields

{((r,2) T, =V, 2(r, 2,0)) |7 € (0,8),2 € R} v € R}
={(< 2) " 0(=1, VaTe, (o) () 1) |7 € (0,1),2 € R}, v € R}

and

WF(g) = {((r,2) ", =Vrad(r,z,0)) |7 € (0,¢),x € RY, v € R}
= {((r,z)",v(1 s VaTx, (5)(T)) )" |7 €(0,t),z € Ry, v e R}
The product of the two distributions is well defined if there is no point (p, w) € WF(f) such

that (p, —w) € WF(g) holds. In Chapter 2 right after Lemma 2.13 we go further into details
on this assertion. The needed condition is satisfied if

-1 1
\ _ 1.9
( V:I?sz(s) (.T) ) # < vxTxr(s) (J}) ) (1.9

holds for all A € R. We have

x — x5(8)

== and VT, () (2) =
[xs(s) — 7 )

VaTx, (s) (I) =

for 2 € R? and thus |V, 7y (5)(2)| = |Va7x,(s)(2)| = 1 for z € R?. As a consequence, the only
way to obtain equality in (1.9) is in case of

Vz’rxs(s) ($) = 7vx7—x,.(s) (iL’)

is satisfied for = € R3. However, this is not possible. The third component of both gradients is
given by x5 divided by a strictly positive distance. Since x3 is strictly positive by assumption,
these values are not negative and the condition needed for the multiplication of f and g is
satisfied. Thus, the given integral is well defined without restrictions on 7, for fixed y € R3.
and we obtain

data t Xr (S))

- / /R ) () (@)3(E — 7 — T () (2) ey () ()8 (1 — T, (5) (@) Az dr
—82 T)ax, (5)(2)0(t — 7 — T (5)(2))ax, () (2)0(r — T, (5)(x)) dr d
R3

= -0} / ) (), () (D)~ T, 1) () — T ) ()

+

fort > 0.
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By the considerations in the remark before we end up with
Udata(t, X1 (8); X5(8)) = —8?/ A, () () ax, (5) (T)(2) S (t — Ty (5) (T) — T, (5)(x)) Az (1.10)
R

fort > 0.
Last, we define
1

A(s, ) 1 = 162 ay_(5) (T)ax, (5) (T) = (1.11)
R Ty (s) = allo = xu(s)]
and
P(8, @) 1 = Ty () (T) + T (s) (2) = [Xs(8) — 2| + |2 — X2 ()]
for s € Sy and = € R and therewith the operator
Fn(s,t) := / n(x)A(s,z)é(t — ¢(s,z))dx (1.12)
R

for (s,t) € Sy x (2a, 00). Then, after integrating equation (1.10) two times with respect to ¢
we end up with

Fn(s,t) = y(s,t) (1.13)

for (s,t) € Sy x (2a, 00) with
t
y(s,t) = —16772/ (t — r)uqata(r, X (8); x5(s)) dr
0

:—16772/0 (t—r)(u—u)(r,x:(s);xs(s)) dr

for (s,t) € Sp x (2, 00).

In the next subsection, we introduce a special kind of coordinates suitable to the repre-
sentation of the operator F. Using these, we rewrite the expression for the operator F' in
Subsection 1.2.2. The achievements therein convey an illustrative impression of the operator
F. We shall use these in Chapter 4 to rewrite F.

1.2.1. Prolate spheroidal coordinates

There are numerous of situations in which the Cartesian coordinates are not the most suitable
ones. Also in our setting we are able to simplify many calculations by using other coordinates,
the prolate spheroidal coordinates. Their name derives from prolate spheroids which are a
special kind of ellipsoids. More precisely, they arise by rotating an ellipse about the axis
through its two foci. These two foci characterise the prolate spheroidal coordinates, which are
related to prolate spheroids in the way spherical coordinates are related to spheres. But before
we describe them in detail, we choose the two foci which characterise the prolate spheroidal
coordinates in our case. Appropriate to the half-ellipsoids showing up in our situation we
choose for fixed s € Sy the two foci x4(s) = (s1,52 — @,0)" and x,(s) = (s1,52 + a,0)".
Since in our case the offset « is fixed, we characterise this choice by the midpoint (s1, s2,0) "
of the two foci. For this reason, we obtain the prolate spheroidal coordinates on R? with
respect to (s1,s2,0)" given by

x1 = $1 + asinh(p) sin(¢) cos(h),
xo = s9 + accosh(p) cos(o), (1.14)
x3 = asinh(p) sin(¢) sin(0)
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forp >0, ¢ € [0,7) and 6 € [0, 27).

In order to illustrate these coordinates, we take a look on how the values of the two
angles run in this coordinate system. For illustration we also consider ¢ € [0, 27). However,
it is sufficient to choose ¢ € [0, 7) in order to obtain the whole space R3. First, we consider
what we observe at the plane given by x5 = s5 fixed to clarify the location of the different
values of #. In this case, the definition of x5 yields that ¢ = %w or ¢ = %w is satisfied.
Further, for a fixed value of p we get a concentric circle by taking the two mentioned values
of ¢ and 6 € [0,2m). For different values of p we obtain different concentric circles which
are illustrated in Figure 1.2. The different values of 6 are arranged radially around the point
(s1,0).

Figure 1.2: Cross section at z; = s; for § € [0,27), ¢ € {3, 2n} and four choices of p. The
point in the middle is given by (s1,0).

For a visualisation of the angle ¢ we consider the plane given by x; = s;. According to
the definition of x; we then have 0 = %w or§ = %ﬂ'. Moreover, for a fixed value of p, the
two mentioned angles of 6 and ¢ € [0, 27) yield an ellipse with the two foci (s; — ,0) " and
(s2 + ,0)T. In contrast to # the angle ¢ is not arranged concentric. The four multiples of
7 are positioned orthogonal in a cross and the others in between are located in hyperbolic

orbits. This is illustrated in Figure 1.3.



1.2. The considered problem 15

Figure 1.3: Cross section at z; = s; for ¢ € [0,27), 6 € {4, 2n} and four choices of p. The
point in the middle is given by (s2, 0), the two other points are the two foci.

In our setting we consider values of z in R3 , so we have z € R® with z3 > 0. This yields
the limitations 6 € (0, 7) and ¢ € (0, 7) on # and ¢ since we do not need all values of § and ¢
in [0, 27) to describe the half-space R? . Beside the restrictions on the angles, we reformulate
the coordinates stated in (1.14) once again. For fixed p > 0 and ¢,6 € (0,7) we obtain
an open half-ellipsoid by the coordinates given in (1.14). For each point of the open half-
ellipsoid the sum of the two distances from this point to the two foci is constant. This sum
is the travel time T of the open half-ellipsoid. For fixed p > 0 the value of T is constant and
given by 7' = 2a cosh(p). Using this relation, we reformulate the coordinates with respect to
(s1,52,0)" stated in (1.14) to

z1 =81+ 1/ 2T? — a?sin(¢) cos(6),

To = 89 + %TCOS(@, (1.15)

z3 =/ 1+T? — a?sin(¢) sin(0)

for T > 2a, ¢ € (0,7) and 0 € (0, 7). Given a fixed travel time T this reformulation yields
for 6 and ¢ in (0, ) the associated open half-ellipsoid.

1.2.2. The operator ' expressed using prolate spheroidal coordinates

In order to get a deeper understanding of F', we rewrite the representation

Fn(s,t) = / n(x)A(s,z)é(t — ¢(s,z)) dx
R

for (s,t) € So x (2, 00) in case of n € C2°(R%) by using the prolate spheroidal coordinates
introduced in (1.15). According to the second point of Section XI.3.1.2 in [Stei95], we un-
derstand the measure ;1 = §(t — (s, z)) dx as an associated measure to a hypersurface S.
Since

.
) — xr1—S1 xr1—S1 To—S2+ta To—So—Q T3 T3 11
Vap(s, ) (Ixs(s)—w\ T o= (s)] + =2l T \z—xr(sn) (1.16)

xs(s)—zl T [z=xe(s)]? [xs(s
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does not vanish on R? due to the fact that z3 > 0 holds, this associated hypersurface is
defined by ® with ®(s,t,z) =t — ¢(s,z) for z € R} and fixed (s, t) € Sy X (2a,0), i.e. S =
{z € R3 |¢(s,x) = t}. In Lemma 3.1 we will see that the hypersurface S is an open half-
ellipsoid in R3.

By the definition of Dirac measures related to hypersurfaces, we deduce

Fn(s,t) = /R3 n(x)A(s,z)é(t — ¢(s,z))dx

+

= n(x)A(s,z) dx
e—0 2¢ /{meRi | —e<®(s,t,x)<e}

n(z)A(s,z)dz
e—0 2¢ /{xERi |t—e<p(s,x)<t+e}

for (s,t) € Spx(2a,00) and € > 0 such that t—e > 2a holds. Further, we rewrite this integral
by using the transformation theorem. For this reason, we define the map ¥: (¢t —,t + ¢) x
(0,7m) x (0,7) = {z €R3 [t —e < ¢(s,x) < t+e} by

s14 1/ 3T? — a2 sin(¢) cos(6)
(T, ¢,0) — Sg + %T cos(¢)
\/ 1172 — a2 sin(¢) sin(0)

Then, we obtain
det(¥'(T, ¢, 0))
L L 27gin(¢)cos(f) y/2T2 — a2 cos(p)cos(f) —/1T2 — a2 sin(¢)sin(f)
2 /?Thcﬂ 1 \V 1 1
= det 3 cos(¢) —3T'sin(¢) 0

%\/ﬁ 27T sin(¢) sin(6) \/mcos(@ sin(f) 1T? — a2 sin(¢) cos(0)

= sin(9)(— 172 + Sa? cos*(9))

for (T',¢,0) € (2a,00) x (0,7) x (0, 7). As T > 2a holds, it follows 72 > 1a? and therefore
by using cos?(¢) € (0, 1), we have

| det(V'(T',6,0))| = sin(¢)(57° — 50* cos®(¢))

for (T,$,0) € (2a,00) x (0,m) x (0, 7). Furthermore, sin(¢)(§72 — $a?cos?(¢)) = 0 is
equivalent to sin(¢) = 0 or ;172 = cos?(¢). By assumption ¢ lies in (0, 7), so we only have
to consider the second condition. Due to T' > 2« and cos?(¢) € (0, 1) for ¢ € (0, 7) there is no
solution of the second equation. Hence, | det(¥’(¢, ¢, 0))| # 0 and ¥'(T, ¢, 0) is invertible for
all (T,¢,0) € (2a,00) x (0, 7) x (0, 7). Further, ¥ is injective and continuously differentiable.
Thus, ¥: (t—e,t+¢) x (0,7) x (0,7) = U((t—e,t+e)x (0,7) x (0,7)) ={z €eR3 [t—e <
p(s,z) < t+ e} is a diffeomorphism. By the transformation theorem we obtain

Fn(s,

= lim —/t / / (s,T,9,0))A (s,x(s,T,gZ),@))sin(gi))(%T2 — %az cosz(d)))dd)dedT
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for (s,t) € Sp x (2, 00).
In order to simplify the integral we compute the function A in dependence on the prolate
spheroidal coordinates with respect to (sy,s2,0) . We have

|XS(S) - {E(S, Tv ¢7 9)||‘T(Sa T? ¢7 6) - XF(S)|
=/(1T2 — 02) sin%(9) cos2(0) + (o — AT cos(6))? + (172 — a2) sin®(6) sin’(6)

. \/(iT2 — a?)sin®(¢) cos2(0) + (a + 3T cos(¢))2 + (T2 — a2) sin®(¢) sin®(6)

:\/(iT2 — a?)sin®(¢) + a2 — oT cos(¢) + 112 cos?(¢)

/(T2 — a2)sin?(6) + a2 + aT cos(6) + 172 cos?(9)

:\/iT2 + a? cos?(¢p) — aT cos(o) \/iT2 + a2 cos2(¢) + aT cos(¢)
=(3T — acos()) (3T + avcos(¢)) = 117 — o cos*(¢)

for (T,¢,0) € (2a,00) x (0,7) x (0,7), where we used T > 2« and so 3T > acos(e).
Therewith, we obtain
1 1

Al 0O = T = 16, e 5. 76,0 (o) 112 — % o (9)

for (T, ¢,0) € (t —e,t +¢) x (0,7) x (0, 7). This yields

— 2(s,T,4,0)) sin(¢) (272 — La? cos?
Fn(s,t) = lim /t / / 5 SmOGT -~} (4)) d¢ A9 dT

e—0 2¢ 1T? — a2 cos?(

= llm/tt+6/ / (s,T,¢,0))sin(¢)dpdodT

e—0 2 2¢

for (s,t) € Sy x (2a, 00). Last, by applying the Lebesgue differentiation theorem, we end up
with

/ / 2(s,t, 6,0)) sin(¢) dp do (1.17)

for (s,t) € Sy x (2, 00).

In order to extend the representation of F', we consider the map V¥ for fixed ¢ € (2«, c0),
which we denote by ¥,. Then, we have U;: (0,7) x (0,7) = {z € R} |¢(s,z) = t}. For
fixed (s,t) € So x (2a, 00) the measure p(s,t) := A(s,z)d(t — ¢(s,x)) acts on C2°(R?) via
identity (1.17). Since this representation is also well-defined for n € L*(¥,((0,7) x (0, 7))),
we are able to extend the operator F on L*(W,((0,7) x (0,7))) by

/ / (51,6, 0)) sin(¢) de 6

for (s,t) € Sy x (2a, 00), where F'n(s,t) is measurable for (s,t) € Sy x (2c, 0).
Later on, we consider functions with compact support. Thus, we are able to limit the
interval for the angles ¢ and 6, where the limits for ¢ depend on 6. We conclude

o [ O(0)max
/ / ,0)) sin(¢) de df (1.18)

G)mm
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for (s,t) € S x (2, 00) with
amin = 0min(£7 t) = mln{& S (Oa ﬂ-) | .’,E(S, ta ¢a 9) S Supp(n)}v
emax = amax(sa t) = max{e € (07 7T) |$(8a tv d)v 0) € supp(n)}

and

$(0)min = ¢(0)min(s,t) := min{¢ € (0,7) | z(s,t,,0) € supp(n)},

Summarised, for fixed (s,t) € Sy x (2a, 00) we integrate over an open half-ellipsoid which
intersects the support of the function n. After the reformulation we determine the minimal
and maximal angles defined above such that the point z(s, ¢, ¢, 6) of the open half-ellipsoid
lies in supp(n) to evaluate F'n at a point (s, t).

We note that this works in the same way if we consider R? instead of R?. In this case,
we define ¥ on (t —e,t+¢) x (0,7) x (0,27). Also the argumentation, why the determinant
det(¥’) does not vanish, remains the same. For n € C2°(R3) we obtain

max  P(0)max
= A _ .
Fn(s,t) /}R3 n(z)A(s,z)6(t — (s /mm /(e)mm (s,t,¢,0))sin(¢) dp dd
(1.19)

for (s,t) € S x (2, 00) with

emin = omin(57 t) = mln{9 € [07 27{) ‘I(S7 ta ¢a 0) € Supp(n)}v

Omax = Omax(s, t) := max{6 € [0,2) [ x(s, 1, ¢,0) € supp(n)}
and

In case of R3, we are also able to extend the operator. For n € L!(¥;((0,7) x (0,27))) we
define

/ / x(s,t,¢,0))sin(¢) dp df
for (s,t) € Sy x (2a, 00).

1.2.3. A note concerning a non-constant background velocity ¢

At the beginning of Section 1.2 and in the whole thesis we consider the background velocity
c to be constant and even equal to 1. Nevertheless, we take a short look what changes if we
allow ¢ to be not necessarily constant but still smooth.

In this case, we make the same ansatz as stated in the case of constant c to solve the
problem. However, @ is then a solution of

- ( 0 “u(t, x;%5(8)) — Au(t, z;x5(s)) = 0(x — x4(8))0(t) (1.20)

for t > 0 and = € R3. Further, the difference uq,¢, of v and u solves

8t2udata(t, Z;X5(8)) — Audata(t, T3 Xs(s)) = — :2((2)) 3t2u(t7 x;%s(8))

b
c*()
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for t > 0 and € R3. Again, by Duhamel’s principle we obtain
Udata (t, Xc(5), / / 2)Otu(r, x;x4(8))u(t — r, x:(s); 2) de dr
R3

for ¢t > 0 since the fundamental solution is given by u. As before, 9; denotes the derivative
with respect to the first variable. Linearisation leads then to the linearised problem

Udata(t, X:(8), / /Rd x)03u(r, ;%4 (8))u(t — r, %:(s); 2) de dr

for ¢ > 0. Since the speed of sound c is not constant anymore, we do not know the repre-
sentation of u. However, if we additionally assume that there exists one and only one ray
which connects x € supp(n) with each x4(s) and each x,(s) for s € Sy, the solution @ can be
approximated by a progressing wave (see [Sym98]). Under this assumption, which is called
the geometric optics approximation, we approximate u by

ult, 25%s(8)) & ax,(s) ()0 (t = T, (5) (7)) (1.21)

for t > 0 and = € R®. Here, the functions a, and 7, are smooth for fixed y € R3 . Moreover,
for fixed y € R? the travel time 7, solves the eikonal equation

|Vry ()] =

2(2) and T,(y) =0

for z € R? and the amplitude a, satisfies the transport equation
2V,1y(2)Vaay(2) + ay(2)Apry(z) =0

for x € R? (see Section 3.2.1 in [BCS01]). These conditions are obtained by inserting the
progressing wave ansatz (1.21) in equation (1.20) and have to be satisfied. At this point
we remark that due to the different solution of 7, for fixed y € R? the equation 7,_(5) () +
Tx,(s)(x) = t for x € R3 and fixed (s,t) € Sy x (2a, o), which appears later on, does not
yield an open half-ellipsoid anymore. With this ansatz we obtain

udata(ta Xr(s); Xs<5))

= -0} /R1 n(T)ayx, (s) (T)ax, (s) (I)/O O(r = Ty (5) ()0t — 7 — Ty () (2)) dr

for t > 0. As before condition (1.9) has to be fulfilled such that the multiplication in the
integral is well-defined. Since 7, satisfies the eikonal equation for fixed y € R3, we have
IVaTx.(s)(@)] = |VaTx,(s)(2)] = % y for z € R?. Hence, condition (1.9) is satisfied if
VaTx.(s) (@) + VaTx, (s (@) # 0 for z € R* holds. Then, we have

Udata (t, % (8); %s(s)) = —33/ () ax, (5) (), (5) ()0 (E = Toe, () (%) = T () () Az

3
R

fort > 0.






CHAPTER 2

Preliminaries

In this chapter, we collect some known results from the literature we need throughout this
thesis. We also provide definitions and notions to make clear under which assumptions we
work. Whenever it is helpful for understanding, we give an illustrative example.

This chapter is split into two parts. The first one deals with microlocal analysis. Therein,
we give an introduction to this topic. We define the most important notions, give examples
and state the results we need later on in this thesis. For convenience of the reader, we present
the proofs of some results.

The topic of the second part are generalised Radon transforms. We prepare the definition
of such a transform by providing the notions needed from measure theory. Finally, we close
with the definition of a generalised Radon transform and its dual.

2.1. Basics of microlocal analysis

The theory of microlocal analysis was developed in the 1960s and 1970s. It derives from the
theory of partial differential equations and Fourier analysis. At that time, the dominating
research topics in mathematical analysis were functional analysis and distribution theory.
The mathematicians were interested the existence of solutions for linear partial differential
equations.

However, some of them developed these topics further. For example by the generalisation
of terms like the singular support of a distribution or pseudodifferential operators which ex-
isted already. In this context, we have to mention two persons, Lars Hormander and Mikio
Sato. Both encouraged the theory of microlocal analysis in their different mathematical per-
spectives.

The essential thing in microlocal analysis is to analyse a distribution in a local sense. A
good example is the comparison of the just mentioned singular support and its expansion
in microlocal analysis, the wave front set. An element is not in the singular support of a
distribution if it coincides with a C'°>°-function in a neighbourhood of this element. The wave
front set additionally contains the related directions of the singularity. Hence, not only the
location of a singularity is a part of the wave front set but also its directions. A direction
is related to a singularity if a certain property is satisfied in a conic neighbourhood of the
direction. In this way, it yields more information about the local behaviour of a distribution
concerning its singularities.

Another significant part in the theory of microlocal analysis are Fourier integral operators.
These are a generalisation of the Fourier transform introduced by Hérmander.

There are three publications [H6r65], [Hor70] and [H6r71] by Héormander which con-
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tain all his important results concerning this topic. Further, we refer to the books [Pet83]
and [Shu87] by Bent E. Petersen and Mikhail A. Shubin, respectively, and the two volumes
[Tre801] and [Tre802] by Francois Treeves. In there, the content is presented more elaborate
than in the original publications by Hormander. There is also the worth reading introduction
[BDH14] to wave front sets by Christian Brouder, Nguyen V. Dang and Frédéric Hélein.

For a first general impression of microlocal analysis we recommend the publication [KQ15]
by Venkateswaran P. Krishnan and E. Todd Quinto. This paper also has a link to the second
large topic of this introductory chapter which are Radon transforms.

2.1.1. Basic definitions and results

In this section, we present some elementary tools from microlocal analysis. For ny,ny € N
we assume Y C R” and X C R"x to be open subsets of R" and R"X, respectively, and let
N € N be given.

Before we are able to give the definitions of pseudodifferential and Fourier integral oper-
ators we define the term of a symbol which is one essential part of them.

For m € Z a function p € C*°(Y x X x RN\{0}) is a symbol of order mon Y x X x R if
for every compact set K C Y x X and all multi-indices o € N{Y, 8 € Nj* and v € Nj* there
exists a constant C'x o 3,4 > 0 such that

|DgDIDp(y, x,6)| < Cka,p(1+ €)1 2.1

for all (y,z) € K and |¢| > 1 holds and if p is locally integrable on K x {£ € RY | [¢] < 1}.

We observe that a function p € C°(Y x X x RY) which satisfies estimate (2.1) for ¢ € RV
is locally integrable. For this reason, we often only show estimate (2.1) for all ¢ € RY when
we verify that a function p € C®°(Y x X x R¥) is a symbol.

We denote the set of all symbols of order m on Y x X x RY by S™(Y x X x RY). Further,
we define the set S™°(Y x X x RY):=, ., S™(Y x X x RY).

Likewise, we define a symbol of order m on X x RN depending only on two variables.
Such a symbol p € S™(X x RY) of order m is elliptic if for every compact set K C X there
exist constants C'x > 0 and M > 0 such that

Ip(z,&)| > Cr (1 + €)™

for all z € K and all ¢ € RY with [¢] > M.

There is also a localised version of ellipticity. In order to characterise what localised means
in this situation we introduce the notion of a conic neighbourhood.

A set V. C RN\{0} is a conic neighbourhood of an element &, € RV\{0} if & € V holds,
B.(&) C V is satisfied for some ¢ > 0 and £ € V implies A\¢ € V for all A > 0. Furthermore,
a conic neighbourhood V of (z¢,&) € X x RV\{0} is a notion for an open neighbourhood
U C X of xy and a conic neighbourhood vV C RM\{0} of &y, i.e. V =U x V.

Now, let (z9, &) € X x RV\{0}. Then, a symbol p € S™(X x RY) is microlocally elliptic of
order m at (xzg, &) if there are an open neighbourhood U C X of z, a conic neighbourhood
V C RN\{0} of & and constants M > 0 and Cy,y,ar > 0 such that

Ip(z,€)| > Cuvm(1+ €)™

forall z € U and all ¢ € V with |¢] > M.
We remark that we consider functions p € C*°(Y x X x R") in the following two lemmas.
Thus, we obtain in the second lemma estimate (2.1) for all ¢ € R". Both lemmas are also
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valid if the function p is in C>°(Y x X x R™¥\{0}) and locally integrable for (y,z) € K and
|€| < 1 for every compact set K C Y x X. Then, estimate (2.1) is only satisfied for (y,z) € K
and [£| < 1 as stated above.

We now consider a special kind of homogeneous functions. In order to prove that these
functions are symbols, we need the following lemma.

2.1 Lemma. Let p € C®(Y x X x R¥) be positive homogeneous of degree | € Z with respect
to the last component, i. e.

p(y, z, A8) = A'p(y, z,€)

for dl (y,z,€) € Y x X x RN and A > 0. Further, let o € N}’ be a multi-index. Then, the
derivative D¢ is homogeneous of degree | — |a|.

Proof. On the one hand, we have
D¢ (p(y, z, 26)) = A [Dgpl(y, z, A¢)
for (y,z,€) € Y x X x RN and A € R. On the other hand, by the homogeneity of p, it holds
D¢ (p(y, =, X6)) = Dg(N'ply,z,€)) = N Dgp(y, z, &)
for (y,z,€) € Y x X x RN and X\ > 0. Equating both equations yields
NDEp(y, 2, 78) = N Dgp(y, . )

and we conclude

[DEP)(y, x, X&) = X121 D p(y, =, €)
for (y,x,£) € Y x X x RY and A > 0. Hence, Dgp is homogeneous of degree | — |al. O

Using this assertion, we are now able to verify that the functions defined in the following
lemma are indeed examples of symbols.

2.2 Lemma. Let p € C(Y x X x RY) be asymptotically positive homogeneous of degree | € 7.
in the sense that

p(y,:c, )‘f) = )\lp(ym,f) (2.2)
forall (y,z,&) €Y x X x RN with |¢| > 1 and X\ > 1. Then, p is a symbol of order .

We notice that we obtain estimate (2.1) for all ¢ € R” as the function p is smooth at zero.

Proof. Let o € NY¥, 3 € Nj* and v € Nj¥ be multi-indices. First, we consider ¢ € RY with
|€] > 1. We observe that since p satisfies (2.2) and the derivatives D? and Dy do not operate
on ¢, identity (2.2) also holds for the function D# Dy p. We therefore have

DgDIDyp(y, x,€) = [DE DL Dyl (y, z, €l g) = €' [Dg DYDY pl(y, =, 1g7)
for (y,z,€) € Y x X x RY with |¢] > 1 by the homogeneity assumption and Lemma 2.1. For
I — |a] > 0 we have

DeDPDY < |elal DD DY £
|DEDED]p(y, x,€)| < |¢] 5€meja|§|21” e D Dypl(y, =, 1)l

= I=]a DaDﬁDV

< (1+ehlel max DO‘DQD'Y , T,
< I _max (D¢ DED} (2. 6)
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for (y,7,£) € Y x X x RN with |¢] > 1, where the maximum

ID2D}pl(y, 2,67 = _max_ |[DDZDIpl(y, 2,
exists since Dg‘Df D] p is continuous and the set {¢ € RV | |¢] = 1} is compact. Further, we
take the maximum of |[D5Dgp}( -, +,&*)| over an arbitrary compact subset K C Y x X. By
continuity this exists and so we obtain for every compact set K C Y x X and all multi-indices
a, B, estimate (2.1) for (z,y) € K and ¢ € RY with |¢| > 1.
In case of | — |a| < 0 we observe

apnB I—|af anbB vy £
|Dg D Dyply, =, O < (617 _max | [[Dg Dy Dypl(y: 2, 17|
= [¢'7lel max |[DEDPDY x
|§| geRN7|f|=1H I3 p](y7 £)|
— @) ()T e iD2DEDII, 2.0
14 [¢] EeRN Jgl=1 ¢ ’

<lel=t a4 ghtlel max  |[DEDEDYp)(y, =,
<214 el max |[DEDED] 0., 6)
for (y,z,£) € Y x X x RY with |¢| > 1, where we used the monotonicity of z — £= for
z > 0. The appearing maximum exists by the arguments given above. Further, we continue
as in case of [ — |«| > 0 to obtain estimate (2.1).
Second, we consider ¢ € RY with [¢| < 1. For [ — |a| > 0 we have

|D5DBDWp<y,z5>\<g1ax|DfD"D7p<y, 2, < (1+ €)' ‘“"maxwgDﬁD”p(y, 2, )|

whereas for [ — |a| < 0 we observe
|D¢DEDYply, =€) < max | Dg DID]p(y, z.€)|
= (L €)™ P (a4 jgy e max | Dg DIDyp(y, =, )|

< 2lel=tq 4 |g])t-le max | Dg |Dg DYDY p(y, =, &)

for (z,y,£) € Y x X x RY with |¢| < 1. As before, the maximum

IDEDYp(y, x, &) = max|Dg DID)p(y, =€)

exists because D?DﬁD’pr is continuous and the set {¢ € RY ||¢] < 1} is compact. Again,
we consider the maximum of [[DZD]p(-, -,&,)| over an arbitrary compact subset K C Y x
X, which exists as [DgD;p]( -, -, &) is continuous. Hence, we find in both cases for every
compact set K C Y x X and all multi-indices a, 3, v estimate (2.1) for (z,y) € K and ¢ € RY
satisfying |¢| < 1 with two different constants.

Finally, we take the maximum of the four constants related to the four considered cases
to deduce estimate (2.1) on K x R" for every compact set K C Y x X and all multi-indices
a, B,7. O

In order to define a Fourier integral operator the following function is essential.
A real valued function ¢: Y x X x RV\{0} — R is called a phase function if

(D) ¢ € C®(Y x X x RV\{0}) is satisfied,
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(i) ¢ is positive homogeneous of degree 1 in the last variable, i.e. for A > 0 we have
d(y, 2, AE) = Ap(y, x, &) for all (y,z,€) € Y x X x RV\{0}, and

(iii) (Vy,0,Veo) and (Vi, Veg) do not vanish on Y x X x RV\{0}.

Moreover, a phase function ¢: Y x X x R¥\{0} — R is called a non-degenerate phase
function if the rank of the matrix

a£8§1¢(ya$»§) 8y851¢(y,x,§) axagl(b(yaxaé-)

: : : (2.3)
8585N¢(y,x7§) ayaEN¢(y,x7§) azaENd)(y,mag)
for (y,z,§) € ¥y is equal to IV, where
Y = {(y,2,£) €Y x X x RN\{0} | Veo(y, x, &) = 0}. (2.4)

In detail we consider the matrix

aﬁla§1¢ s afNa§1¢ aylafl(b s 8yNY a§1¢ 8ﬁcla§1¢ s 8INX 351(;5

8518€N¢ 8€N85N¢ ayla§N¢ ayNyafNQS 8961851\1(;5 833NX8£N¢

on the set 3.

Using these two notions of a symbol and a phase function, we now define a Fourier integral
operator.

Let p € S™(Y x X x R™) be a symbol of order m and ¢ € C°(Y x X x RN¥\{0}) be a
phase function. A Fourier integral operator of order k is an operator F' given by

Fu(y) :/RN/Xp(y,xyf)u(m)eidﬁy,z,ﬁ) dz d¢

fory € Y and u € C2°(X). This operator F' maps C2°(X) continuously into C*°(Y") and ex-
tends to a continuous linear map from £’(X) into D'(Y") (see Theorem VIIL.5.1 in [Tre802]).
In case the phase function of a Fourier integral operator is non-degenerate, the order of
the operator is given by k := m — (2x+m- — %). For this result, we refer to the text following
equation (5.3) on page 456 in [Tre802].
The dual operator F* of F' is given by

Fro(x) :/RN/Yp*(w,y,é)v(y)eiwzvy’f) dy d¢

for v € C°(Y) with p*(z,y,&) = p(y, z,€) and ¢*(z,y,&) = é(y,z,§) forx € X,y € Y and
¢ € RM\{0}.

In the following, we consider pseudodifferential operators which are a special kind of
Fourier integral operators (see Example 2.3). Since we only regard symbols depending on
the two variables y and ¢ later on, we only consider symbols defined on Y x RY. In principle,
the dependency on three variables is also possible and works analogously.

From now on, we set Y = X and nx = N. Leta € S™(X x RY) be a symbol of order m.
For w € C'2°(X) an operator P of the form

1

Pu(y) = G~ /RN/Xa(y,f)u(x)ei(y—z).E dz d¢
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for y € Y is a pseudodifferential operator of order m. Such an operator P maps C°(X)
continuously into C*°(X) and extends uniquely to a continuous linear map from £’(X) into
D'(X) (see Theorem 3.2.4 and Corollary 3.3.13 in [Pet83]).

Some properties of pseudodifferential operators are determined by a part of their symbol,
the top order symbol. A function o(P) € S™(X xRY) is the top order symbol of P if a—o (P) €
S™ (X x RY) holds for some m’ € Z with m’ < m and ¢(P) is positively homogeneous of
order m in the last variable.

A pseudodifferential operator with symbol a € S~°°(X x RY) is termed a smoothing
operator since it maps from £’(X) into C*°(X) (see Lemma 3.3.14 in [Pet83]).

We now take a look at the connection between ellipticity and the symbol of a pseudodiffer-
ential operator. A pseudodifferential operator P is elliptic if its symbol is elliptic on X x R,
Similarly, a pseudodifferential operator is microlocally elliptic at a point y if its symbol is mi-
crolocally elliptic at (y,¢) with an appropriate ¢ € R\ {0}. Moreover, if P is of order m
adding an element of S™ (X x RY) with m’ < m to the symbol does not change whether
the pseudodifferential operator is microlocally elliptic at a point or not as we will see in
the following. Let the symbol a € S™(X x RY™) of P be microlocally elliptic at a point
(Y0, &) € X x RN\{0}. Then, there exists a neighbourhood U C X of yo, a conic neighbour-
hood V C RN\{0} of & and constants M, C > 0 such that

la(y, )] = C(1+[)™

fory € U and ¢ € V with |¢| > M. Now, we take a symbol b € S™ (X x RY) with m’ < m,
i.e.

by, €)| < C* (1 + )™

forall y € U and ¢ € RY. We have

0y, €) +bly, ) = C(1+ )™ = C*(1+ &)™
= +1e)" (1 - g )
>0 +16)" (1 - s
= (1~ gy ) (14 lED™

for y € U and £ € V with |£| > M. By choosing M* > M > 0 large enough the term
C’(l — W) is strictly positive and so, we have shown that a + b is microlocally
elliptic in (yo, o). We observe that ellipticity is a property of the top order symbol.

As mentioned before, we verify that pseudodifferential operators are a special kind of

Fourier integral operators.

2.3 Example. Let P be a pseudodifferential operator of order m and the function ¢: X x
X x RY — R be defined by ¢(y,x,&) := (y — ) - £&. Then, we have ¢ € C°(X x X x RY)
and ¢(y, z, \¢) = A\p(y, z, &) for (y,x,€) € X x X x RN and \ > 0. Moreover, it holds

Vy¢(y7$7£) = 57 vr(b(yaxag) = 75 and ngﬁ(y,x,ﬁ) =Yy—x

for (y,z,£) € X x X xRY. Since the first two derivatives do not vanish for (y,z,£) € X x X x

RN\{O} the terms (vy¢(y7 &€, 5)7 VE¢(y7 x, 5)) = (75, Yy — ZL’) and (vz¢(ya x, E)a V§(y, x, g)) =
(¢,y — x) do not vanish on X x X x R¥\{0}. Hence, P is a Fourier integral operator.
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To investigate whether the phase function ¢ is non-degenerate we consider the matrix
given in (2.3). In this special case, we calculate

(o1 -1),

where 0 is the zero matrix in RV*¥ and I the unit matrix in RV *¥ . This matrix has rank N

and thus ¢ is non-degenerate. As a consequence, the order of Pis k = m — (M8 — Iy =m

by definition. This coincides with the order of P as pseudodifferential operator.

Linear differential operators are possibly the most popular kind of pseudodifferential op-
erators. We take a closer look at them in the next example.

2.4 Example. Let d € N and P: C°(R?) — C°(R?) be a linear differential operator of
order m, which means that P is given by

Pu(z) = Z aq(2)Du(x)

|| <m

for z € R? with a multi-index o € N¢ and functions a, € C*(R?). From the identity

(F(D*w))(x) = i (F ) ()
it follows that

Pu(z) = Z ao(2)(FLFDY)(x) = Z ao(z)FLH(il 2 0)(x)

|a| <m la]<m
1 -
= 3 walw) gy [ ileaee e ag
|a\<m
|<¥\ & i(z=v)€ o/ d
ai L [ 3 m ) < aya

for x € R? as the Fourier transform F is an isomorphism on S(R%) and C*(RY) € S(R?).
Thus, P is a pseudodifferential operator with symbol a(z, §) = 3, <, @a (z)ilelee for z, € €
R? from which it can be easily deduced that P is of order m.

Further, we calculate the explicit symbols of two differential operators in R? we need later
on.

First, we consider the Laplace operator A. In order to write this operator using multi-
indices, we define the set A := {(2,0,0), (0,2,0), (0,0, 2)} of multi-indices with length equal
to 2. With this set we have Au(z) = > ., D%u(z) = 92 u(x) + 02,u(x) + 92, u(x) for
u € S(R?), so the symbol of A is given by a(z,&) = i2(62 + €2 + €2) = —|¢|? for 2, £ € R3.
Hence, A is a pseudodifferential operator of order 2 which is even elliptic as is easy to check.

Besides this, we denote by 03 the derivative in the third space direction, which can be
described as dsu(z) = >, c p D*u(x) = Oy u(x) with B := {(0,0,1)} for u € S(R?). Thus,
the symbol is a(x,£) = i&3 for z, & € R3 and 05 is a pseudodifferential operator of order 1.

Another example of a pseudodifferential operator is the following one.

2.5 Example. We consider the multiplication operator M : C>°(R?) — C2°(R?) defined by
Mu(z) := z2u(z) for x € R3. Then, we have

— 1 —iz-1
Mu(x) = zu(r) = 23 F ' Fu(z) = 23 F ( 2 % / u(y)e de)
=23 u(y)e @Y€ dy de = z2u(y)e! @Y€ dy de
R3 JR3 R3 JR3
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for x € R3 since the Fourier transform is bijective on S(R?) and C2°(R?) C S(R?). Hence,
the operator M is a pseudodifferential operator of order 0 with symbol a(z,&) = 3 for
(x,€) € R3 x R3.

As we noted before, pseudodifferential operators map CS°(X) into C*°(X) and &£'(X)
into D’'(X). In general, it is therefore not possible to compose two of them. Nevertheless,
with an additional assumption on the first operator the composition is well defined. Before
we state this assumption, we need to define another term.

The support of a pseudodifferential operator P, which we denote by supp(P), is the com-
plement of the largest open subset U of X x X such that for all open subsets W; and W5 of
X with Wy x Wy C U we have Pu = 0 on W; for each u € C2°(W,). A pseudodifferential
operator P is properly supported if the two projection maps from supp(P) onto its first and
second component are proper, i.e. the preimage of every compact set in X under the projec-
tion map is compact in supp(P). This is an important property since a properly supported
pseudodifferential operator P: C°(X) — C*°(X) extends uniquely to a continuous linear
map from C*°(X) into C*°(X) (see Lemma 3.3.8 in [Pet83]).

For a pseudodifferential operator P with symbol a € S™(X x RY) there exists a prop-
erly supported pseudodifferential operator @ with symbol ¢ € S™(X x R¥) such that the
symbol of the operator P — (@ is an element of S~>°(X x RY). In this sense the symbol of a
pseudodifferential operator is unique.

With the above introduced property we are able to extend the domain of a pseudodiffer-
ential operator once again. If P is a properly supported pseudodifferential operator, P maps
C(X) into C°(X) and D'(X) into D'(X) (see Theorem 3.3.13 in [Pet83]). Moreover,
properly supported operators with symbol a € S~>°(X x RY) map D’(X) into C*=(X) (see
Lemma 3.3.14 in [Pet83]). Hence, these are smoothing operators.

Before we finish this section, we introduce two important sets associated with Fourier in-
tegral operators. We have already mentioned the first one in the context of a non-degenerate
phase function. Later on, we will see that these sets are important in how a Fourier integral
operator maps singularities.

Let F' be a Fourier integral operator. As defined in (2.4), the set £ is given by

2o ={(y.2,6) €Y x X x RM\{0}| Veg(y, 2, €) = 0}

The canonical relation C C (Y x R™\{0}) x (X x R"x\{0}) is defined by

C = {(y, Vyo(y,z,8);2, =V 0(y,2,8)) | (y, 2, &) € Bg}. (2.5)

Here, C C (Y x R™\{0}) x (X x R"x\{0}) holds as V,¢(y, z,{) and V,¢(y, z,&) cannot
be zero for (y,x,&) € ¥4 by the third assumption on a phase function ¢.
Besides this, we observe that for the canonical relation C'T of the dual F* it holds

CT={(z,&y.n) | (y,m;2,€) € C} (2.6)

and thus C7 C (X x R™*\{0}) x (Y x R**\{0}).
In the next example, we explicitly determine these sets for a pseudodifferential operator.

2.6 Example. According to Example 2.3, every pseudodifferential operator is a Fourier in-
tegral operator with phase function ¢(y, x,&) = ¢ - (y — @) for (y,x,£) € X x X x RY. Using
this observation, we get

S = {(5.2,) € X x X x RN\{0} |z —y = 0}.
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Consequently, the canonical relation C' C (X x RV\{0}) x (X x RV\{0}) is given by
C={(4&2,8[(y,2,8) € B} = {(2, &2, € [ # 0}

For the composition of the canonical relation C' and its transpose or the composition with
other sets, the following definitions apply.

2.7 Definition. Let the sets C' C (Y x R™\{0}) x (X x R"*\{0}), C C (X x R"x\{0}) x
(Y xR™\{0}), A C X xR"*\{0} and B C Y xR""\{0} be given. We define the compositions

CoC :={(7,&x,8)| there exists (y,n) with (%,&y,n) € C and (y,n;z,€) € C},
CoA:={(y,n)| there exists (z,§) € Awith (y,n;x,&) € C},
C" o B:={(z,&)] there exists (y,n) € B with (z,&y,n) € CT},

which are special cases of compositions of general relations.

As a consequence of the first definition given above, we find
CToC:={(z,&1,6)| there exists (y,n) with (y,n;z,€) € C}.

In the next lemma, we present different expressions for the last two compositions. For this
reason, we introduce the two canonical projections each from the canonical relation onto one
of its two two-part components. Let IT;,: C' — Y x R™\{0} be the projection onto the first
two single components and IIg: C — X x R"x\{0} the projection onto the last two single
components. The subsequent figure illustrates these relations.

C C (Y x R™\{0}) x (X x R"x\{0})

HL HR

Y x R™\{0} X x R*x\{0}

Figure 2.1: The two canonical projections of the canonical relation C.

2.8 Lemma. Let A C X x R"x\{0} and B CY x R"\{0}. Then,
CoA=TI,(IIg'(A)) and C7 o B =TRg(Il;(B)).
Proof. By the definitions of the two projections ITj, and Iy (see also Figure 2.1) we obtain

L (Tr ' (A) = TL({(y, s 2,€) € O (2,€) € A})
= {(y, n) | there exists (x,&) € A with (y,n;x,£) € C} = C o A.
Analogously, we observe
Hr(I;H(B)) = Ur({(y,n;2,€) € C|(y,n) € BY})
= {(x,&)| there exists (y,n) € B with (y,n;z,&) € C}
= {(,)| there exists (y,7) € B with (z,&y,n) € CT} =CT o B,

where we additionally used that (y,n; z,¢) € C if and only if (z,&;y,7) € CT holds. O
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2.1.2. Singularities and their propagation

We start this section with some elementary notions concerning singularities of distributions.
First, we consider the singularities given by the points at which a function is not C'°>°-smooth.
We describe the location of these singularities and state a related direction in which the sin-
gularities are relevant. For this reason, we consider localised Fourier transforms. Afterwards,
we discuss the impact of Fourier integral and pseudodifferential operators on wave front sets
which collect all necessary information on the singularities of a distribution.

In a second step we extend this concept to Sobolev spaces. Hence, we consider no longer
only points where a distribution is not C*°-smooth but also where it is not locally in a Sobolev
space H" for r € R. As in the smooth case, we examine the impact on the singularities of a
distribution when applying the just introduced operators to it.

In Chapter 3 we show that the operator F is a Fourier integral operator. Moreover, the
composition F*¢ F is a pseudodifferential operator, where v is a cut-off function which makes
sure that the composition is well defined. At this point, we use the terms we define in this
section to investigate the behaviour of the composition concerning singularities.

Now, let  C R¢ with d € N be open. For u € D(2) we define the singular support of u by

sing supp(u) := Q \ {z € Q| u coincides with a C*°-function in a neighbourhood of x(}.

Thus, sing supp(u) is the complement in 2 of the largest open set in €2 on which « coincides
with a C'*°-function. In other words, an element zy € (2 is not in the singular support
sing supp(u) of w if u is C°°-smooth in a neighbourhood of z.

Further, we are also interested in the directions in which an element of the singular sup-
port is not smooth. To describe these directions we introduce a decrease condition for a
function. A function f: R? — C is rapidly decaying at infinity on the cone V C R? if for every
N € Ny there is a constant C'y > 0 such that

[f(@)] < On(1+ |z~ (2.7)

forallz € V.
The next theorem yields that the Fourier transform of an element in &'(R%) is smooth.
Hence, we are able to evaluate its Fourier transform at a point.

2.9 Theorem. Let f be in £ (R?). Then, we have f € C*(R?) and

1
(2)

fo) = = [ s ay

for x € R%

For a proof of this theorem we refer to Theorem 2.8.1 in [Pet83]. The above condition
(2.7) is related to the smoothness of a distribution u by the following lemma (see Lemma
2.13.1 in [Pet83]).

2.10 Lemma. A distribution u € £'(Q) is in C°(2) if and only if its Fourier transform u is
rapidly decaying at infinity on R? , i.e. for each N € Ny there exists a constant Ciy > 0 such
that

[a)| < On(1+1gh~N (2.8)

for £ € R4
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Thus, if v is not C*°-smooth, there are non-zero frequency directions ¢ such that the
Fourier transform u of u does not satisfy estimate (2.8) in any conic neighbourhood V" of .

Next, we are looking for a similar criterion for distributions u € D’(2). Therefore, we first
note that ¢u € £'(2) holds for ¢ € C°(2). Moreover, we obtain that the Fourier transform
of an element in £’(§2) is smooth in consequence of Theorem 2.9. These considerations yield
the subsequent corollary (see Corollary 2.13.2 in [Pet83]).

2.11 Corollary. Let v € D'(2) and U C €2 be an open subset. Then, u|,, € C*°(U) is satisfied if
and only if ¢u is rapidly decaying at infinity on R? for each ¢ € C°(U), i.e. for each ¢ € C°(U)
and each integer N € N there exists a constant C,¢4 > 0 such that

|pu(€)] < Cn (1 + €)™
forall ¢ € R4,

Hence, the above corollary yields the searched for criterion when a distribution is smooth.

For a relation to the elements of the singular support, the points where a distribution w is
not C'*°-smooth, we consider the non-zero directions £ where a localised Fourier transform
of u does not satisfy this decrease condition.

2.12 Definition. A distribution u € D'(2) is microlocally C* at (g, &) € © x R4\ {0} if for
some neighbourhood U of x¢ in © and some conic neighbourhood V of &, in R%\ {0}, the Fourier
transform ¢u is rapidly decaying on V for all ¢ € C°(U).

According to Theorem 2.13.5 in [Pet83], we are able to restrict the set of functions ¢ in
the above definition. By this result it is sufficient that there exists a function ¢ € C2°(£2) with
#(9) # 0 and a neighbourhood V of & in R%\ {0} such that @ is rapidly decaying on V.

We are interested in the points where a distribution is not microlocally C'*°. Thus, we
introduce the set

WF(u) = {(z,¢) € Q x R\ {0} | u is not microlocally C*° at (z,£)}, (2.9)

which is called the wave front set of u.

The original definition suggested by Hormander differs from the one above. Therein,
the wave front set is described as an intersection of characteristic sets over a fixed kind of
pseudodifferential operators (see page 120 in [H6r71]). There are also some other equivalent
definitions which are discussed in [BDH14]. Anyway, [BDH14] is a very detailed written
publication worth reading with many examples of wave front sets of special distributions.

In the next lemma, we observe that the first component of WF(u) for a distribution w is
just given by its singular support. So, if u is not microlocally C* at (¢, &), the point ¢ is
an element of the singular support of u. With £, we obtain an associated direction in which
it is not smooth. Since the proof of the following lemma in [Pet83] (see Lemma 2.13.3 in
[Pet83]) is kept very short in parts, we give a detailed proof at this point.

2.13 Lemma. Let u € D(Q2) be a distribution. Then, the following assertions are valid.
(a) WF(u) is a closed conic set in 2 x R4\{0}.
(b) WF(¢u) C WF(u) is satisfied for all p € C>().

(c) singsupp(u) = 7(WF(u)) holds, where m denotes the projection of 2 x R4\{0} onto €.
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By part (a) the wave front set is conic in the sense that it is invariant under multiplication
of the second variable by non-negative scalars. Thus, we are able to consider the wave front
set as a subset of 2 x S4~1,

Before we prove this lemma, we mention another case where the singular support and
the wave front set are important. A product of a distribution v € D’(Q2) with a function
w € C™(Q) is always well defined. However, in general it is not possible to consider the
product of two distributions. Here, the wave front set plays an important role. If we have
two distributions v and v in D’(Q2) such that sing supp(u) N singsupp(v) = 0, the product
wv is well defined. This means that at every point, where one of the distributions is not
smooth, the other one certainly is as there is no point where none of both is smooth. For a
precise explanation we refer to page 55 in [H6r90]. The set of distributions for which such
a product is well defined gets larger by additionally considering the directions related to the
singular support or, in short, the wave front set. Let v and v be again two distributions in
D'(Q2). If there is no point (z,£) € WF(u) such that (z,—¢) € WF(v) holds, the product uv
is well defined. These condition is called Hérmander’s condition. It is stated in Theorem 13
in [BDH14] and based on page 267 in [H6r90].

Proof of Lemma 2.13 (a) By definition, the complement of WF (u) is the union of the neigh-
bourhoods U x V of (zg,&p) from Definition 2.12. Thus, WF(u) is closed. Moreover,
if u is microlocally C*° at (xq, &) it follows by definition that « is microlocally C*° at
(0, AE) for A > 0. Hence, WF(u) is conic.

(b) Let (zo,&) ¢ WF(u). Since we have ‘M(f)‘ < ||w||oo\@(§)| for ¢ in a neighbourhood
V of &, it follows (xq, &) ¢ WF(gu).

(c) To show the first inclusion, we assume zy ¢ singsupp(u). By definition there exists
a neighbourhood U of xy with u|y € C*°(U). According to Corollary 2.11, it follows
that ¢u is rapidly decreasing on R¢ for each ¢ € C2 (1), which in turn means that v is
microlocally C* at (o, ) for ¢ € R?\{0}. Therefore, we get (g, &) ¢ WF(u) for each
¢ € R4\{0} and conclude zg ¢ m(WF(u)).

For the second inclusion, we assume zo ¢ 7(WF(u)). By definition this means that for
all & € R9\{0} there exists a neighbourhood U of x, and a conic neighbourhood V' of
&o such that for each ¢ € C2°(U) and each N € Ny there exists a constant Cy 4 > 0
such that

pu(€)] < Cnp(1+1€)~N (2.10)

forall ¢ € V. Aswe have already observed, the wave front set WF(u) is a conic set, i.e. it
is sufficient to consider ¢ € S?~!. Thus, we take all £, € S?~! and obtain a covering
of S9=1 which contains the related conic neighbourhoods V. The compactness of the
sphere S¢~! implies the existence of a finite subcovering of neighbourhoods V of finitely
many & € S% 1. For each of these &, we have estimate (2.10) with a different constant
Cn,¢ > 0 on a neighbourhood V' of ;. By taking the maximum C%, 5 > 0 of this finite
number of constants we obtain that for all ¢ € S?~! there exists a neighbourhood U of
xo such that for each ¢ € C°(U) and each N € Ny we have

|pu()] < Cryp(1+1[€)*
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for all ¢ € S9-1\{0}. Since the wave front set is conic, this estimate is valid for all
¢ € R4\{0}. Corollary 2.11 thus yields that u|y is in C* for each neighbourhood U of
xo. Hence, we obtain z( ¢ sing supp(u).

O

For an impression of how a wave front set might look like, we determine it in case of some
characteristic functions.

2.14 Example. (a) We consider the square S := [0, 1]? in R2. Further, let x5 be the char-
acteristic function on S, i. e.

1, if(z,y) €S,

0, otherwise,

xs(x,y) = {

for (x,y) € R2. Here, ys coincides with a C°°- function on the interior of the square S
and on the complement of S in R2. Only where it jumps between the values 0 and 1, the
function x g is not C>° smooth. Thus, the singular support of u is given by the boundary
of S. The associated directions to a point of the boundary except the four corner points
are all non-zero directions perpendicular to the boundary at this point. The four corner
points with all non-zero directions are also an element of the wave front set of . For a
proof we refer to Example 5 in [KQ15]. These results are illustrated in Figure 2.2.

“§TT,§V
Nyt
e D
S

Figure 2.2: The singular support and some elements of the wave front set of ys. We note that
the directions are not normalised.

(b) Furthermore, we consider a generalisation of part (a). Let Q C R with a C*>°-boundary.
Then
WF(xq) = {(z,£) € R x RN\{0} | = € 99, & L 00 at z}.

This result follows by Example 8.2.5 in [H6r90] and is given in this form as Example 6
in [KQ15] or Proposition 20 in [BDH14].

(c) For r > 0 and p € R? we consider the characteristic function of B, (p) in RY, i.e.

1, ifze B(p),

0, otherwise,

XB,(p) () = {

for z € R By part (b) the singular support of x () is given by 9B, (p) and the
associated directions are perpendicular to 9B, (p) at each point of the singular support.
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Hence,
WF(x3,() = {(z,§) € R x RN\{0} |z € 9B, (p),£ L dB,(p) at x}.

An illustration of the singular support and the wave front set is given in Figure 2.3.

Figure 2.3: A cross section of the singular support and parts of the wave front set of x g, (). Again,
the directions are not normalised.

The previous example illustrates why characteristic functions are widely used in applica-
tions. By choosing an appropriate characteristic function representing an object, the wave
front set is its boundary, which to know is sufficient to locate it. In seismic imaging and many
other applications in tomography this is exactly what we are interested in.

The next theorem yields a set wherein the wave front set of a pseudodifferential operator is
included. In this theorem, the notion of the essential support of a pseudodifferential operator
appears. We first establish what the essential support of a symbol is. For a symbol a €
S™(Q x RY) the essential support is defined as the complement of the largest open conic
set V in © x R¥\{0} such that a|, € S~°°(V). Since the symbol of a pseudodifferential
operator is uniquely determined modulo S~>°(Q x R?), we define the essential support of a
pseudodifferential operator P, abbreviated by esssupp(P), to be the essential support of its
symbol. We note that P is a smoothing operator if and only if the essential support of P
is empty. Moreover, we observe that the essential support of an elliptic pseudodifferential
operator is given by the whole domain 2 x R as the symbol of such an operator does not
vanish at any point.

2.15 Theorem. Let P be a pseudodifferential operator of order m and u € £'(Q2). Then,
WEF(Pu) C WF(u) Nesssupp P.
Furthermore, if P is properly supported, the inclusion even holds for u € D' ().

For a proof we refer to Theorem 3.8.3 in [Pet83]. Also the next lemma can be found in
[Pet83] as Lemma 3.9.4.

2.16 Lemma. Let P be a pseudodifferential operator of order m and furthermore microlocally
elliptic at a point (zg,&) € Q x R¥\{0}. Then, there exists a properly supported pseudodif-
ferential operator Q) of order —m and an open conic neighbourhood V' of (xq, &) such that the
operator QP — 1d is smoothing in V.

The operator @ is a kind of inverse to P on the conic set V. Here, P has to be elliptic as
we need the symbol a of P to be bounded from below to define the symbol of @, in which
the reciprocal of a appears.
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2.17 Theorem (Pseudolocal property). If P is a pseudodifferential operator; it holds
sing supp(Pu) C singsupp(u) and WF(Pu) C WF(u)

for u € £(Q). If P is additionally microlocally elliptic at all points (x,£) € Q x R%, we even
obtain equality in both cases

sing supp(Pu) = singsupp(u) and WF(Pu)=WF(u)
foru € £'(Q). If P is properly supported, all assertions hold for u € D'(Q).

Proof. The first two assertions follow from Theorem 2.15 as WF(Pu) Nesssupp P C WF (u)
is satisfied.

For the proof of the elliptic case let (z¢, &) ¢ WF(Pu). Since P is microlocally elliptic in
(z0,&o), there exists a properly supported pseudodifferential operator () of order —m and an
open conic neighbourhood V of (z, &y) such that S := QP —1Id is smoothing on V by Lemma
2.16. Therefore, we find u = QPu — Su on V. In the following, we consider the wave front
set restricted to the conic neighbourhood V' denoted by WF|y,. Since S is smoothing on V,
we observe WF| (Su) = () and according to Theorem 2.15, we obtain

WF,, (u) € WF|, (QPu) UWF|, (Su) € WF|, (Pu) Nesssupp(Q) € WF|, (Pu)

as @ is of order —m. Thus, we obtain (zg, ;) ¢ WF(u). Finally, the elliptic case follows with
the first two assertions. O

By the above theorem it follows that
WF(u) € WF(Pu) U {(z,£) € Q x R"\{0} | P is not microlocally elliptic in (z,£)}

for a pseudodifferential operator P and a distribution v € D’(Q2). According to the remarks
related to ellipticity, we obtain the equivalent assertion

WEFE(u) € WF(Pu) U {(z,£) € Q x RN\{0} |o(P)(, &) = 0}.

2.18 Theorem (Hormander-Sato Lemma). Let u € £'(Q2) and P, P, and P, be Fourier integral
operators with canonical relations C, Cy and Cs, respectively. Furthermore, let the composition
P, P, be defined on £'(€2). Then, we have

WF(Pu) C C o WF(u),
WF((Ple)u) g (Cl o Cg) o WF(U)

In short, we write
WF(Plpg) Q Cl o Cz,
which means precisely what is written above for u in a suitable function space.

The assertions in the theorem above follow by results in [H6r90] and are written in this
form in Theorem 15 and Theorem 16 in [KQ15].

Up to now, we considered points where a distribution is not C*°-smooth and their associ-
ated directions, which are combined in the wave front set. Now, we expand this concept and
look for points where a distribution is locally not in H" for some r € R.
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For this, we define the H"- singular support of u to be the complement in {2 of the largest
open subset U of 2 such that v, € Hj, (U) is satisfied. Analogously to the definition of the
property to be microlocally C*°, we define the condition for a distribution to be microlocally
H" at a point. A distribution u € D’() is microlocally H" at (z¢,&o) € Q2 x R4\ {0} if for some
neighbourhood U of x in 2 and some conic neighbourhood V' of &, in R%\ {0} we have

/V Fa()2(1 + |E?)" dé < oo

for all p € C°(U).
Further, we define the H"-wave front set of u for some r € R by

WE" (1) = {(z,€) € @ x R?\ {0} | u is not microlocally H" at (x,&)}.

We note that if w is in H] _(©2), the H"-singular support of « and hence the H"-wave front
set are empty.

Analogously, to the C°-case the first component of the H"-wave front set is the H"-
singular support. For a proof of this assertion, which is formulated in the next theorem, we
refer to Theorem 4.6.4 in [Pet83].

2.19 Theorem. Let 7: Q x R¥\{0} —  be the projection map. If u € D'($2) we have
H" — singsupp(u) = 7(WF" (u))
forr e R

For a distribution u € D’(Q) the elements that might be in the H"-wave front set for
some r € R are the elements of the wave front set. Only at the therein contained points u
is not microlocally C*°. Thus, these are just the elements at which it is possible that  is not
microlocally H". Further, we have

Hio(2) € Hioe ()
for r, s € R with r < s. These considerations yield the subsequent corollary.
2.20 Corollary. Let u € D'(?) and r,s € R. If r < s, we have WF" (1) C WF*(u) C WF (u).

Next, we are interested in the range of a pseudodifferential operator defined on distribu-
tions u € £'(Q) lying in H" () for some r € R. Hence, we define

HI(Q) = H"(Q)NE(Q)
for r € R. The next theorem is Theorem 4.5.12 in [Pet83].

2.21 Theorem. Let P be a pseudodifferential operator of order m. Then, P maps H ()
continuously into H{ ™ ().

loc
For u € H! () this theorem yields H"~™ — sing supp(Pu) = @ and thus WEF" ™" (Pu) = 0
for a pseudodifferential operator of order m. The decomposition of u € D’(£2) in the following

theorem is shown in the proof of Theorem 4.6.1 in [Pet83]. We need it to show the assertion
of Theorem 2.23.

2.22 Theorem. Let u € D'(Q2) and (z,£) € Q x RN\{0}. Then, (z,&) ¢ WF" (u) if and only if
there exist uy € H.(Q) and up € D'(2) in such a way that v = uy + uz and (z,§) ¢ WF(us).
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The next theorem is very important to determine which H"-singularities for » € R are
preserved by a pseudodifferential operator P. Moreover, it tells us how their smoothness
changes. Depending on the sign of the order of P, they get emphasised or deemphasised.
Analogously to the smooth case, microlocal ellipticity plays the crucial role.

2.23 Theorem. Let P be a pseudodifferential operator of order m. If P is microlocally elliptic
at (zg, &), we have

(.’E()7 f(]) € WFT(U) ifand Only lf (iC(), 50) € WFT_m(PU)
forue&(Q)andr e R

Proof. Before we prove the claimed equivalence, we show
WEF""™(Pu) C WF" (u) Nesssupp(P)

which is the analogue statement in the H"-case to Theorem 2.15 in the smooth case.

For this reason, let (z9,&) € Q x R?\{0}. If we have (zg,&) ¢ esssupp(P), we obtain
(20,&) ¢ WF(Pu) by Theorem 2.15. In particular, we deduce (xo, &) ¢ WF"™™ " (Pu).

In order to prove the first implication given in the theorem, let (z¢,&p) ¢ WF"(u). Then,
according to Theorem 2.22 there exist u; € H. () and uy € D’(Q2) such that u = uy + us
and (xo, &) ¢ WF(uz). By Theorem 2.15, we obtain (z¢, &) ¢ WF(Pus) and hence (z,¢) ¢
WE"(Pus) by Corollary 2.20. Moreover, we have Pu; € H| "™ (Q) according to Theorem

2.21. Hence, we achieve (zg, &) ¢ WF" ™ (Puy) and thus (zo, &) ¢ WF" ™" (Pu).
Additionally, with the just proven assertion we easily obtain

WE"~"(Pu) € WF” (u)

and by this means, the first direction of Theorem 2.23.

We note, that this statement is satisfied for every pseudodifferential operator of order m
independent of ellipticity.

For the proof of the second implication, let (x,£) € WF" (u). Since P is microlocally elliptic
in (z,£), there exists by Lemma 2.16 a properly supported pseudodifferential operator ) of
order —m and an open conic neighbourhood V of (z, ¢) such that S := QP —1d is smoothing
on V. As a consequence, it holds u« = QPu — Su on V. In the following, we consider the
wave front set restricted to the conic neighbourhood V', which we denote by WFY . As S is
smoothing on V, we have WF| (Su) = () and according to Theorem 2.15, we obtain

WE[, (u) € WF[ (QPu) UWEF[ (Su) C WFT;m(Pu) Nesssupp(Q) C WF‘T;m(Pu),
where we used that Q is of order —m. This finishes the proof of the claimed equivalence. [J

As in the smooth case, for a pseudodifferential operator P and a distribution v € D’'(f2)
we have

WE"(u) € WE™(Pu) U {(z,£) € Q x R%\{0} | P is not microlocally elliptic in (z, £)}
= WE' (Pu) U {(z,¢) € @ x R\{0} | o(P)(,&) = 0}.

for r € R.
We finish this issue by determining the H"- wave front set of two characteristic functions.
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2.24 Example. (a) Let xp,(, be the characteristic function of the open ball Br(p) for

(b)

R > 0and p € R3. For § > 0 we define by (9Bg(p))s the §-tube around Bg(p)
consisting of all points in R?® with distance § to the boundary dBr(p), i.e.

(0Br(p))s == {z e R*|R—6 < |z — p| < R+ 6}.

By Lemma 1.1 in [FR12], the characteristic function x g,,(,) is in H"(R?) for r > 0 if

/\8BR 51+2 dd < o0

is satisfied. We observe
(0Bg(p))s| = 37((R+6)* — (R — 6)?) = 87 R*6 + §m6°

and deduce

1
1 2
[ 10Bat sl s =se [ Las s [

The integrals on the right-hand side exist if 2r < 1 and 2r — 2 < 1 holds, so the integral

on the left hand side exists if » < 1 is satisfied. By the lemma mentioned above, we

obtain xp, () € HY?%(R?) for any > 0.

Further, for the wave front set of x5, (,) we have
WF(XBr(p) = {(z,€) € R* x R*\{0} | z € OBg(p),§ L 0Bg(p) at x}
by Example 2.14 (c). Using the calculations above, we obtain
WEY25 (x 5() = WE (X))
for v > 0 since xp,,(p) is not in H/2¥7(R?) for v > 0 and
WEY27 (xpp) =0
for any ¢ > 0, so in the remaining cases of r € R the H"-wave front set is empty.

Let x1,,>p} be the characteristic function of the half-space {x € R?|z3 > b} for some
b > 0. We show that x (., >} isin H\/>7%(R3) forany ¢ > 0. Therefore, let ¢ € C°(R?).
Since supp(¢) is compact, there exists a cube @, with length a > 0 such that

Supp(PX {z5>0}) € Qa S {23 > b}
and a function f € C2°(R?) with supp(f) = supp(¢) N {z € R3|x3 > b} and
()X {2501 () = f(2)xQ. (2) (2.11)

for z € R*. Now, we show analogously to part (a) that xo, is in H'/2(R3) for any
e > 0. Hence, we define the d-tube of Q, by (0Q,)s = {z € R3|dist(z,0Q,) < 6} for
0 > 0. Further, we have

1(0Qa)s] = (a+26)% — (a — 26)% = 12a%5 + 1653
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and thus, we obtain

1
1 2
A |(8Qa)5|md(5:12a | 7d(5+16/ 52

Asin part (a) the integral on the left hand side exists if » <  holds. Again by Lemma 1.1
in [FR12], we conclude that y,, >, € H'/?7¢(R?) for any ¢ > 0. Since f is contained
in C°(R?), the product fxq, is also in H'/27¢(R?) for any ¢ > 0. By equality (2.11)
this finally yields ¢x(.,>,; € HY/?>7¢(R?) and thus, (., € Hllo/c2 °(R3) for any
e>0.

By Example 2.14 (b) we deduce
WE (X (zs501) = {(#,€) € R x R*\{0} |25 =b,& L {y € R?|y3 = b} at z}

for the wave front set of x>}, which is explicitly calculated in the case of the upper
half-plane in Section 4.1 in [BDH14]. In addition, we conclude

WF1/2+7(X{I3217}) = WF(X{ISZZ)})

for v > 0 using the same arguments as in part (a). Again, the H"-wave front set is
empty in the remaining cases of r € R, so

WEY27% (Y (g 5py) = 0

for any £ > 0.

2.2. The generalised Radon transform in terms of defining
measures

At first glance, the second topic of this chapter has no direct relation to the first one. However,
we see later on that the operator F' from (1.12) is both a Fourier integral operator and a
generalised Radon transform. Consequently, there is indeed a connection.

In this section, we collect some notions from differential geometry as well as definitions
and results of measure theory, which we need to define a generalised Radon transform. For
the definition of such a transform we follow the lines of [Quin80].

2.25 Definition. Let B, E and F be manifolds. The map w: E — B is a fibre map with the
fibre F if 7 is surjective and locally trivialised with the fibre F, i.e. for each p € B there is an
open neighbourhood U C B of p and a homeomorphism ¢: 7=1(U) — U x F in such a way
that the following diagram commutes

“WWU) L5 UxF

s

U

where I1: U x F' — U is the natural projection onto the first factor, so we have Il o ¢ = w. We
call (E, B, m, F) a fibre bundle.
Hence, for each p € B the preimage =~ ({p}) is homeomorphic to F.

Roughly speaking, this means F is locally a product space. To illustrate this definition, we
take a look at the trivial bundle.
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2.26 Example. Let E = B x F and 7: F — B be the projection onto the first factor. Then,
(E, B, 7, F) is a fibre bundle, the trivial one.

Next, we formulate the assumption we need to apply one of the central theorems in
[Quin80].

2.27 Assumption. Let X,Y be open connected subsets of R", i.e. connected smooth manifolds
of dimension n > 0, and Z be a closed submanifold of Y x X with codimension k > 0.

Y X

We denote by wx and my the projections onto X and Y, respectively, and assume both to be fibre
maps with connected fibres.

In comparison to [Quin80] we do not assume that 7x is proper because this is not true for
the projection 7x in our case of application. In [Quin80] this property of 7y is necessary to
compose a generalised Radon transform R with its dual R*. To compensate this, we multiply
our special Radon transform F with the cut-off function 1), so the composition of F* with o) F’
is well defined. This allows us to apply Theorem 2.1 in [Quin80] to F*¢ F.

Since Z is an embedded submanifold of Y x X, the inclusion f: Z — Y x X is smooth.
Moreover, the canonical projections px: Y x X — X and py: Y x X — Y are smooth
as X and Y are smooth manifolds. Thus, the two projections 7x = px o f: Z — X and
Ty = py o f: Z — Y are also smooth. We conclude that

G(x) = mymy' (v) = {y €Y |(y,2) € Z}

for each = € X is a closed submanifold of Y diffeomorphic to the fibre 75" (z) with codimen-
sion k. Analogously, for each y € Y the set

H(y) :==nxmy'(y) = {z € X|(y,x) € Z}

is a closed submanifold of X diffeomorphic to the fibre 73" (y) with codimension k. Thus,
for each 2 € X we can identify the fibre 7' (x) with G () and analogously for each y € Y’
the fibre 7! (y) can be identified with H (y).

2.28 Assumption. We assume that G(x1) = G(x2) is satisfied if and only if x1 = x2 holds and
H(y,) = H(y2) if and only if y, = yo is valid. Hence, each x € X corresponds to a unique G(x)
and each y € Y to a unique H(y).

In contrast to [Quin80], we omit the assumption on X, Y and Z to be paracompact
because, as a consequence of the second axiom of countability and the Hausdorff property,
smooth manifolds are always paracompact.

The generalised Radon transform is given by a relation of measures. More precisely, it is
defined in terms of push forward measures we define next.

2.29 Definition. Let (X, A, 1) be a measure space, (Y, B) a measurable space and f: X —Y
an A — B-measurable function. Then, there is a measure f.u: B — [0,00] on (Y, B) defined by

B po f7H(B) = u(f~(B))
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for B € B. This measure is called the push forward of u with respect to f.

Further, we observe that a measurable function g: Y — R := R U {—o0, +00} is integrable
with respect to the push forward measure f.p if and only if g o f is integrable with respect to p.
If this is the case, the two integrals coincide, so we have

/Ygdf*u:/XgOfdu-

In our case of application, we also want to determine the push forward for measures that
not necessarily have non-negative values. Therefore, we introduce the following notions and
the corresponding notations.

Let (X, A, ) be a measure space. For h: X — [0, co] measurable we define the measure
h®pu: A—[0,00] on Aby

(hop)(A) = /Xh'XAdM

for A € A. Then, h ©® p is a measure on X with density h with respect to 1 (see Satz IV.2.10
in [EI11]) and for measurable g: X — [0, co] we have

/gd(h@,u)z/g-hd,u (2.12)
X X

(see Satz I1V.2.12 in [El11]). Additionally, 2 ® pu is absolutely continuous with respect to p,
i.e. for A € A with u(A) = 0 it follows (h ® p)(A) = 0 (see Korollar IV.2.11 in [EI11]).

We also consider measures with non-positive densities. These are examples of so called
signed measures. A signed measure is a measure with values not only in [0, o], but in (—oo, o].

For a function h: X — R we define the positive part h* of h by h* = max{h,0} and the
negative part h~ by h~ = max{—h,0}. Using this notation for a density function h: X — R
with respect to the measure p, we get two measures h™ ® p and h~ ®@ p. If at least one of
them is finite, we can write

vi=hou=htou—h"op (2.13)

and hence, we find a representation of v as difference of two measures. If h is integrable with
respect to u, both of these measures are finite.

By means of this composition, we conclude that equality (2.12) holds for such measures
v with real valued densities and that these are absolutely continuous with respect to u. Fur-
thermore, we are able to define the push forward for measures with real valued densities.
This follows using Definition 2.29 and composition (2.13).

2.30 Definition. Let (X, A, i) be a measure space, (Y, B) a measurable space and f: X — Y
an A — B-measurable function. Additionally, let v be a measure with a real valued density
h: X — Rwith respect to y, i.e. v = h© . Then, there is a measure f.v: B — [0, 0] on (Y, B)
defined by

B vo f7H(B)= (k" ou)(f(B) - (h~ ou)(f(B))

for B € B. This measure is the push forward of v with respect to f.
Further, a measurable function g: Y — R is integrable with respect to the push forward
measure f.v if and only if g o f is integrable with respect to v. If this is the case, these two
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integrals coincide and it holds

[ garo= [ sarton- [ gar.om o
— [gesantom- [ gotanow= [ gofav

In the following example, we show some assertions using the push forward measure and

the existence of some integrals with respect to it.

2.31 Example. Let (X, A, ;1) be a measure space, (Y, 5) a measurable space with X C R"
and Y C R™ for m,n > 0 and a Radon measure p. Further, let f: X — Y be an A — B-
measurable function.

(@

(b)

If ;4 additionally has compact support and f is continuous, the push forward f, u is also
a measure with compact support.

Proof. If we show that the inclusion

supp (s f) € f(supp(p)) (2.14)

is true, we are able to conclude the claimed assertion from the following arguments.
Since f is a continuous function and the measure p has compact support, the set
f(supp(p)) is a compact subset of Y. Furthermore, the support of a measure is a closed
set by definition. According to the above inclusion (2.14) the set supp(u. f) is a closed
subset of a compact set and thus itself compact. It remains to show inclusion (2.14).
Therefore, we consider the equivalent assertion supp(f.u)) 2 f(supp(p))€. This in

turn is equivalent to the validity of the inclusion

U (1) 2 f(supp(p))©,

icl
where U; for i € I are all open subsets of Y with u(f~1(U;)) = 0 with an index set I. To
show the last claim, let U C f(supp(u))© be open. Then, we have U N f(supp(p)) = 0
and further f~1(U) N supp(u) = 0 which leads to u(f~1(U)) = 0 by the definition of
the support of a measure since f~!(U) is open as f is continuous. Hence, every open
set U in f(supp(u))© is contained in (J;; u(f~*(U;)) and the assertion is proved. [

Additionally, let f be proper and g € C°(Y). Then, the integral with respect to the
push forward f,u given in Definition 2.29 by
[ s atntw) = [ (go niw)duta) = [ gsa) duta)
Y b's b's

exists.

Proof. By assumption, supp(g) is compact and therefore, K := f~!(supp(g)) is also
compact as f is proper. Further, the integrand g o f vanishes if z ¢ K and we obtain

/X o/ () du(z) = / o(f () du(x).

K
Since p is a Radon measure, the measure of K is finite (see Folgerungen VIII.1.2 b) in
[EI11]) and therefore the integral exists, i.e. functions in C¢°(Y") are integrable with
respect to f . O
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(0

(d)

In addition, let f be proper, g € C2°(Y') and v the measure with continuous density
I: X — R with respect to p, i.e. v = (f o h) ® p. Then, we achieve

/Y o(y) A1 (1 p)(y) = /X (g0 @)l © pm)(y) = /X o (@)i(z) du(x)

according to Definition 2.30. Since the density [ is continuous, the existence of the last
integral follows analogously to part (b).

Further, let the measurable space (Z, C) be given and f be proper. Moreover, let k: X —
Z be continuous, [ € C°(Y) and g € C*°(Z). Then, the integral

/Z 9(2) k(Lo ) © u)(2)

exists.
Proof. By Definition 2.30, we obtain

[ sanionewe - [

X

(gok)(x)d((lo f)© p)(z) = /X g(k(2)I(f (x)) dp(x).
Moreover, the set K := f~!(supp(l)) is compact since supp(l) is compact and f is
proper. Using this and the fact that g o k is continuous, we argue as in part (b) to show
the existence of the integral. O

The subsequent definition follows [Quin80] with the difference that in our case we do

not assume 7y to be proper but 7y. As the definitions for the generalised Radon transform
and its dual are analogue to each other, we interchange the mapping properties of both in
the following.

But before we formulate the definition of the generalised Radon transform, we recall that

a measure y on a manifold is smooth if . is absolutely continuous with respect to the Lebesgue

measure and the associated density is a smooth function on each chart of the manifold.

2.32 Definition. Let Assumption 2.27 and Assumption 2.28 be satisfied and p,vx and vy be
smooth Radon measures with associated positive nowhere zero densities given on Z, X and Y,

respectively. Additionally, let 7y be proper.
The generalised Radon transform R: C*°(X) — C*°(Y) is defined by the relation

Rfovy =my. ((fomx)®pu)

for f € C®(X).

We observe that due to the non-vanishing assumption in Definition 2.32 the measures p,
vx and vy have compact support if and only if the associated spaces are compact.

By assumption, f o wx is continuous and 7y proper. According to Example 2.31 (c), the
push forward of (f o mx) ® p with respect to 7y is defined and we have

/ o(y) A(RF © vy)(y) = / o) dry o ((f o 7x) © 1)(¥)
Y Y
- /Z (g0 1y )(2) d((f 0 7x) @ )(2),
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where all integrals exist.

In addition, f o mx is smooth and so (f o wx) ® p is a smooth measure. As 7y is a proper
fibre map the measure 7y, ((f o7x) ® p) is again smooth (see page 333 in [Quin80]). Thus,
also Rf ® vy is smooth and with the smoothness of vy we conclude the density Rf to be
smooth.

For the dual Radon transform we formally calculate

/ 9(y) A(Rf © vy )(y) = / o) dry o ((f o 7x) © 1)(9)
Y Y
- /Z (gomy)(2)d((f o mx) ® u)(2) = / (f omx)(=) d((g o my) © ) (2)

Z

— / f(x)drx ((gomy) © p)(x)
X

for fe C>*(X)and g € CX(Y).
The last calculation motivates the following definition of the dual generalised Radon trans-
form.

2.33 Definition. Let the assumptions of Definition 2.32 be satisfied. We define the dual gener-
alised Radon transform R*: C°(Y) — C2°(X) to the Radon transform R by

R'govx =nx,((gomy)®Op)
forge CX(Y).

The composition f o wx is continuous and 7y proper. By Example 2.31 (d), we obtain
| 1@argoro@ = [ f@an.(@om) o m)
= [ rem)@agom) @)

and the existence of these integrals. In addition, (gomy ) ® i is a measure of compact support
because 7y is proper. By part (a) of Example 2.31 and the continuity of 7, the push forward
mx+((g o my) ® u) is a measure of compact support. Thus, the equation defining R* yields
that R*g ® vx is also a measure of compact support. Since vy has compact support if and
only if X is compact (see also the text after Definition 2.32), the support of vy is not compact
in general. Hence, the density R*g has compact support.

Moreover, (g o my) ® u is not only of compact support but also smooth because g o 7y is
smooth. Since 7x is a fibre map, the measure 7x,((g o 7y) ® p) is smooth according to the
assertion on page 333 in [Quin80]. Thus, R*g ® vx is a smooth measure and R*g therefore
a smooth density as vx is smooth.



CHAPTER 3

Theoretical results concerning the operator [

Chapter 3 contains all theoretical considerations related to the operator F'. First, we show
that F' and its dual operator are generalised Radon transforms. For further investigations we
deduce their representations as Fourier integral operators.

Afterwards we compose these two operators which is possible since we introduce a cut-off
function . Then, we analyse the normal operator F*y F, show that F*¢F is a pseudodif-
ferential operator and define the reconstruction operator A based on F*¢ F.

In a further step, we calculate the top order symbol of A and analyse its behaviour de-
pending on the offset «. Finally, we introduce modified reconstruction operators in order to
obtain reconstructions independent of « and the distance to the surface.

3.1. The operator F' — A generalised Radon transform

In this section, we verify that the operator F' is a generalised Radon transform in terms of
defining measures as described in Section 2.2. In order to prove this, we have to confirm a
few assumptions.

Before we introduce the setting relevant for our case of application, we show two lemmas
we apply on the following pages a few times. The first one states two equivalent representa-
tions of an open half-ellipsoid.

We recall the set Sy which is an open, bounded and connected subset in R2.

3.1 Lemma. Let (s,t,z) € Sy x (2a,00) x R3. Then, the equation

(x1—51)* | (22— s2)° 3

=1
10 2 142 10 2
4t o 4t 4t «@

is equivalent to
p(s,2) = |xs(s) — 2| + [z = x:(s)] = £.

Further, for fixed (s,t) € Sy x (2a, 00) we have

—s1)? To—89)2 22
{v € Ry |p(s,2) =t} = {w e R} | *Ggih + o=k 4 iy =13,

t2—4a?

So, this set yields an open half-ellipsoid with major half-axis %t in xo-direction and minor half-

axes \/ 1t — a? in x1- and xs-direction.

Proof. First, we rearrange (s, z) = |xs(s) — z| + | — x.(s)| =t to

\/(31—x1)2+(82—a—x2)2+x§:t—\/(x1—51)2+(;v2—32—a)2+x§.

45
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As both sides are positive, we obtain after squaring the equivalent representation

(59 —a—x)* =12 —2t\/(x1 —51)2+ (w2 — 82 — )2 + 23 + (T2 — 52 — @)%

Then, we reorganise these terms such that just the square root remains on the left hand-side

2t\/(x1 —51)2+ (v2 — 82 — )2 + 23 = t* + da(sy — z2).

Further, we have s, — % < T9 < Sg+ % for all 25 € R using that ¢ is the travel time. Thus, we
obtain

t? + da(sg — x9) > t* — 2at = t(t — 2a) > 0

since we consider ¢ > 2«. This yields that again both sides are positive. By squaring both we
obtain the equivalent formulation

Ay —s1)° + (4 — 120%) (x2 — 52)° + 4a3 = ¢ — 4a”.

After reformulation we deduce

4(zy —81)%  A(wg — 89)? n 423

=1
12 — 4a? 12 12 — 402
or equivalently
(@ =s1)®  (@2=s2)® @
itZ — a2 %tQ %tQ — a2
where we simply read off the three half-axes. O

We consider (s, z), 0., ¢(s,z) and 9,,¢(s, z) for fixed s € Sy and two different values
for = € R3. These three identities determine the value of z € R? uniquely as we show in
the following lemma. Later on, we take this valuable statement a few times into account. An
analogue result for the two-dimensional case in the full space is shown in [KLQ12].

3.2 Lemma. Let s € Sy be fixed. For all z,y € R} which satisfy the following equations

xs(s) — 2| + [z — x:(8)| = [xs(8) — y| + |y — x:(5)], (3.1
x1 — S1 T1 — S1 Y1 — Ss1 Y1 — S
- + , 3.2
() =2l el ) =l Ty —xe(s) G2
zo — (52 — ) $2—(82+Oé):y2—(52—04) y2 — (82 + )
xs(s) — | [z — x:(s)] [xs(s) — Y |y — %, (5)]

we have necessarily x = y.

3.3)

If we consider z, y in the full space R? the result of the lemma above changes to z1 = v,
x9 = yo and x3 = +y3. For more details regarding this circumstance, we refer to Remark
3.3.

Proof. For the proof we shift the coordinates of x and y to prolate spheroidal coordinates
which we introduced in Subsection 1.2.1 and which are explicitly given in (1.15). As a con-

sequence, we have
z1 = s1 + /1t — a?sin(¢) cos(6),

To = S9 + %tcos(cz)),

z3 = 1/ 12 — a?sin(¢) sin(0)
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for ¢ € (0,7), 8 € (0,7) and ¢ € (2«, 0) since 3 > 0 holds. Analogously, let y be given by
y1 =514/ 3(t')? — a?sin(¢’) cos(8'),
Yo = S + %t' cos(¢),

Y3 = 1/ %(t’)2 — o2 sin(¢’) sin(6")

for ¢/ € (0,7), ¢ € (0,7) and ¢’ € (2, 00).
First, we consider condition (3.1). We calculate

|xs(s) — x| = \/(31 — 1)+ (52 — a — x2)% + 232

= \/(iﬁ — a?)sin®(¢) cos2(0) + (—a — Ltcos(¢))? + (312 — a?) sin?(¢) sin®(0)

= \/(%t2 — a?)sin®(¢) + a2 + at cos(¢) + 12 cos?(¢)

= \/iﬁ + a2 cos?(¢) + at cos(¢) = \/(%t + acos(¢))? = Lt + a cos(¢)

and analogously

|z — x:(s)] = /(5 — acos(¢))? = 1t — avcos(¢)
using that ¢ > 2q« is satisfied. Hence, equation (3.1) is equivalent to
1t + acos(¢) + 5t — acos(¢) = 3’ + acos(¢') + 1t' — acos(¢)
which yields ¢ = ¢'. Inserting this in the last equation (3.3), we deduce

stcos(p) +a  gtcos(p) —a  Jtcos(¢)) +a  gtcos(d) —a
it +acos(¢)  It—acos(¢) Lt+acos(¢) It —acos(¢)

and obtain the equivalent equation

cos () _ cos(¢’) (3.4)

itQ — a2 cos?(¢) 71?2 — a2 cos?(¢') '

Now, if the function given by cos(¢) — -+ cos(¢) is injective, equation (3.4) yields

ZtQ—az cos2(¢)

cos(¢) = cos(¢’). Hence, in order to show injectivity we define

L cos(9)
’ %tQ — a? cos?(o)

which yields oz cos?(¢) + cos(¢) — z1¢? = 0 and further cos(¢) = —1ELEo=2

202z

First, we assume that z = —>__ > 0 holds. Since ¢t > 2a is satisfied by as-
t?—a? cos?(¢)

sumption, for the denominator 1¢? — a? cos?(¢) > 0 holds. It follows cos(¢) > 0 and so
cos(¢) = =iV 1farz7i2 W is valid. In case z = —<=(9)___ < js satisfied, we have cos(¢) < 0

ZtQ—a2 cos2 (o)
and hence cos(¢) = =1=4LE="  Thus, cos(¢) is uniquely determined by the value of

szi%. According to equation (3.4), we conclude cos(¢) = cos(¢’). Since we have
Z —Q“ COoSs

¢, ¢’ € (0,7) by assumption and cos is bijective on (0, ), it follows ¢ = ¢’ and thus x5 = ys.
Last, we consider the second equation (3.2) and insert both obtained conditions ¢ = ¢’
and ¢ = ¢'. This yields
cos(6) n cos(6) _ cos(0) cos(6")
it+acos(¢) it — acos(d) B it+acos(¢) it — acos(d)

3.5)
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since /+t2 — a?sin(¢) > 0 holds as t > 2« and ¢ > 0 are satisfied by assumption. Further,
(3.5) is equivalent to cos(f) = cos(6’). Again using that cos is bijective on (0, ), we end up
with 0 = ¢’. Altogether, we showed x; = y1, 2 = y2 and z3 = y3. O

3.3 Remark. If we consider the full space R?, we get the conditions ¢,t' > 2a, ¢, ¢’ € [0,7)
and 0,0" € [0,2m) after the shift of coordinates. As before, we obtain ¢ = ¢’ and ¢ = ¢'.
However, from the last equation we get cos() = cos(#’) and consider then the two cases

6 = 0" and 0 = —0'. In the first case, we get sin(d) = sin(6’) and so 21 = y1, 22 = Yo
and z3 = ys. Considering the second case we have sin(f) = —sin(6) which yields z; = y1,
x5 = yo and 23 = —ys3. Hence, we also obtain the mirror point (z1, 22, —x3) " of (z1,22,23) .

Next, we present the setting we assume to show that F' is a generalised Radon transform.
The considered setting has to satisfy the assumptions stated in Assumption 2.27.

3.4 Setting. We set X = R3 and Y = Sy x (2a, 0o). Both are open and connected subsets of
R3 and consequently connected and smooth manifolds of dimension 3. Further, let

Z ={(s,t,x) € Sy x (2a,00) x R? | p(s,2) =t}

Since

T+
V1@(57l‘) = (\X:ts_)g—lﬂ + |wT—1;:xE;)| To—sata 4 Za=sa—a 7‘3_w‘ + |w—::(s)\)

VTxa(s)—a] T Jz—xe(3)]? Ta(s)

does not vanish as x3 > 0 holds, the gradient V ; (¢ (s, x) — t) is nowhere zero. This yields
that Z is a submanifold of X x Y with codimension 1 as a level set of the function ®(s,t,x) =
t — (s, z) for (s,t,x) € Sy x (2o, 00) x R3.. Moreover, Z is closed as ¢ is continuous.

In the following, we consider g, x (2a,00): Z — So X (2a¢,00) and TR : Z — R% which are
the projections onto the first respectively the second factor of Z.

Z ={(s,t,z) € So x (2a,00) x R3 | (s, x) =t}

TSo X (2a,00) ‘fTR?J,r

So x (2a, 00) R

Before we define the generalised Radon transform associated with Setting 3.4, we have
to verify that the projections 7g, x (24,00) and T3 are fibre maps. Therefore, we need an
auxiliary function ¢, which we consider in the subsequent lemma.

3.5 Lemma. We define (: Sy x (2, 00) x R? — R, U {0} by

2 2
x37 if 4($1—81) + 4(w2t—252) < 1’

t2—4a?

0, if Mos)' daos) s

t2—4a?

C(S7t,$1, $2) = {

where z3 is given by

e \/it2 —a?—(r1 —51)% — (T2 — 59)%2 + 740‘2(22[52)2.

Then, ( is well defined and continuous.
2 2
Especially, in the first case, i.e. if 22150 4 4($2t252) < 1 is satisfied, ¢ yields for given

t2—4a2
s,t,x1,T9) the unique w3 in R, such that o(s,z) = t is satisfied.
q + 14
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Before we prove the assertions of this lemma, we describe the function ( illustrated in
Figure 3.1. For given s € Sy, t € (2a,00) and (z1,72) " € R? the function ¢ assigns a value
for z; € Ry U {0}. If there is a value for x5 such that (21, z2,23)" € R3 is an element of the
open half-ellipsoid given by ¢(s,z) = ¢, the function ¢ maps (s, t,z1,z2) to it. Otherwise ¢
maps (s, t, z1,z2) to zero.

C((07 0>~ 107 X1, $2)

Figure 3.1: An illustration of the function ¢ defined in Lemma 3.5 for « = 3, s = (0,0) and
t = 10.

In other words, to an open half-ellipsoid given by s € Sy and ¢ € (2a, 00) we take a point
(w1,72) " € R2. If this point extended to (x1,72,0)", is an element of the interior of the
ellipse determined by the open half-ellipsoid in the x;-z5-plane, we project this point onto
the open half-ellipsoid. This means, that we assign to x; and x5 the z3-value such that x
satisfies (s, ) = t. This value is unique since we consider the half-space, i.e. z3 > 0 holds.
If the point (21, 72,0) " is outside or on the boundary of the ellipse in the z-x,-plane, the
function ¢ assigns the value zero to z; and x» as third component in R3 U {y € R? |y3 = 0}.

So, for fixed (s,t) € Sy x (2a,00) applying ¢ on (z1,72)" € R? yields an open half-
ellipsoid with foci on the 1 -xo-plane given by (s, s2 — «,0) " and (s1, s2 + a,0) T and travel
time ¢ continued by zero on the z;-x2-plane.

We note that the assigned x3 in R is unique as we do not allow negative values for x3.
Hence, in the full space setting there is no possibility to get a unique value in this way.

Proof of Lemma 3.5. First, we show that ( is well defined. We consider the set

A= {(s,t,21,22) € So X (21, 00) x R? | 4%1:4212)2 + 4(”;82)2 <1}

Let (s,t, 21, 22) be in A. The inequality

4(xy—s1)? + 4(?52;32)2 <1

t2—4a?
is equivalent to

402 R
it? —a® — (21— 51)% — (v — 52)% + 220 (9?2 2 >
and so the square root which determines x5 is well defined and thus (.
Next, we prove the continuity of . On the set A the function ( is continuous as composi-
tion of continuous functions and on

{(S,t,.’L‘l,l‘g) S So X (20{,00) X RQ ’ 4(1;617_4‘;12)2 + 4(:62;232)2 > 1}
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as a constant function. Moreover, the equation

4(w1751 2 4 T2 —S82 2 _
t274a2) + ( t2 ) =1

has the equivalent reformulation

12 —a? — (1 —81)% — (32 — 82)* + 40‘2(?7;82)2 =0.

Using the representation of x5 given in the lemma, we deduce x3 = 0 = ((s,t,z1, z2) for
(s,t,x1,x2) on the boundary A of A. Thus, ¢ is continuous.

For the proof of the last assertion we use the other representation of an open half-ellipsoid.
According to Lemma 3.1, the condition (s, x) = t is equivalent to

4(x1 —81)%  4(wg — 89)? 473 1
t2 — 4a? 2 2 —4a2
If we solve this equation for 23, we end up with
20 . o\2
2 =12 —a® — (31— 51)% — (22— s2)° + do(za—s2) (sz s2)”

Further, we choose the positive solution of the quadratic equation given by

T3 = \/iﬁ — 02— (1 —51)% — (22 — $2)% + 4t12(act22—sz)2

as we assume x3 > 0. This is exactly the representation of x3 stated in the lemma. Thus,
for given (s,t,x1,72) € A we get a unique x3 > 0 such that (1,29, 23)" is part of the
open half-ellipsoid with the two foci (s1,s2 — a,0)" and (s1,s2 + ,0)7, i.e. ¢(s,z) =t is
satisfied. O

Using the function ¢ defined in the last lemma, we are able to prove the first essential
assumption to define a generalised Radon transform.

3.6 Lemma. The two projections
TS x (2a,00)  1(8:t,T) € Sp X (201, 00) x R3 | p(s,2) =t} — Sy x (2a, 00)
and
TR : {(s,t,2) € Sp x (2a,00) x RY | (s, 2) =t} — RY
are fibre maps with connected fibres R? and S, respectively.

Proof. First, we consider the projection mg, x (2a,00)- In Order to show that 7g,x (24,00) IS sur-
jective, let (s,t) = (s1, $2,t) € Sy X (2, 00) be arbitrary. By choosing x; = s1, 9 = s and

T3 = \/% — a2, we have z € Ri as t > 2« holds. Moreover, we obtain

o(s,x) = |xs(8) — x| + |z — x,(8)| = \/a2+ 2 —a?+ \/a2 + 12 —a? =t

Thus, 7, x (2a,00) 18 sSurjective.

Further, let (p,q) € Sp x (2a,00) and we choose U to be U = Sy x (2a,00). Then, U
is an open neighbourhood of (p, q). We define ¥: 7T§01><(2a,oo)(U) — U x R? by (s,t,z) —
(s,t,x1,79) and ¥~1: U x R? — 7T§OI><(2(1,00)(U) by (s,t,x1,x2) — (s,t,21,x2,((s,t, 21, 22)),
where (: Sy x (2, 00) x R? — R, U {0} is defined in Lemma 3.5. We show, that ¥ and !
define a homeomorphism in such a way that the following diagram commutes
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_ T
wsolx(2am)(U) —~ 5 U x R?
Wsox(m,oc)l I
U

where II is the natural projection onto the first factor (see Definition 2.25).
But before we prove this, we determine the preimage of U under 7T§01X (20,00) by

7r§01><(2a oo)(U) = {(S,t,l') eU x Ri— |7TSO><(2a,oo)(Sat7x) = (S7t)}
= {(s,t,0) € U x B3| (s, ) = .
First, we show that U is bijective and U~! is the corresponding inverse. Hence, let

(s,t,z) € ﬂ—;olx(Qa OO)(U). Then, we have (s,t,z) € U x R3 such that ¢(s,z) = t is ful-
filled. Further, we get

(Ut o W) (s, t,x) = U (s, t, 21, 20) = (5,t, 21, 22,((5,t, 21, 22)) = (5,1, ),

where we explain the last step in the following. The given condition ¢ (s, z) = t is equivalent
to

4(z1—s1)? A(zo—s2)? 4a2
(152—4a2) + ( t2 ) + t2—43(x2 =1

2
by Lemma 3.1. As a consequence, (s,t,z1,22) satisfies + 4(5"’_1222) < 1 since x3

is strictly positive by assumption. Thus, according to Lemma 3.5 the function ¢ yields the
unique x5 corresponding to (s, t,z1,z2) such that p(s,x) = ¢ is satisfied and we obtain the
claimed equality.

4(1’1781)2
12

For the reversed composition let (s,t,x1,72) € U x R? be given. We have
(‘l’ o \IJ_l)(57t, xl,-TQ) = \11(87 t,.’IIl,ZL‘Q, C(S7tax17x2)) = (57t7 Z‘l,.TQ).

Hence, ¥~! is the inverse to ¥ and so ¥ is bijective.

Moreover, as a projection W is continuous. By Lemma 3.5 the function ¢ is continuous and
thus the inverse ¥~'. All in all, ¥ is a homeomorphism and 7g, « (24,00) @ fibre map with the
connected set R? as fibre.

Now, we consider the second projection RS . Therefore, let x = (x1,z2,22)" be given.
For arbitrary s € Sy we achieve

t=p(s,2) > /(s1 = 21)2 + (52 — @ — 22)2 + /(21 — 51)2 + (w2 — (52 + @)
> V(52— a—12)2+/(z2 — 55 — )2 = |53 — @ — Ta| + |z2 — 52 — O

> |sa —a—xo+ 29— 53 — ] =2«

using once again that we assume x3 > 0. Hence, given x = (21,2, 72) " we find ¢t € (20, 00)
for arbitrary s; and s,. Thus, RS is surjective.

For the proof concerning the commutative diagram let p € R% be given and we choose U
to be U = R?, which is an open neighbourhood of p. We define &: ﬂﬂg?;(U) — U x Sy by
(s,t,x) > (z,s) and ®~1: U x Sy — wugil(U) by (z, s) — (s, (s, ), z). Using these maps we
claim that the following diagram commutes
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s (U) =2 U x S,
+
U

where II projects again onto the first factor.
Again, we reformulate the preimage w]Rjgl(U ) of U before we prove the assertion. We
+
observe

Toa (U) = {(s,t,2) € Sp x (2a,00) x U | ﬂ'Ri(s,t,x) =z}

={(s,t,x) € Sy x (2a,00) x U | p(s,x) = t}.

Now, let (s, t,z) be in wﬂggl (U). Then, it follows
+

(@ Lo ®)(s,t,x) =D (x,8) = (s,0(s,2), ) = (5,1, 2)

since (s, t,z) is an element of wﬂggl (U) by assumption. Further for (z,s) € U x Sy we have
+

(Po @71)(:@5) = (s, p(s,x),2) = (x,5).

Hence, ® is bijective with inverse ®1.

The maps ® and ®~! are continuous since projections are continuous and ¢ is continuous.
Thus, ® is a homeomorphism and so the projection T3 A fibre map with fibre Sy, a connected
set by assumption. O

In the next lemma, we consider the two sets we obtain from Z = {(s,t,z) € Sox (2, 00) X
R3 | ¢(s, ) = t} by firstly fixing (s,t) € Sp x (2c, 00) and secondly fixing = € R.

3.7 Lemma. We consider the two sets
E(s,t) = {x € B | p(s,2) = t}

for given (s,t) € Sy x (2a,00) and

E(@) = {(s,) € S x (20,00) | p(s,7) = 1}

for given x € R3.

Then, the set E(s,t) determines (s, t) € So X (2a,00) uniquely and the set E(x) determines
z e R3 itniquel)/; So, E(s,t) = E(u,v) is satisfied if and only if (s,t) = (u,v) is satisfied.
Further, E(x) = E(Z) holds if and only if x = T is valid.

For fixed (s,t) € Sp x (2, 00) the set E(s,t) describes the open half-ellipsoid with the
)T and x,(s) = (71,22 + @,0)" and travel time ¢. So, by the
lemma above knowing the open half-ellipsoid, we get the two foci and the associated travel
time of it.

b
two foci x4(s) = (z1,22 — @,0

Conversely, the set E(m) for fixed = € R?. contains pairs of foci determined by an element
of Sy and travel times ¢ in (2, 00) going through z. Thus, a point z € R3 is uniquely
determined by the open half-ellipsoids containing this point.
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Proof. We start with the set E(s, t) for fixed (s,¢) € So X (2a, 00) and show that we are able
to determine (s, ¢) uniquely. The closure of E(s,t) is given by

E(s,t) = {z = (x1,22,23) E Rx R x (Ry U{0}) | p(s,z) =t}.
This set is compact and thus the following extrema exist
771 = max{z | (z1,72,73)" € E(s,t)} and x1: =min{w|(z1,22,23)" € E(s,1)},
T3 = max{zs | (z1,20,23) " € E(s,t)} and x: =min{ws|(z1,22,23)" € B(s,1)},
73 : = max{xs | (x1,z0,23)" € E(s,t)}.

Since we maximise respectively minimise over the closed half-ellipsoid, these extrema are

unique. Now, we set s; := (27 + 21), s2 := (%2 + 22) and determine the travel time ¢ by
calculating t = ¢(s,7) with # = (sy, s2,73) | . This point is an element of E(s,t), the deepest
one. Hence, we get (s,t) uniquely in the above way. Clearly, we get E(s,t) = E(u,v) for
(s,t) = (u,v).

For the proof of the second assertion we assume E(z) = E(y) for z,y € R?. This means
that x is an element of every open half-ellipsoid which contains y and the other way round.

Thus, we get

o(s, @) = ¢(s,y) (3.6)
for all s € Sy. Now, let s = (s1,s2) € Sy be fixed. As the set Sy is open by assumption, there
exists e > 0 such that (s; + h,s2) € Sp and (s1,s2 + h) € Sy for all b > 0 with |h| < e. By
(3.6) we obtain

e(s,z) = ¢(s,y), (3.7)

30((51 + h‘a 32)7 l‘) = @((81 + h7 82)7 y)7
@((s1,82 + h),z) = o((s1,82 + 1), y)
for all h > 0 with |h| < €. These identities yield

(P((Sl + h, 82), m) - 90((817 82)7 :C) _ 90((81 + h, S2)v y) - @((817 52)7 y)
h h

and
@((817 S2 + h‘)7 Z‘) - 410((817 52)?1‘) _ @((Slv S2 + h)’y) - 90((317 52)a y)

h h
for all h > 0 with |h| < €. By taking the limit ~ — 0 we achieve

881 90(57 l’) = a81 <P(3, y)

and

65290(57 l‘) = 852<p(8, y)
Together with (3.7) we get the following three equations

[xs(s) = 2| + |z — x:(s)| = [xs(s) =yl + [y = x:(s)];
Ty — 81 T1i—=8% _ B1—45 Y1 — 81
xs(s) =z |z —x(s)]  Ixs(s) =yl [y —xu(s)]
Ty —(so—a)  wma—(sata) ya—(s2—a) y2—(s2+a)
xs(s) — | 2 —x:(s)]  [xs(s) — vl Yy — xu(s)]
By Lemma 3.2, we obtain x = y, so one direction is proved. For the other, we assume = = y.
This yields obviously E(x) = E(y). Hence, the proof is finished. O

)
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According to Setting 3.4, Lemma 3.6 and Lemma 3.7 the choices we made in Setting 3.4
in order to define a generalised Radon transform by defining measures satisfy Assumption
2.27 and Assumption 2.28. But before we are able to define the related generalised Radon
transforms, we have to verify one last assumption. This is, 7, x (2a,00) has to be proper. We
show this in the following Lemma.

3.8 Lemma. The projection g,y (2a,00): Z = {(s,t,x) € So X (2a,00) X R} | (s, x) =t} —
So X (2, 00) is proper.

Proof. Let a,b € (2a,0) be arbitrary with @ < b and K be an arbitrary compact subset of
So. Then, K X [a,b] is compact subset of Sy x (2a, 0).
First, we show that

Wgolx(za,oo)(K x [a,b]) = {(s,t,2) € K x [a,b] x R3 | p(s,2) =t}
is bounded. As ¢ € [a, b], we get
b>t=p(s,x) =|xs(8) — x| + | — x:(8)| > |& — x5(5)]
and further
b= |z = [xs(s)|-
Consequently, we have

2| <b+|(s1,82 —,0)7].

Thus, all z € Ri such that (s,t,z) € Wgolx(mm)
(s1,82) € K is satisfied. As a consequence, wgolx(

(K x [a,b]) holds are bounded as s =
(K X [a,b]) is bounded.
Further, the set w;olx(zam)(K x [a,b]) is closed as preimage of the closed set K x [a, b]

2a,00)

under the continuous map g, x (2a,0)-

Altogether, wgolx (20,00) (K x [a,b]) is compact as bounded and closed subset of R® and thus
1

T 5o % (2a,00) 1 PTOPeL. O

Except for the defining measures we have everything needed to define the generalised
Radon transform in the considered setting. Before we state these, we look closely at one of
the measures we choose.

3.9 Remark. By )., \; and \; we denote the Lebesgue measures on Ri, So and (2«, 00),
respectively. Therewith, we define the measure 1 on Z by . = 6(t—p(s, x)) A(s, ) As @A\ R Ay,
where A is given by A(s,z) = PR ORI ==l for s € Sy and = € R} according to definition
(1.11).

For fixed (s,t) € Sox (2a, 00) we have u(s,t) = §(t—o(s, x))A(s, x) Az, which is a measure
on R? supported on the set E(s,t), i.e. on the open half-ellipsoid determined by s and ¢. In
Subsection 1.2.2 we analysed how y(s, t) acts on C2°(R? ) for fixed (s,t) € So x (2c, 00). We
have

us.000) = [ F@) A st~ pls.alyde =5 [ [ fats,t.0.6)sm(o) do o

3
RY
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for f € C2°(R%). We deduce

wn= [ 0 | [, @A 2 n i

_ ;/S /: /OW /Oﬂ F(x(s,t, 6,0)) sin(¢) de A0 dt ds 3.8)

for f € C°(RY). Thus, the measure p acts on C2°(R3) via identity (3.8). Its density given
by ¢ — 1 sin(¢) for ¢ € (0, ) is smooth. In this sense x is a smooth measure on Z.

3.10 Definition. By Lemma 3.6 and Lemma 3.7 the Setting 3.4 satisfies Assumption 2.27 and
Assumption 2.28. Moreover, the projection g,y (2q,00) 1 proper according to Lemma 3.8

We choose vx = Ay, vy = As @ A\p and p = §(t — (s, 2))A(s,2) As @ A\t ® Az as smooth
Radon measures on X,Y and Z (see Remark 3.9).

Then, by Definition 2.32 the corresponding generalised Radon transform F: C*>°(R3) —
C>(Sp x (2a,0)) is given by the relation

Ffolx®M= Wsox(za,oo)*((foﬂm) O p)-

After a calculation we obtain the following representation

Ff(st) = f(x)d(t — o(s,x))A(s,x) dz

3
RY

for F (see below this definition). Here, and in the following we write dzx, ds and dt for integrating
with respect to A,, A\s and Xy, respectively. Since ¢(s,x) = t with (s,t,x) € So X (2a,00) x R3.
describes an open half-ellipsoid (see Lemma 3.1), F' is often called the elliptic generalised Radon
transform.

In order to get the above representation of F let f € C2°(R%) and g € C* (S, x (2a, 0))
be given. Then, we have

/ 95, ) d(FF © AA)(s.1)
So X (2c,00)
-/ 9(5.1) dms, x(2a0e), ((f 0 T2 ) @ 1) (5.1)
So % (2a,00)
— [ (90 T8 a0 500 (S ) @ 05 2)
z
= / (g © WSUX(Q(X,OO))(S’ t, l’)(f o WRi)(Sv t, x) d/‘(svtv :L’)
z
-/ 9(s. D F(2)0(t — (s, 2)) A(s. 2) d(s,t,2)
So x (2a,00) xRY.
-/ 9(s.1) [ F@)o(t — ols,x))Als, 2) dz d(s, 1)
So X (2a,00) RY
3.11 Definition. As mentioned in Definition 3.10 the assumptions we need to apply Definition
2.32 and thus Definition 2.33 are satisfied. With the same measures as in Definition 3.10 we

define the corresponding dual generalised Radon transform F*: C°(Sy x (2a,00)) — C°(RY)
by the relation

F*g ® )\ac = ﬂ-Ri*((g o ﬂ-SoX(2o¢,oo)) © ,LL)
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according to Definition 2.33. Again, a calculation (see below this definition) yields
Fogla)= [ ol 00— (o)Al ) A = [ ol ol ) Al s
o X 20(,00 0

For the calculation of the representation of F* let f € C2°(R3) and g € C*°(S, x (2a, )
be given. We obtain

f(@)d(F g © Ag)(x) = (z) dmrs (90 Tsyx(2a.00)) © 1) (@)

R3 RS
= [ (F o )5 £.0) (9 s ) © )50
= /Z(foWRi)(Svt7x)(go7rSo><(2Oé,OO))(S7t>$) du(37t7x)

= / ~ f(2)g(s,8)0(t — (s, 2))A(s, ) d(s, ¢, z)
So % (2a,00) xRE.

:/‘ f(x)/ o(5,)5(t — (s, ) A(s, 2) d(s, 1) da.
Ri So % (2a,00)

In Subsection 3.2.1 we confirm that F** is the dual operator to F' from another point of
view.

3.2. Properties of F'
In Chapter 1 we obtained the equation
Fn=y

for the quantity n we are interested in with the measured data y. Since there is no inversion
formula for F' known, we are not able to solve this equation directly for n. In our application,
we do not need the exact values of n. It is sufficient if we know where the jumps of n appear
since these describe the material changes below the surface. In this way, we are able to locate
different materials (see also Introduction and Chapter 1).

In order to obtain information about the singularities, we aim to apply a reconstruction
algorithm. For this purpose, we choose a suitable reconstruction operator A which is defined
by A := FF where F has to be chosen later on.

At this point, the microlocal analysis comes into play. With the help of the results available
in this theory we are able to predict which singularities are reconstructed or not and which
are added by the reconstruction operator A. Knowing this, we draw conclusions on n by
knowing An.

In short, this means we have to find an operator A which preserves the singularities of n
and does not add any. Also, the strength of the singularities should ideally increase and not
decrease.

In Chapter 2 we have seen that elliptic pseudodifferential operators preserve the wave
front set and in particular, the singularities. Further, there is a result on page 371 in [GS77]
that the normal operator R*R for a generalised Radon transform R is an elliptic pseudod-
ifferential operator if an additional condition, the Bolker condition, holds. Moreover, the
composition R* R has to be well defined. Since we verified in Section 3.1 that F' is a gener-
alised Radon transform, we start analysing the the normal operator of F.

However, before we go on with the normal operator of F', we verify that F and its dual
F* are Fourier integral operators. We will benefit from this knowledge later on when we
consider the normal operator of F'.
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3.2.1. F as Fourier integral operator

In Section 3.1 we defined the elliptic Radon transform F': C*(R3) — C*(S; x (2a, 00))

and its dual F*: C2°(Sp x (2, 00)) — C°(R3). As we are interested in quantities n which

are non-smooth, we continue the operator F‘COO(Rs | to the set of distributions with compact
e g

support denoted by £'(R?.). For this reason, we take advantage of the fact that ¥ and F™* are
Fourier integral operators. By page 371 in [GS77] the operators F' as well as F'™* are Fourier
integral operators of order —1 since they are generalised Radon transforms. Nevertheless,
we need the representations of both later on. In order to get these, we reformulate both
operators and verify that the obtained representations satisfy the assumptions for a Fourier
integral operator. For f € C2°(R3.) we obtain

Ef(s,t) = [ f(2)d(t — (s, 2))A(s, x) dz

R3

= | @) A(s,2)FH(Filt o 6(t = (s, 2)))) da

RS

= f( ) ( )f;l(ﬁ — \/%e—itﬂ(s,a:)t) dz

/ /f (s,z)e )it #(5:2) Qe da
]Rii

—/ f(2)A(s, 2)e =22 dg dw (3.9
m ]Ri

for (s,t) € Sox(2a, 00). Here, F; denotes the one dimensional Fourier transform with respect
to t and F; ! its inverse. We note that F; is invertible on L2, on the Schwartz space and on
its dual, the space of tempered distributions.

First, we verify that p: Sy x (2o, 00) x R% x R — R defined by p(s, t,z,w) := 5= A(s, z) =
= mm is a symbol of order 0. Since for all s € S the points xs(s) and x,(s)
are no elements of R3 , we have p € C*(S; x (2a,00) x R} x R). The function p is positive
homogeneous of degree 0 and so, according to Lemma 2.2, p is a symbol of order 0. Further,
we define ¢: Sy x (2a,00) x R3 x R\{0} — R by ¢(s,t,z,w) := w(t — ¢(s,z)). Then,
¢ € C>=(Sp x (2a,00) x R3 x R\{0}) is satisfied as ¢ is in C>°(S, x R} ) and we get

o(s,t,, dw) = Aw(t — @(s,x)) = Ao(s, t, z,w)

for A > 0 and (s,t,z,w) € Sy x (2a, 00) x R3 x R\{0}. Hence, ¢ is positive homogeneous of
degree 1 in the last variable. Further, we have

T
_ T1—5 T1—5 T2 —(s2—) zo—(s2+a)
V(s t,z,w) = (w(lxis)jxl + ‘ijr(iw FAOE + [T (5)] ),w) ,
T
_ T1—s8 z1—8 zo—(s2—a) —(s2+a)
Vad(s,t,2,0) = —w( G255 + Ry s + e i + )
= _va%’(sax)a
Bud(s,t,2,0) =t — (|xs(s) — 2| + & = x:(s)]) =t — (s, 2).

(3.10)

Since 3 > 0 is satisfied, the gradients V, +)¢ and V¢ are nowhere zero on Sy x (2a, 00) x
R3 x R\{0}. For this reason, (V ¢, d,¢) and (V,¢, d.,¢) do not vanish on Sy x (2, 00) x
R3 x R\{0}. Hence, ¢ is a phase function.



58 CHAPTER 3. Theoretical results concerning the operator F

Next, we consider the matrix given by
(O Dut(stizw) DuDudls tim,w) ol ta,w) ).

Again, the derivatives 0,0,¢(s,t,z,w) = —0dz¢(s,z) do not vanish for (s,¢,z,w) € Sy x
(2a,00) x R3 x R\{0} because 3 is strictly positive. Thus, the rank of the matrix above is
1 and the phase function ¢ is non-degenerate. With the formula for the order % of a Fourier
integral operator we obtain k = 0 — (232 — 1) = —1 for the order of F. Altogether, the
above expression for F’ satisfies the assumption on a Fourier integral operator of order —1.
Analogously, we have

Frg(z) = /S o )g(s,t)5(t —(s,x))A(s, ) d(s,t)
= /S (2 )g(svt)A(S’x)ft_l(}—t(t — 5(t — (,0(8,33)))) d(S, t)

:/ g(s, ) A(s, ) F; H(t — ﬁe‘isﬁ(s’x)t) d(s,t)
So X (2a,00)
1

B 27 So % (20ar,00)

1 .
= — / / g(s,t)A(s, 2)e =262 q(s. 1) dw (3.11)
2m R JSox(2a,00)

/ g(s,t)A(s, 2)et=2(2) du d(s, t)
R

for g € C°(Sp x (2a,00)) and = € R3..

With the functions p*(z, s, t,w) = iA(s, x) = p(s,t,z,w) and analogously ¢*(z, s, t,w) =
w(t—p(s,x)) = ¢(s,t,z,w) we also have a representation for F'* as a Fourier integral operator
of order —1, which confirms that it is the dual operator to F'.

By the above observations, F|Cgo(R3+): CP(R3) — C°°(Sp x (20, 00)) and F*: C2°(Sp x
(2a,00)) — C°(IR%) are Fourier integral operators. Thus, there exist the continuous exten-
sions F': &'(R%) — D'(Sp x (2a,00)) and F*: £'(Sy x (2a,00)) — D' (R3).

In Section 2.1 we have seen that there are two sets, the canonical relation C and the set
Y4, related to a Fourier integral operator. We need these later on to describe the microlocal
behaviour of a composed operator consisting of F' and its dual F'*. As a preparation we
calculate both sets for F' and F* in the following.

With the identities in (3.10) we obtain the set
e = {(s,t,7,w) € Sy x (2a,00) x R x R\ {0} | (s, ) =t}

and the canonical relation C' C ((Sp x (2a,00)) x R¥\{0}) x (R% x R3\{0}), which is given
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by
C={(5t,V(spno(s,t,z,w);z,=V(s,t,2,w)) | (5, t,2,w) € Xy}
= {(5,t, (~wVp(s,7),w) s 2,wVap(s, 7)) [ (s, 2) = t,w # 0}

{( ( (lxs ORI xr(s)\) w(w\i:fff:ﬁ) + w@:(»ff(tﬁ))’w)T;%

(et + ) o (e + 22t (i + i) )
xo(5) = | + |2 = x:(s)] = t,w # 0}
= { (s pto 2. (ot + ity ) w (S0 + ) ) oo

(“(\xf@sfﬂ + \zm—l;ﬁn) ( AT R tf@ﬁ)) (\xs<§§!m| + \szi(sn))T)

‘ w# O}.
(3.12)

For the canonical relation of the dual F* we further get

CT ={(z,-V,d(s,t,z,w);s,t, Vis@(s,t,,w)) | p(s,x) =t,w # 0}
-
_ xr1—S xr1—S To—Sota To—Sota x x .
_{(x’ (W(|xjs)fz\ + Im:xr(é)l)’w@é(s){rl + \Tzfxf(s)l)’w<|xs(s;)ifx| + \asfxi(s)|)) ;

T
r1—S r1—S To—So2ta To—Sota

8%, (“(|xis)—1x\ + |m—1xr<§>\)’°"(|>i(sf—m\ + \5—xf<s>|)’°’> )

| x:(s) = o] + lo = xu(s)] = tw £ 0}
(3.13)

following the definition in identity (2.6).

In direct connection with the canonical relation are the two canonical projections illus-
trated in Figure 2.1. In our case these are given by Ilg, x (24,00): C' = So X (20, 00) x R¥\{0}
and Igs : C — R3 x R*\{0}, i.e. they project on the first and the second component of the
canonical relation, respectively.

C C ((So x (2a,00)) x R¥\{0}) x (R3 x R3\{0})

sy x (2a,00)

So % (2a, 00) x B3\ {0} R3 x R*\{0}

3.2.2. The normal operator and its wave front set

In the smooth situation F maps C2°(R?) into C*°(Sy x (2a, o)) but in general the image
does not have compact support. Thus, also in the distributional setting the operator F' maps
&'(R3) into D'(Sp x (2c, 00)) in place of £'(Sy x (2a,00)). For this reason, we are not able
to compose F* with F' in general.

However, there is still a way to use the claim that R*R is an elliptic pseudodifferential
operator according to page 371 in [GS77] for a generalised Radon transform R. We introduce
a cut-off function ¢ € C2°(Sp x (2cr, 00)) and have Y F: £'(R3) — £'(Sp x (2a, 00)). Hence,
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we are able to compose F*: £'(Sy x (2ar,00)) — D'(RY) with ¢ F. This yields an operator
F*yF: £'(RY) — D/(R3).

In this subsection, we first show that F*¢)F is a pseudodifferential operator. Afterwards
we analyse the wave front set of F*i F using the representations of the canonical relations
of F and F* we calculated in the last subsection.

3.12 Theorem. The operator F*yF: &'(R%) — D'(R3) is a pseudodifferential operator of
order —2.

Proof. In Subsection 3.2.1 we have seen that the generalised Radon transform F' and its
dual F* are Fourier integral operators of order —1. As we have outlined above this theorem
we insert the cut-off function ¢ since without it we are not able to compose F* and F.
By the mapping properties of F' and F* we obtain F*yF: £'(R}) — D'(R?%). Moreover,
the Bolker condition for F' is satisfied. This means, that the projection Ilg,x (2q,00): C —
So % (2a,00) x R3\{0} from the canonical relation C onto its first three components is an
injective immersion, i.e. g, (24,00) and its derivative are injective. A proof of this is given
in Section 3.2 in [FKNQ16]. Since this condition is fulfilled by F, the operator F*yF is
a pseudodifferential operator of order —2 according to page 371 in [GS77] (see also page
331 and 335 in [Quin80]). We note that the symbol of ¢/ F' is given by (s, t)p(s, t, z,w) for
(s,t,x,w) € Sp X (2a,00) x R3 x R\{0}. Since ¢ does not depend on the phase variable
w, the order and the canonical relation of ¢F' do not change in comparison to F. For more
details we refer to the proof of Theorem 3.15 below. O

The assertion on page 371 in [GS77] is that for a generalised Radon transform R the
operator R*R is an elliptic pseudodifferential operator. In Theorem 3.12 we applied this
result to show that F*¢ F' is a pseudodifferential operator. However, we do not obtain that
F*yF is an elliptic pseudodifferential operator. The reason for this is the cut-off function
¥. At points in which the cut-off function 1 vanishes it is not possible to show the estimate
required for ellipticity.

For the proof of the next theorem we need the following lemma. This assertion is already
published as Lemma 3.4 in [GKQR18b]. We include the proof for convenience of the reader.

3.13 Lemma. Let (z,§) € R} x R® with & # 0. The equation £ = wV (s, x) determines
uniquely s € R? and w € R\{0} depending on = and &. Explicitly, we have

€3

1 1
x3(|z—xs<s>\ t |z—xr<s)\)

w(z,§) =

and s(x, &) = (s1(x, &), sa(x, &) where

s1(z,8) = z1 — lesa
3
2

_1e((g58 ) \/z(sms )+ 102g

T T3+ \/x +1) +4« , for 0,
sa(x,8) = ’ 2§2< “ ’ & o fore 7

T, for & =0,

and thus

w(z, &) = 573 V(@1—51(@,8)2+(m2—(52(2,6) — ) 2+ a3/ (21 =51 (2,6)) >+ (w2 — (52(2,8) +@)) 2 + 3
’ 23 vV (@1—51(2,8)2+ (2= (s2(2,6) — )2 +a3+1/ (31— 51 (,€)) >+ (w2 — (52 (3,§) +)) > +a3 |
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Before we prove the lemma, we focus on the representation of s, depending on (z,¢) €
R3 x R? with & # 0.

3.14 Remark. Although at first glance it is not clear whether the representation of s, de-
pending on (z,&) € RY x R3 with &; # 0 is continuous, it is even smooth. In order to show
this, we rewrite s,. For (z,¢) € R} x R? with & # 0 and &; # 0 we have

51 1 404253 & 1 2
16 (o (G810 vamd-(d+1))
So(x,§) =20 — -—x3 | =5 +
2( E) 2 252 3 E% 5% 55 ; 3 4a2 53 5%) ;
(G+8+1) +azg+(8+1)
& 498 (& a? &
gy L& €2+ g 28 (g +1) rand
252 53 2 2 2 3
(g—;+§—§+1) +4%§—§+(§—1+1)
165 I3 £ a” &2
16, harE(@e1) g
28 (5—1+§+1)2+4a—5—2+(5—1+1)
&g 36 T\g
0+0+0
— 29— 0—z3 =22

2 2
\/(§5+0+1)2+0+ (%Jrl)
3 3
for &, — 0. Hence, s, is continuous in £&; = 0. We observe further that this representation of

s is smooth on R x R? with &; # 0.

Proof of Lemma 3.13. We explicitly solve the equation
E=wV,p(s,x) (3.14)

for s € R? and w € R\{0}. With

-
V’E(p(57x) — <|X (s) T‘ + i T1—S1 To—(s2—a) + zo—(s2+a) T3 i + |x—f(?(€)\)

z—x:(s)]7 [xs(s)—] [z —x:(s)| ’Ixs(S) z

we obtain the following three equations

&= “(\xf@s—lm + ﬂ;ilv”), (3.15)
— z2—(s2—0q) zo—(sa+a)

& —“( xo(s)=al T Jo=x.(5)] ) (3.16)

b = “’(\xs@?m + |mfx‘°;<s>|) (3.17)

from identity (3.14). Further, we rearrange the last one (3.17) and deduce

= &3 _ &lxs(s)—z||lz—x,(5)]
“- I T = T5(be(s) 2Tt ()] (3.18)
I:3(|xs(s)—x\+|x—xr(s)|) a(pes(s) [+ ()D)

Inserting representation (3.18) in (3.15) yields & = %3“) and so

s1=s1(x,8) =x1 — %Jfg

Further, we insert (3.18) in (3.16) and have

_ €a (wa=(sa—a))[p—xe(s) - (wa—(sa0) s () 3|
&2=3 FAOETEr==a)
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Solving for s; we obtain

52 = 82(2,€) = 22 — 23 — a‘ligigiil\;\li;}:gigl‘
_ & \/(11—81)2+(w2—(sz—a))2+w§—\/(x1—31)2+(w2—(52+a))2+w§ 31
T a\/(11781)2+(€E27(82*a))2+w§+\/(w1781)2+(127(S2+a))2+m§' (3.19)

Now, we introduce the abbreviations ¢ := x; — s; and d := x5 — s to simplify the terms
in the following. Using these we reformulate the above identity (3.19) for s to

%333 =g(d)

where g: R — R is defined by

(d) —d— \/c2+(d+a)2+w§—\/c2+(d—a)2+$§ _ (d—a)y/c?+(d+a)?+a2+(d+a)y/c2+(d—a)?+z2
g \/c2+(d+a)2+m§+\/02+(d7a)2+m§ \/62+(d+a)2+a:§+\/02+(d7a)2+a:§ ’
(3.20)

So, if we are able to show that g is invertible, we solve equation (3.20) for d using d = x5 — s
and obtain a representation of s in terms of x and &.
First, we show that g is injective. Therefore, we consider its derivative given by

2(02+d2+a2+w§)(\/02+(d+oz)2+$§ \/02+(d—a)2+x§+c2+d2—(12+:c§)

/
g'(d) = 2
\/c2+(d704)2+x§\/c2+(d+o¢)2+z§ <\/c2+(d+o¢)2+x§+\/c2+(dfo¢)2+:c§)

for d € R and analyse its monotonicity. Since it holds

\/02+(d+a)2+w§\/02+(d—a)2+x§+cz+d2—oz2—|—x§
>Vid+a)2/d—a2+4+d*—a?+ai=|d® -+ P +d>—a’ 42?2
> 4a5>a5>0

for d € R, the numerator of ¢'(d) is greater than zero and so ¢’(d) > 0 for all d € R. Hence,
g is strictly monotone increasing and therefore injective. For surjectivity we rearrange

g(d) = d — q—St@re) 4ai—(CHd-afhe) g 40%d
(\/02+(d+a)2+w§+\/02+(d70¢)2+w§)2 (\/02+(d+a)2+w§+\/cz+(d7(y)2+m§)2

2
—d(1- 20 )
c24d2+o2+a3+y/c2+(d+a)2+a2/c2+(d—a)2+x3
c2+d27a2+z§+\/c2+(d+a)2+m§\/02+(d704)2+z§

=d c2+d2+a2+m§+\/c2+(d+o¢)2+m§\/c2+(d—a)2+m§ (321)

for d € R. Hence, we see

limM:1 and lim le

d—oo d——oco
and so g(R) = R. Thus, g is surjective. In order to determine the inverse of g we consider
g(d) = ¢ for fixed ¢ € R and search for d. In case of § = 0 we deduce d = 0 as g(0) = 0 holds.

If we have 6 # 0, we achieve

d(c2+d2—a2+x§+\/02+(d+a)2+x§\/02+(d—a)2+x§)

:5(c2+d2+a2+x§+\/c2+(d+a)2+x§\/c2+(d—a)2+x§)



3.2. Properties of F 63

by using (3.21). This is equivalent to

d(+d?—a?+ax3)—o(+d*+a? +123) = (5—d)\/02 + (d+ a)? +x§\/62 +(d—a)? + 23
Now, we square both sides, rearrange and divide by « and d what leads to
—8d® + (6% — 23 — *)d + (& + 23 + )5 = 0.

We notice that d # 0 holds for § # 0 as g(0) = 0 and g is injective. Further, we observe
that we introduced a second solution when we squared both sides. Solving this quadratic
equation and keeping in mind that d and § have the same signs yields the unique solution

62 — 23 — 2+ /(62 + 22 + 2)2 + 4242

d= 2

So, we find to given ¢ a unique d such that g(d) = J and conclude
S2 = 52(I7§) = T2 — d(l‘,f) = T2 — gil(%x?))
_ 16 (&G -& L (+E 2 268
- (( 28 e () s

for z € R and ¢ € R3 with & # 0 and & # 0. Moreover, for z € R3 and £ € R with & =0
and &3 # 0 we obtain

sz = 52(2,8) = w2 — d(2,§) = 22 — 971(%3”3) =3 — g7 '(0) =z

using ¢g~1(0) = 0. Hence, we have explicit expressions for s; and s, in terms of z and ¢ and
thus, for w by (3.18). O

In the following theorem, we calculate the wave front set of the operator F*1 F modified
by the cut-off function ¢. If we consider its wave front set, we see that singularities related
to one special direction are no part of it. Hence, using the operator F'*¢y F' as reconstruction
operator, we are not able to reconstruct all singularities as it does not preserve all singularities
of an element n € &'(R3).

In the theorem the wave front set of an operator appears. This is a notion we mentioned
in Theorem 2.18.

3.15 Theorem. The wave front set WF(F*¢F) C (R3 x R¥\{0}) x (R} x R3\{0}) of F*¢F
satisfies

WEF(F*yF) C {(z,&x,&)| there exists s € Sy and w # 0 such that £ = wV (s, x)}.
So, the direction £ to a point x consists of all non-zero multiples of
Vap(s.2) = Val[x,(s) — 7l + 2 = x:(5)])
with s € Sy.

The condition ¢ = wV (s, z) for £ € R3\ {0} yields 3 # 0 by Lemma 3.13.
At this point, we observe that if we assume s to be in R? instead of just in Sy, we obtain

WE(F*9F) C{(z,§,8) [ &3 # 0}
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This follows because we obtain for each z € R? and ¢ € R? with & # 0 unique s € R? and
w € R\{0} such that £ = wV (s, z) is satisfied by Lemma 3.13. Except of the boundedness,
R? fulfils all assumptions made on Sy as R? is open and connected. Nevertheless, in case
of applications it is natural to assume the set of sources and receivers to be bounded, even
more, to be finite.

Before we prove the theorem stated above, we give some remarks how the result changes
if we consider the full space R? in place of only R%. In this case, we obtain additionally the
mirror points described in Remark 3.3. If we choose s in R?, this yields

WE(F'yF) C{(Z,67,6) | # 0 U{(Z.£7.6) | £ # 0},

with € = (&1,&, —&3) " for € = (£1,&,63)" and (£1,&,63)T = —wV,0(s,7) as before for
points 7 in the full space R3. In reconstructions the above result is visible in the fact that all ob-
jects are mirrored at the x;-zo-plane (see also figures 2-4 in [KLQ12]). These considerations
are consistent with Theorem 4 in [KLQ12]. Here, the authors consider the two-dimensional
case with points in the full space R?. Also, the proof of Theorem 3.15 is analogue to the
one of Theorem 4 in [KLQ12]. In [KQ11] a similar result concerning a different geometry is
shown.

However, if we consider the full space it is not clear whether we work still with generalised
Radon transforms. Our proof which shows that we have the required fibre maps in Lemma
3.6 takes advantage of the fact that we consider just the half-space. Then, the function ¢ (see
Lemma 3.5) yields exactly one value for x3. In case of the full space, we have two possible
values when taking the square root. Thus, the function ¥ defined in Lemma 3.6 is no longer
a homeomorphism.

In contrast, the assumptions we verified for the generalised Radon transform do not get
violated if we assume the parameter s, which determines the foci of the open half-ellipsoid,
to be in R? instead of the bounded set S.

Proof of Theorem 3.15. First, we observe that ¢F' is again a Fourier integral operator with

symbol p(s,t,z,w) = ¥(s,t)p(s,t,z,w) for (s,t,z,w) € Sy x (2a,00) x R3 x R\{0} as

¥ € C°(Sy x (2a, 00)) holds. Since the canonical relation (2.5) only depends on the phase

function and not on the symbol, the associated canonical relation of the operator ¢ F' is also

the set C given in (3.12). Thus, the Hérmander-Sato Lemma (Theorem 2.18) yields
WE(F*$)F) C CT o C.

Of course, the points which are not in the support of ¢ yield no elements of the wave front
set. But as we only make a point about the inclusion, there is no difference between with or
without the cut-off function 1.
The canonical relations C and C'T are given by (3.12) and (3.13), so that we calculate
C'T o C using Definition 2.7. In this way, we obtain
CcToC
:{(ya _Vy¢(57 ta Y, W); z, _vw¢(3a ta z, LU)) |
there exists (s, ¢(s, ), V(s @(s,t,2,w))
such that (yv _ayd)(sv tv Y, W); S, 9‘9(3’ x)v v(s,t)¢(81 tv z, U})) € CT and
(87 90(87 .Z'), V(S,t)¢(s7 t7 x, W), x, _v$¢(87 ta x, w)) S C}
={(y, —Vyo(s,t,y,w);x, =V, d(s,t,z,w)) | there exists s € Sy and w # 0 such that
SO(S7 :17) = @(57 y)’ VQ(b(S? t? x’ w) = V§¢(57 t? y? w)}
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Here, the three required conditions on = € R% and y € R? are

[xs(5) = | + |2 = x:(5)] = [xs(5) =yl + [y = xe(5)],

Ty — 81 1”5 _ 1T Y1 — S1
xs(s) — 2| |z —x(s)]  |xs(s) =yl |y —xu(5)]
z2 — (52 — @) $2*(52+a):y2*(52*@) Y2 — (52 + )
xs(s) — 2| |7 — %:(5)] [xs(s) — vl ly — x:(s)]

These are exactly the three equations of Lemma 3.2 which yields necessarily x = y. Moreover,
we have V,¢(s,t,z,w) = —wVp(s, z). Hence, we have

CToC = {(x,&,6)| there exists s € Sy and w # 0 such that £ = wV,¢(s, )}

by Lemma 3.13 and so the assertion is shown. O

3.16 Remark. In this remark, we consider again what happens if we replace the bounded
set Sp C R? by the full space R?. We define

Ao = {(z,&2,8) € (RE x R3\{0}) x (R} x R*\{0})| there exists s € Sy and w # 0
such that £ = wV (s, z)}.

For aset A C R3 x R*\{0} we get

Ago A
= {(z,£) € R} x R*\{0}| there exists (y,7) € A such that (z,&;y,1) € Ao}
= {(z,€) € R3 x R*\{0}| there exists s € Sy and w # 0 such that £ = wV, (s, z)
and (z,§) € A} C A

by Definition 2.7. Moreover, the Hérmander-Sato Lemma (see Theorem 2.18) yields

WF(F*$Fn) C Ag o WF(n)
= {(z,€) € R3 x R*\{0}| there exists s € Sy and w # 0 such that
& =wVyp(s,z) and (z,€) € WF(n)} C WF(n)

for n € £'(R3). In case of s € R?, this inclusion simplifies to
WE(F*pFn) C {(2,€) € RS x R*\{0} | & # 0 and (z,€) € WF(n)} C WF(n)

by Lemma 3.13. Thus, even if we have sources and receivers at every point of R?, we cannot
reconstruct singularities related to directions with vanishing third component.

3.3. The reconstruction operator A

In this section, we choose the reconstruction operator A containing the normal operator
F*yF and explain our choice. Afterwards, we state the explicit top order symbol of A for
which we refer to our publication [GKQR18b] which is joint work with Kunstmann, Quinto
and Rieder. However, we do not repeat the calculation presented therein. Instead, we give
another approach to obtain the top order symbol of F*yF and thus of A. We use this ex-
pression to analyse the behaviour of A. Based on these results, we define other modified
reconstruction operators.
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3.3.1. The choice of A

In Subsection 3.2.2 we have shown that F*¢ F is a pseudodifferential operator of order —2.
However, operators of negative order are smoothing. But it also works the other way round.
At points in which a pseudodifferential operator of positive order is microlocally elliptic it
emphasises the related singularities.

For this reason, we augment F* F' by two differential operators which increase the order
by 3. These are the Laplace operator A and the derivative in third direction d3. We note
that these differential operators are pseudodifferential operators according to Example 2.4,
which map D'(R? ) into D’'(R?) since they map C2°(R3) into C2°(R3)).

The choice of the derivative in third direction is motivated by an inversion formula for
the spherical Radon transform of Klein, in which this derivative appears (see [Klei04]). The
spherical Radon transform integrates over spheres instead of ellipsoids as its name suggests.
In the publication [QRS11], the authors use a reconstruction operator with these two deriva-
tives inspired by [Klei04], too. However, we notice that the choice of the derivative in third
direction yields that the operator A is microlocally elliptic on the largest possible set. Hence,
if we choose the derivative in first or second direction, the set on which the operator is mi-
crolocally elliptic, can be the same one or even smaller. Since there are no cancellation effects
(see Remark 3.25), the latter one is more probable.

There are also some other ideas for reconstruction operators we should mention at this
point. In classical Kirchhoff migration the reconstruction operator is given by R* K R where
K is a one-dimensional convolution operator, R a generalised Radon transform and Rf a
kind of dual transform. In [Beyl85] Beylkin shows the identity R* KR = partial T 5. Here,
Ipartial is an operator of partial reconstruction and S a smoothing operator. In R! Beylkin
uses the reciprocal of the weight in R as weight in R*. As a consequence, this yields a partial
reconstruction with smooth artifacts.

In order to analyse the microlocal behaviour of A we have to calculate its top order symbol.
We refer to our joint work [GKQR18b] with Kunstmann, Quinto and Rieder and state the top
order symbol we obtained there using methods of [Quin80]. Here, we explain why we are
able to apply Theorem 2.1 in [Quin80] which yields the top order symbol of R*R if R is
a generalised Radon transform. Afterwards we present a more straightforward approach
to obtain the top order symbol of A. Our approach uses elementary calculations and take
advantage of the structure of F*v F'. Further, we have to apply transformations and introduce
various cut-off functions to continue the phase function smoothly to R3 x R3\{0}. This is
necessary to be able to apply a theorem of [Shu87].

3.17 Theorem. The operator A: £'(R3) — D'(R3.) given by
A= —ARFYF
is a pseudodifferential operator of order 1.

Proof. According to Theorem 3.12, the operator F*¢ F' is a pseudodifferential operator of
order —2 which maps from &’(R3) into D’(R3). The differential operators A and 93 map
both from C¢°(R3) into C2°(R3.) and thus D’'(R? ) into D’(RR?.). As a consequence, the recon-
struction operator A maps £’'(R?) into D’'(R%). We denote the pseudodifferential operator
F*yF by P and assume the following representation

(2711-)3 /]Rz /]R3 a(xag)u(y)el(ﬂ”—y)g dydg

Pu(z) =
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for u € C2°(R?) with symbol a € S72(R3. x R?). Then, we obtain

Ad3Pu(z) = A@gﬁ /R3 /}R3 a(z, &)u(y)e! @V € dy de

ala, )uly)e "¢ ) dydg
R3
8m3a z, &) +i&sa(z, §)) (y )ei(m_y)f) dy dé
R3 ]R3
A i&1¢17a(m, &) — €2 0p,a(x, &) + (21 — 2) (610, + £20, + £30:,)a(x, )

+i&Aa(z, &) + Adygalx, é‘)u(y))u(y)ei(x_y)'E dy d¢

Hence, the operator A is again a pseudodifferential operator with top order symbol (z, &)
1&)¢%a(x, €) for (z, &) € R3 xR3\{0}. Itis of order 1 since a € S~2(R3 x R?) holds. Further,
we extend A to £'(R3) as A maps C2°(R3 ) into C*>(R3.). Then, A maps £’'(R?) into D'(R3),
which finishes the proof. O

The next theorem states the explicit top order symbol of our reconstruction operator. In
order to determine the top order symbol, we apply Theorem 2.1 in [Quin80]. In the proof
given below we verify the assumptions needed in detail. For the explicit calculation of its
expression we refer to [GKQR18b].

3.18 Theorem. Let (z,§) € R3 x R® with & # 0. If there exist s € Sy and w € R such that
& = wV,p(s, x) is satisfied, the top order symbol of A as a pseudodifferential operator is

o(A)(z, &) = (27)%1 &€ P(s(x,€), o(s(x,€),2))A%(s(x, £), x)

3.22
(2. ), 2) PLB (. ), ) 22
with
[Vael(s(z,€),2) "
B(S(.’L‘,f),x) = det [881 (p](S(a?,E),x)T : (323)
(05, Vil (s(2,€),2) T
In this case, s and w are explicitly given by
o6) & _&h(s,8) — alle % (5(2,0)

z3([xs(s(2,€)) — [ + |2 = % (s(2, £))])

1 1
3 ( FGEO) -] T \l’—Xr(S(w»E))\)

and s(z,&) = (s1(x, ), s2(x, ) where

51(x,§) = 21 — =3,
3

1y — 18 (52 & )x +\/ (51+E2+1) +4a28 |, for 0,
sa(x, &) = L & ’ “ fre?

T3, for & =0,

_ 88 V(@1—s1(@,8)*+ (@2 —(s2(z,8) =) > +a3/(@1=51(2,€)* + (w2 —(s2(2,6) +))*+23
W(.’E,g) - .
w3V (@1—51(2,0)%+(z2—(s2(2,6) —)) 2 +ai+1/ (21— 51(2,€)) 2+ (w2 — (s2(2,§) +))? +23
If there is no s € Sy satisfying & = wV,(s,x) for some w € R\{0}, we have o(A) = 0.
Moreover, for (z,&) € R3. x R? with &3 = 0 the top order symbol o(A) vanishes.
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In the following remark, we observe that o(A) is well defined as the determinant B does
not vanish. The determinant B is called Beylkin determinant. Beylkin considers similar
transforms in his two publications [Beyl84] and [Beyl85]. In contrast to our transform £ =
wV. (s, z) his transforms are simpler in the following way. In [Beyl84] there is no factor
w and in [Beyl85] the explicit expression of w only depends on ¢ and not on z. Thus, the
results given in these two publications are not applicable in our situation.

3.19 Remark. The explicit representation of B is given by

Vagp(s,x)"

B(s,xz) =det | 05, Vao(s,
05, Vaip(s,

Xz
X
(xl—31)2+(’£2—(82—0t))(1’2—(32+04))+$2)
= $3<\x ®=a] T o=t s>|) (\xb G T o= <s>|2) (H e (5)—allo—: (5)] ’
T—Xs(8) | T—Xc(8)
x3(\x<< I e>|> (\x;( R r— s>|2> (1 T elo)—al \z—xr(sn)

for s € Sy and = € R3. The detailed calculation is presented in Appendix A.1. We observe
that the determinant B does not vanish using the factorisation of B. The first three factors
are not zero since x3 is strictly positive and due to the absolute values. The last factor only
vanishes if the two unit vectors u := ‘f{ (’S(SQZ' and v := é ig ;l point in opposite directions,
so u = —v. This is not the case as the third component of both is z3 divided by a distance
and so strictly positive. Hence, the determinant B is nowhere zero.

T

)
)T

For the explicit expression of the top order symbol in Theorem 3.18 we have to evaluate
a function at the point Hﬂggl (z,¢) for (z,£) € R3 x R*\{0}. If Ilgs is injective, this expression
+
naturally simplifies. Indeed, this is the case as we see in the next corollary.

3.20 Corollary. The projection Ilgs : C' — R x R*\{0} is injective.
Proof. First, we define

for (s,z,w) € Sy x R3 x R\{0} referring to the canonical relation C' of F given in (3.12).
Let (z,wV,p(s,x)), (Z,0V,0(5,T)) € Igs (C),ie z,7 € R}, w,w € R\{0} and s,5 € So,
with z = 7 and wV,¢(s,z) = @V,¢(5,T). According to Lemma 3.13, we obtain for given z
and ¢ := wV, (s, z) unique elements s and w. We note that we obtain s € Sy and w # 0 as
otherwise the image (z,wV,¢(s, z)) is not in gy (C). By assumption, we have z = 7 and
£ =wV,p(5,7) =wV.0(s,z), so Lemma 3.13 yields s = § and w = @. Thus, both times the
preimage is c(s, z,w), which yields a unique element of C, and so Igs is injective. O

Proof of Theorem 3.18. For the determination of the top order symbol of A we first consider
the top order symbol of F*¢)F'. We apply Theorem 2.1 in [Quin80] which yields the top order
symbol of R*R for a generalised Radon transform R if the composition is well defined. As
argued before, the cut-off function ¢, which we introduced for reasons of well-definedness,
has not much influence on the assertion. It just appears as a factor in the top order symbol.

Before we apply this theorem, we have to verify the two required assumptions. Setting 3.4,
Lemma 3.6 and Lemma 3.7 yield the assertions made in Assumption 2.27 and Assumption
2.28. So, in our situation the first assumption of the theorem is valid. As stated in Definition
3.10, we define the generalised Radon transform in our setting using that 7g,  (24,00) i proper
by Lemma 3.8.
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The second assumption in [Quin80] is that the Bolker condition holds. This means, that
the projection I,  (24,00): C — So X (2a,00) x R3\{0} from the canonical relation C' onto
the first three components is an injective immersion, i.e. Ilg, x (24, itself and its derivative
are injective. This is verified in Section 3.2 in [FKNQ16].

Hence, Theorem 2.1 in [Quin80] yields a formula for the top order symbol of F*¢F
evaluated at the preimage of (z,¢) € R} x R*\{0} under Igs .

In our case, the evaluation of the term given by this formula at Hﬂgil (z,&) for given (x,&) €

R% x R? with & # 0 is unique because Ig: is injective on this set by Corollary 3.20. For
the calculation of the term which yields the top order symbol, we refer to Section 5.2 in
[GKQR18b] where it is shown that

(2m)°¥(s(x, ), o(s(z,§), 7)) A% (s(x, £), 7)
w(s(z, &), z)*| B(s(x,8), )|

for (z,£) € RY x R3\{0} with & # 0 in case there exists s € Sy such that { = wV (s, z) is
satisfied for some w € R\{0}. In this case, s and w are explicitly given by Lemma 3.13. If there
isno s € Sy which fulfils this condition for some w € R\{0}, we set the top order symbol o(A)
to be zero at this point (x, £). We remark that in the definition of a pseudodifferential operator
in this thesis there is an additional factor ﬁ in comparison to the one in [GKQR18b]. We
took this into account when stating the top order symbol.

In order to obtain the top order symbol of A we have to multiply with the symbol of —Ad;
given by (z, &) +— i&3|¢|? according to Theorem 3.17. This finishes the first part of Theorem
3.18.

Now, we consider (z,¢) € R3 x R*\{0} with £&; = 0. The third component &; of the

direction in the canonical relation C in (3.12) is given by

w<|xs<§§’—m\ + |m—ffi<s>\)

for w # 0 and =3 is strictly positive by assumption. For this reason, we have

o(F*YF)(x,§) = (3.24)

I (z,€) = 0. (3.25)
+

The above representation (3.24) of the top order symbol does not hold for {5 = 0. In par-
ticular, it is not defined since we divide in (3.24) by w and so, according to the explicit
representation of w given in Lemma 3.13, we divide by &3. Further, we observe that for &3
near to zero the first variable s; = s1(x,&) = a9 — % of the cut-off function ) is outside
the compact support of . For this reason, the cut-off function 1) vanishes and the top order
symbol o(A) is zero for (z,€) € RY x R® with £ = 0. This finishes the proof. O

In the following, we present a more elementary approach to obtain the top order symbol
of F*¢ I and thus of the operator A. Beylkin uses a comparable method in his publication
[Beyl84]. However, he assumes that the argument of the exponential function is a phase
function. In our case this assumption is not satisfied. For this reason, we have to carry out
a similar transformation which causes additional difficulties and dependencies compared to
Beylkin.

For this different approach we have to manipulate the operator F*¢ F for technical rea-
sons. Instead of F'*¢)F' we consider the operator F*¢ Fs for § > 0 given by

F*yFsn := F*YF(sn
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for n € &'(R%), where (s: RY — R such that (s € C>(R3) with
C(g(y) =1 if Y3 > 20 and C5(y) =0 if Y3z < 6

for y € R3. Then, we have F*y)Fsn = F*yFn for § sufficiently small. Analogue to A we
define A°n := —Ad3F*yFsn and deduce An = A%n for ¢ sufficiently small. We note that §
depends on n.

As a consequence, there is no difference between the two operators in application if we
stay a small fixed distance away from the surface.

In the numerical examples in Chapter 5 we only consider functions with compact support
like the characteristic function of a ball or functions having a fixed distance to the surface like
the characteristic function of a half-space in the third direction. Hence, we do not distinguish
between the operators F*¢ F and F*v F after we present and discuss the following theorem.

3.21 Theorem. The operator F*1)Fy is a sum of a pseudodifferential operator and a smoothing
operator.

Further, let (z,€) € RY x R® with & # 0. If there exist s € Sy and w € R\{0} such that
& = wV,p(s,x) is satisfied, the top order symbol of F*1)Fs as a pseudodifferential operator is
given by

(2m)°¥(s(x,€), o(s(z, §), 7)) A(s(, §), 2)*¢s(2)
w(z, [B(s(x, ), )]

o(F* Y Fs)(x, &) =
and the top order symbol of As by

2 U(s(@,8), (s(x,§), 7)) A(s(x, §), ) (x)

o z,€) = (2m)°
(As)(z,€) = (27)°igs ¢ w(z, &)2|B(s(z, £), z)]

where s and w are as in Theorem 3.18.

If there is no s € Sy satisfying & = wV (s, x) for some w € R\{0}, it holds o(As)(x,&) =
o(F* ) Fs)(a,€) = 0.

Moreover, the top order symbols o(\s) and o(F*iFs) vanish for (z,€) € R} x R3 with
&3 =0.

For the proof of Theorem 3.21 we need the following lemma.

3.22 Lemma. Let 6 > 0 be given. Further, let K C Ri be compact with x5 > § for x € K.
Then, there exist M; s > 0 and M; s > 0 such that

’(/J(S(.T,f), Lp(S({L‘,f), x)) =0

forx € K if \%| > M s or ‘gz‘ > M, s is satisfied. Here, s is given by the transformation

S3

& = wV (s, x) we described in Lemma 3.13.
Moreover, let M := max{M 5, M2 s}. If g—z + g—é > 2M is satisfied, we have
3 3

w(s(%g)#ﬂ(s(%f),m)) =0
forz e K.

For the proof of this lemma we refer to Appendix A.2. We go on with the proof of Theorem
3.21.
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Proof of Theorem 3.21. STEP 1: Representation of F*i)Fs as a Fourier integral operator and
transformation s := sw. We start with rewriting F*¢F in order to determine the represen-
tation of F*¢F;s as a Fourier integral operator. For this purpose, we take the representations
of F and F* as Fourier integral operators which we derived in (3.9) and (3.11). We have

("¢ Fsn)(z)

1 .
— o [ Al osps.) [ [ Alspcaun)e e dudy ds
T Jso r3 JR

1 .
S / / (s, 0(5, 7)) A5, 2) A5, 1) Ca () () #eD—# 0 ds duy dy
2m R3 JR JR2
1 .
L / / (s, (s, 2)) A5, 2) A5, ) Ca ) n(y)e P~ 60 45 duo dy
27 RS JR\{0} JR?

for n € C2°(RY). The second equality holds since supp(¢/) C Sy x (2a, o0).

The function (s, w) — w(v(s, ) — (s, y)) is not homogeneous in (s, w) and so not a phase
function. In order to get homogeneity, we have to transform the inner integral. Before we
apply the transformation given by s := sw for s € R? and w € R\{0}, we introduce some
notations. We use the following abbreviations

A5, w,x) = A2, z), p(3,w, ) = (£, ),
and (3.26)
V(3w 0G,w,2)) =12, 0(£,2) =9, ¢5,w,1))

for 5 € {sw|s € R?,w € R\{0}} = R? to get rid off the fractions. With these definitions we
obtain

(F* ¢ Fsn)(x)
_ 1 (5, w, (8, w, ) A(S,w, 2)A(S,w, y)
S 27 /Ri /]R\{O} R2

jwl?

Gs(y)n(y)
@ (P (Ew,2)—0(5.w,9)) 43 dw dy.
Next, we define ®: R? x R3 x (R? x R\{0}) — R by
(2,9, (3,w)) = w(p(3,w,2) = p(B,w,2)) = w(p(Z,x) — ¢(F.y).
For A > 0 we easily get
O(z,y, A3, w)) = A(@(35,2) — v(35,¥) = A®(y, , (5,w))

for (z,y, (3,w)) € RY x R3 x (R? x R\{0}). Hence, ® is homogeneous of degree 1 in (5, w).
Moreover, we have

Ve ®(2,y, (3,0) = wpp(Z, ) — wpp(Z,y) = wV,p(, x)
and
qu)(fﬂ, Y, (gaw)) = 7CUVyQ0(%, y)

for (z,y,(3,w)) € RY x R3 x (R?* x R\{0}). Since z3,y; > 0 is satisfied, the gradients
V.® and V,® are nowhere zero on R3 x R} x (R? x R\{0}) (see (1.16) for the calculation).
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Consequently, (V,®, V(5,,)®) and (V,®, V (5., ®) do not vanish on R3 x R} x (R? x R\{0}).
Hence,  is phase function.

Further, we define p(z,y, (3,w)) = 21 P (E,w, (3w, m))Al(jlgj ) AGw,y) s (y

R3 x R% x (R? x R\{0}). Due to

) for (z,y, (3,w)) €

ADF Aw,7) = A, 2) = A(Z, )

for (z,y,(5,w)) € R x RY x (R? x R\{0}) and A > 0 the function A is homogeneous of
degree 0 in (s, w). Moreover, we have

¢(A§7 Aw, w(g,w,x)) = w(%, @(i%»x)) = w(§7 (»0(5733))

for A > 0 and (3,w) € R? x R\{0}, i.e. the function 1 is homogeneous of degree 0 in (3, w).
As a consequence, the function p is homogeneous of degree —2 in (5, w). By Lemma 2.2 and
the explanation before Lemma 2.1 we obtain that p € C2°(R% x RY x (R? x R\{0})) is a
symbol of order —2. All in all, F*¢ F}y is a Fourier integral operator with phase function ®
and symbol p.

STEP 2: Simplification of the set Y.¢ of F*1Fs. We have

2o = {(z,y,(3,w)) € RL x RY x (R* x R\{0}) | V(5,0)®(,y, (5,w)) = 0}

and
351<I>(:r,y, (§7 w)) =0y, (w@(%vx)) — 0, (wcp(%,y)) =0,
05, ®(2,y, (3,w)) = B, (wip(£,7)) = Dy (wp( 5, 9)) = 0,
0, (2,y,(3,w)) = 0u(wp(Z, 1)) = du(we(Z,y)) = 0

for (z,y, (5,w)) € RT xR3 x (R?xR\{0}). Hence, for fixed (5,w) € R? xR\{0} the condition
in ¥¢ is equivalent to the three equations

O (we(2, 1)) = Dy (we(2,y)), (3.27)
Ds, (wip(2,2)) = s, (wp( 2, 1)), (3.28)
s, (wp(2,2)) = 05, (w2, y)) (3.29)

for z,y € R3. We show that the three conditions are fulfilled if and only if z = y is satisfied.
Let 2,y € R? satisfying the conditions (3.27)-(3.29) be given. We calculate

Ou(wp(5.2)) = (5, 2) + wdop(5,2) = (5, 2) + WVl (5, 2) - (= 32)
(5 2) — WP, 9)(5, 2) — w2[0s,0)(E, )
(5,2) = 51[0s, 013 2) — 52[05,0)(Z, 2)

P
¥

and

05y (wp(5,2)) = [0s,9](5 2)

for = € R3. As a consequence, the equations (3.27)—(3.29) are equivalent to

Q(£,2) — 51005, 0(£,2) — 5205, 0] (2, @) = (£, y) — 51[05,01(£,y) — 52[0s,)(£, ),
05, 21(£,2) = [0, 21(£, ), (3.30)
[0s,0)(£,2) = [05,0) (2, ).
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Now, we add to the first equation of (3.30) the term
51(05,0)(5: ) + 52[05,9](5, @)

on both sides. According to the last two identities in (3.30) this term is equal to
51(05,91(5,y) + 52[0,01(5. 9)-

Then, the equations (3.30) simplify to

o(Z,2) = 9(Z,y)
[(952@](%7%) = [85290}(%7@
05, 01(2,2) = [05,21(£, ).

By Lemma 3.2 we obtain z = y since [0;,¢](2,2) = 0.,¢(%, 2) and [0,,¢] (2, 2) = 0.,0(Z, 2)
for z € Ri. For z = y the conditions (3.27)-(3.29) are clearly satisfied. This leads to

Yo = {(z,7,(5,w)) |z € R3,5 € R*,w € R\{0}}. (3.31)

We need this set later on in order to show that one part of the operator F* Fj is smooth-
ing.

STEP 3: Preparations for the splitting of the operator F*i)Fs. In the next step, we split the
operator F*¢)Fs in two operators. One is the candidate to be a pseudodifferential operator
and the other one will be smoothing. In order to obtain that the first one is a pseudodifferen-
tial operator we use a cut-off function depending on |z — y| which ensures that the integrand
of the operator vanishes if = is not sufficiently near to y. Before we go more into details, we
analyse how the symbol of F*iF5 behaves for values of z,y € R with |z — y| < 2¢; for
g1 < 1—166

By definition the support of the cut-off function ¢ is compact. Thus, we assume

supp(®¥) C [—Smax, Smax] X [—Smaxs Smax] X [tmin, tmax] C So X (2, 00)
for smax > 0 and tmin, tmax € (2, 00) With tin < tmax. Further, we have
Y3 w, 03w, 2) = (5 (5, 2)
for s € R?, w € R\{0} and z € R? and consequently ¢ vanishes outside the set
Bi={z € R} |tmin < ¢(2,2) < tmax, —Smax < 2, 2 < spax}

The set B is bounded but not compact since we consider R? . However, we obtain a compact
set if we only consider x near to y. Due to the function (s the symbol of F'*i Fj vanishes for
ys < 8. Moreover, for z € B, with [z — y| < 2¢; and ; < ¢ the inequality z3 > %4 is
satisfied. Consequently, we define

Ks = {2 € R |tmin < 0(2, %) < tmax, —Smax < 2,2 < Spax, 73 > 20}
which is compact. Hence, there exists R > 0 such that
Ks C Bp(0) CR3
is satisfied. Based on this set we define the sets

Kps = Br1(0) N {z € RE |z > 16}
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and
Krs:={2€R% ||z —z| < 16,z € Kps)
=Bpy1s(0)N{z € R} |23 > 30}
which we need later on.

STEP 4: Splitting F*¢Fs in a smoothing and a non-smoothing operator. Now, we apply
Lemma 3.22. We choose Kj; as the compact set and consider elements = € Kj satisfying
T3 > %. Then, we get a constant M such that

P(s(z,8),0(s(x,8),x)) =0
for % % > 2M and z € Kj is satisfied. As in the lemma s(z, &) is given by the trans-
3 3
formation { = wV,p(s,x). An explicit expression of s depending on x and ¢ is derived in

Lemma 3.13.
We define the function v5;: R — R such that vy € C2°(R) and 0 < vy < 1 with

vy(r)=1 if|r| <2M and vp(r)=0 ifjr|>2M+1
for r € R. Then, the function ¢}, : R*\{0} — R defined by
/& | &
« Vm =+ + 3 ) f0r£33£07
G (€) = ( & 53)
0, for &5 =0,

is in C°°(R3\{0}).
Now, let £ > 0 be given such that

€ :=minx €1, ! }
8 omax [9e(Gia (Ol 6) Sy & D26, (. 6).9)))|

2€KR 5,yEKR,5,|E|=1

We note that the appearing maximum is finite since we stay away from x3 = 0 by the choice
of the set KR,g.
We find a function ¢.: R} x R} — R such that (. € C*(R3 x R%), 0 < ¢ < 1 and with

Clwy)=1 iflr—yl<e and  Co(zy)=0 iflz—y|>2e

for (z,y) € RY x R3.. We use this function C. to split the operator F*1)F; into two operators
F*yF5 = Py + P§ where
(Py"n)(x)
_ 1 / / P(5,w, (8, w, 2))A(S,w,x)A(S,w,y)
2m R3 JR\{0} JR?

jwl?

(1= Gl y)Gs(y)n(y)
@G we)=e(3.0) 45 dw dy.
and

(P5n)(x)
_ 1 Y5 w,p(5w,x)A(S, w,2) A, w, y) »
2m /]Ri /]R\{O} R2

e Ce (@, 9)Gs(y)n(y)

eiw(Qo(giw’I)*‘P(g’way)) dsdw dy
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for 2 € R3.. Here, P is the candidate to be a pseudodifferential operator. Now, we show that
PJ* is smoothing.
For this purpose, we recall the set X4 given in (3.31) by

Yo = {(z,z,(5,w)) |z € R}, 5 € R, w € R\{0}}.
A conic neighbourhood of ¢ is given by
Ve i={(z,y, \(5,w)) |z € Ri,y € B.(z),A >0,(3,w) € R x R\{0}}.
For each element of £, we get (z, z, (5,w)) € V. by Shoosing y = z and A = 1. Moreover, for

(z,y, M3, w)) € V. we have (z,y, A\(5,w)) € Vs for X > 0.

~

With this definition and the function (. we get

,lizj<§7 w? (P(§7 w? x))A(§7 w? x)A(g’ w’ y)
wl?

(1— (2, 9))G(y) =0

for (z,y,€) € V.. Hence, the operator Pg)’s vanishes on the conic neighbourhood V. of ¥4 and
is consequently smoothing according to Proposition 2.1 b) in [Shu87]. So, in the following
we concentrate on Fy.

STEP 5: Expansion of the phase function. In this step we expand the phase function in a
Taylor series with a remainder. Since the function ¢ is smooth, we obtain

D(a,y, (5,w)

= w(p(E,w,2) - 93w, ))

= w(pG.w,o) = (¢(3,w,2) + Vop(Ew,2) - (y = )

+/1 3 MDO‘@(? W :cht(y—x))dt))
al e

O Jal=2

=wVep(s,w,x) - (x —y) — w/ Z WD:QD(E,W, r+t(y—x))dt

0 |a|=2

for (z,y, (5,w)) € R3 x R3 x (R? x R\{0}), where a = (a1, a2,03) T is a three-dimensional
multi-index. This yields

(P5n)(z)

= i w(§7w’Sp(§7w>$>)A(§7w?$)A(/§>way>A
T or /Ri /R\{O} - PE Celz, y)Cs(y)n(y)

@y 45 dw dy

1 BG,w, 95, w, ) AGw, 2) AGw, ) ~
- / 1 / il o G, )G (w)nly)

WV (Fw,y) (z—y)—iw [ 3 wD“g&(?.w z+t(y—x))dt 3=
e x W, 0 || =2 al Ed e dsdw dy.

STEP 6: Transformation £ = wV (5, w, z). Next, we transform the integral once again.
Therefore, we use the Transformation § = wV (s, w, z) which yields by Lemma 3.13 unique
5=35(z,8) € R? and w = w(z, §) € R\{0} for given z € RY and ¢ € R*\{0} with & # 0, so

§ = w(z, §)[Vaipl(5(z,§), w(, £), ). (3.32)
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For the determinant of the Jacobian we get
0 (wIVap) (G 0, 2)T)
B(E,w,z) =det | 8, (w[Vag|(Ew,z)T
Os, (W[V o] (5,w,2) T

for (5,w,z) € R? x R\{0} x R3. To show that B does not vanish we reformulate it into the
function B given in (3.23) which does not vanish. We calculate

0. (Vupl30)) Voo(E0)T 4 w0, Vap(E )T
E(g,w,x):det 05, (WV 2 (%,ac)—r = det [851Vz90](g, z)'L
832 wVy (%7$)T W[852VI§0](%,:L')T%
vw@(%v ) [v vm‘ﬂ](%’ )T(_ﬁ)
= det [831 Vﬂc@}(iv x)T
(05, Vol (5 x)T
Vao(5o )T = 206 Vol (5,2) T = 2105, Vel (5. 2) T
= det [851 Vm@](iv x)T
[852Vm ](£7$)T
[VMK%L )T N
=do | 0TeelZ 0T | =BE D

for s € R?, w € R\{0} and = € R?.. Here, the determinants of the last two written matrices
are equal since the second can be achieved from the first by adding % times the second line
and 2 times the third onto the first one. As B is not zero and even strictly positive by Remark
3.19, the calculation above yields that also Bis strictly positive. After inserting this we have

(P(;n
/ / (5(x,8), w(x,§), p(5,w, ) A(5(x, §), w(x, §), 1) A(5(x, &), w(x, §), y)
RS JR3\{¢€R? | €3=0} (@, §)12|BE(,£), w(z,£), 2)|
C (@, 9)C (y)n(y)e @ €@ [§ )iz SR 020 (@ O w8 -2 At g g

First, we remark that the cut-off function 1) vanishes for £3 near to zero. Consequently, we
have

(R?n)( )
/ P(5(x, ), w(x, §), p(5,w, ) A(s(x, §), w(x, §), v) A(s(x, §), w(x, §), y)
RS JR® jw(z, )P BG(, €),w(w,£), )|
Cs(x» y)Cé(y)n(y)el(fr*y)f*lw(m»f Jo Zjaj=2 %3380(5(1?’5)M(r,i)’mﬂ(y*w))dt d¢ dy.

Moreover, we notice that s and w depending on x and £ are smooth. At this point, it is crucial
that the integrand of P§n vanishes for x ¢ K; due to the cut-off functions 1, EE and (s.
This means that the value of x3 stays away from zero. After observing this, we obtain the
smoothness of the symbol by the representations given in Lemma 3.13 and Remark 3.14.

STEP 7: P§ is a Fourier integral operator. In order to show that Ps is a pseudodifferential
operator we aim to apply Theorem 19.1 in [Shu87]. For this purpose, we have to verify that
P is a Fourier integral operator first.
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Actually, we would like to take & as the phase function of P5. However, a suitable phase
function has to be an element of C*°(R% x R3 x R3\{0}) and @ is not smooth for (z,y,&) €
R xR xR*\{0} with &5 = 0. In order to obtain a smooth version of ® we have to modify it.
The modification has to be in such a way that we do not change the operator P§. Moreover,
we ensure that the modification vanishes for z,y € R% outside of compact sets. Thus, we are
able to show the needed assumptions stated in Theorem 19.1 in [Shu87]. We define ¥ by

\P(L.ayag) 5 ( ) CQe(JS' y)CMU(g)
w(z,§) . Z 1_ta, y— o) Dy o(3(x,€),w(x, &),z +t(y —x))dt
|| =2

for (z,y,£) € RY x R3 x R3\{0}. Here, the functions { and (o- are given as follows. We
choose (;: R? — R such that (; € C2°(R3 ) and 0 < {; < 1 with

(r(z) =1, onKp,s:=DBr0)N{zreR}|23>36} and (r(z)=0 onR}\Kgs

for z € R3, where we recall that Kps = Br1(0) N {z € R} |23 > %}. Moreover, we
consider (5. : R? x R3 — R such that (5. € C°(R3 x R3), 0 < (. < 1 with

ng(x,y) =1, if|lz—y| <2 and ng(x,y) =0if |z —y| > 4e

for (z,y) € R3 x R3.

We notice that for {3 = 0 there exist no s and w depending on z and &. However, (3, (&)
for ¢ € R*\{0} with & = 0 is zero. Hence, ¥ is equal to ¢ - (z — y) for z,y € R3 and
¢ € R3\{0} with & = 0.

The idea is to show that the function ¥ coincides with ® on the set on which the integrand
of Psn does not vanish.

In the representation of ¥ are three cut-off functions we inserted for two different reasons.
We truncate with 3, with respect to the variable ¢ to ensure that ¥ € C>° (R} xR} xR*\{0}
is satisfied as we argued above. The smoothness is needed to show that ¥ is a phase function.
Moreover, we truncate with ¢ 5 with respect to the variable z in order to obtain that ¥ vanishes
for x off the compact set K s. The cut-off function 625 ensures that the phase function
vanishes if y is not in the compact set K R,s- We recall that

Kps={z € R} ||z — 2| < 16,z € K}
= Bri114(0) N {w € RY 25 > 30}

Finally, we analyse whether we have chosen the cut-off functions in such a way that ¥ is
equal to @ if the integrand of F§n does not vanish. By the definition of ¥ we have

O(z,y, (5(x,§), w(z,8))) = ¥(z,y,£)

for |z — y| < 26, € € R® with ./g—k% < 2M and z € K}w. In case of |z — y| > 2¢
the function CE vanishes. If z ¢ K+ R 5, we have © ¢ K, s and hence the cut-off function ¢

vanishes. Last, for ¢ € R? with ./ + > 2M and z € K, the cut-off function ¢ is zero
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by Lemma 3.22. Consequently, the integrand of P§n is zero. Hence, we have

(P(;n
/ w(z,8), 92, ), w(@,§), 1)) A(5(2, ), w(z, §), 2) A(S(2, §), w(, ). y)
RS JR? jw(a, )2
a($7y) s(y)n(y)el® @y C@8.w@o) qe 4y
/ w(z,§), p(3(2,8), w(z, §), 1)) AG(z, §), w(z, §), 2) A(5(2, ), w(z, €), y)
27 Jry S jwz, &2

(2, 9) G (y)n(y)e @ ¥O de dy

for 2 € R}. Next, we show that ¥ is a phase function on R3 x R% x R*\{0}.
First, we start with homogeneity. So, let A > 0 be given. We have

(A3, \w, ) = (32, 2) = (5, w, )

for (3,w,z) € R? x R\{0} x R} and so ¢ and V¢ are homogeneous of degree 0 in (5,w). If
we insert \¢ in transformation (3.32) instead of &, we get

A& = w(w, \)Vap(3(w, AE), w(w, AE), o) = w(, N Vaip( 523, )

and by multiplying equation (3.32) with \ we obtain

X = Xo(@, ) [Vl (3(a, £),w(w,€), 2) = Moz, [ Vo) (52 ).

From the last two equations we conclude
HER A3(z,
(@ Vo (223 2) = M, ) Vap (3225, o)

for z € R? and ¢ € R3\{0} x R3 with & # 0. Since the transformation ¢ = wV, (s, z)
stated in (3.32) yield unique (s,w) € R? x R\{0} for z € R3 and ¢ € R*\{0} x R? with
&3 # 0, we get \w(z,£) = w(x, AE) and AS(z,§) = 5(x, ) for z € R} and € € R3\{0} x R3.
with &3 # 0 and so w and s are homogeneous of degree 1 in &.

Using this and that ¢y, is homogeneous of order 0, we obtain

U(z,y,AE)
=X (z—y) — ZR( )Zzg(x y)CJ*Wo ()\g) (2, XE)
/ Z oo ol 0D Do 5, Ag) ol AE). o+ — )

0 |aj=2
=AMy — ) - £ — Cp(2)Cae (@, y)C?ho(é)Aw(x £)
/0 Z lit a' 7‘%) DOé ()‘S( 6)7)\w(x7£),z+t(y*17))dt
|a]=2
=X (y— ) — X g(z )C2e(33 Y)Chr, (§w(, €)
/0 3 %ﬂpa (3(z, ), w(z, £), = + t(y — ) dt
|a]=2

= A\VU(y,z,§)
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for (z,y,€) € R3 x R3 x R3\{0} since ¢ and consequently 027 ¢ for i € {1,2,3} are homo-
geneous of degree 0 in (5, w). We shortly remark that this also holds for ¢ € R? with &3 = 0
as then (}, (§) is zero. Moreover, we have

Va¥(z,y,§)
= & = Vo (Cal@)Gae (@, 1) G, ()(2,€)

1 2 _ e
/O > wl)ﬁw@(w,f) w(x, &),z +t(y — ))dt)

a!
|a|=2
for (z,y,¢&) € RY x RE x R*\{0},
vy\:[l(ma ya 5)
= —€ =V, (Cale)Cac (2, 9) i, ()l €)

|3 SO b0, 0,800+ 1y - ) 1)

|a]=2
for (z,y,¢) € R% x R% x R*\{0} and
Vel(z,y,§)
= 2=y = Ve (Cal@)Cor (2. )Cir, (O (. €)

1 2 _ e
/0 Z wl)ggo(g(x,f),w( €) I+t( ))dt)

al
|a|=2

for (z,y,&) € R3 x RY x R*\{0}. Since the phase function ¥ is homogeneous of degree 1 in
the third variable, the function V¢ ¥ is homogeneous of order 0 in the third variable according
to Lemma 2.1. Thus, we have

Ve¥(z,y,6) = v§\11(x,y7 |§||f?|> — qu,(x7y’ %)

for (z,y,€) € R3 x R3 x R3\{0}. For £ € R*\{0} with |¢| = 1 we calculate

Ve (e,y,6)
> [ | ~ [Cal@)Goe(a,9)
Ve (G @t [ 3 TV oo ). e, 9,0 4 1y - ) )
0 a|=2
Syl -l ol max V(G (Ol Y DI, 6),0(5,6).9))]

2€KR 5, y€EKR,s,1€|=1

>lo-yl-defe—yl  max  [Ve(Ga(@w@8 Y —DEe(EE6).w(.6).1)|

zEKR,(;,yGKR,(i"fI:l ‘a|:2
1 1
>z~ gl - gl — 3l = gl v

for (z,y) € RY x R? since Co- vanishes for |z — y| > 4= and by the choice of ¢. Moreover, we
used that ¥ vanishes for = ¢ Kp s and y ¢ I?R’(;.

As a consequence, we have z = y if Ve U(z,y,€) = 0 for (z,y,£) € R3 x R3 x R3\{0} is
satisfied. Since V¥ vanishes for y = x, we have consequently V. ¥(z,y,{) = 0 if and only
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if z = y is fulfilled. Further, it holds V,V¥(z,z,{) = ¢ and V,¥(z,z,£) = —¢ for (z,y,§) €
R3 x R} x R3\{0}. Thus, (V,V,V,¥) and (V,¥, V,¥) do not vanish on R? x R x R3\{0}.
Altogether, we obtain that ¥ is a phase function.

In addition, we define

p(z,y,§)
1 (), w(w,€), 9l5(,€), w(w, €), ) AG(w,€), w(w, €), 1) AF(w, €), (. ), v)
2m W@ P IBEE.O.w@ .0
- Coe(, y)Cs(y)
N i )l Gl e Gt
=3 =) Coe (2, 9)Cs(v)
m wiz,&)2|B(5EY, )|

for (z,y,£) € R3 x RY x R*\{0}. Since 5 and w are homogeneous of degree 1 in £ and the
functions A, ¢ and ¢ are homogeneous of degree 0 in (3, w), the functions A, ¢ and ¢ are
homogeneous of degree 0 in &. Moreover, every element of the matrix with determinant B
is homogeneous of degree zero in £ because it consists of ¢ or derivatives of  with respect
to z and s. Thus, also the determinant B is homogeneous of degree zero in £&. However, we
recall that w is homogeneous of degree 1 in £. Altogether, the function p is homogeneous
of degree —2 in ¢ since the denominator contains w? and all other appearing functions are
homogeneous of degree 0 in &.

As aforementioned, the functions 5 and w are smooth due to the fact that we stay away
from x5 = 0 because of the cut-off functions (. and (5. The other appearing functions in p are
smooth on R? x R3 x R*\{0}, too. Further, the function p is locally integrable on compact
subsets in R} x R} and around £ = 0.

Altogether, the function p is smooth and homogeneous of degree —2 in £ and thus a symbol
of order —2 according to Lemma 2.2 and the explanation before Lemma 2.1. This yields that
P is a Fourier integral operator.

STEP 8: P5 is a pseudodifferential operator. Finally, we show that Ps is not only a Fourier
integral operator but also a pseudodifferential operator. In order to obtain this result, we
apply Theorem 19.1 in [Shu87]. In this theorem two conditions are given, which we have
to verify. The first one is that V ¥(z,y,£) = 0 is satisfied if and only if y = z holds for
¢ € R3\{0} with & # 0. We showed this condition in STEP 7 in order to prove that ¥ is a
phase function. For the second one we calculate V,¥(z, z,&) for z € R3 and ¢ € R3\{0}.
We have

for z € R} and ¢ € R®\{0}, which is the second condition.
Hence, the operator P is a pseudodifferential operator of order —2. By equation (2.1.4)
in [H6r71] the top order symbol of P¥ is given by

o(F5)(x,€)
= (2m)°p(, ,€)
(27m)°P(3(x, &), w(x, &), p(5(x, ), w(x, §), 2)) A(5(x, §), w(x, §), 1) A(S(w, &), w(x, §), )
lw(z, )12 B((x,€), w(w.£), )|

Gl )G ()
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(2m)° ¥ (5(x, €), w(x, ), ¢(3,w, 7)) A(5(, §), w(x, §), ©)*Cs(2)
jw(z,&)2| B(3(x, €),w(w, €), )]

for z € R} and ¢ € R*\{0}.
Last, we notice that the transformation £ = wV (s, z) is injective in s and w according
to Lemma 3.13. Hence, we obtain for w and > the same values as for w and s. Using the

identity Sw = s we obtain

enu (28 (B50))4(ege)’

w(z, &) B(EZD )]

s(@8)
_ (27T)5¢(8(93,§)7W(S(LS),w))A(S(w,E),I)QC
= 5 s()
|w(@, )PB(s(x,£), =)l
for z € R} and ¢ € R3\{0} with & # 0 if there exist s € Sy and w € R\{0} such that
& = wV,p(s,x) is satisfied.

If we consider z € R? and ¢ € R*\{0} with s = 0 the top order symbol vanishes due
to the cut-off function ). Moreover, in case there exist no s € Sy and w € R\{0} such that
& = wV,p(s, x) holds, the top order symbol is given by zero. This is ensured by the cut-off
function ). We refer also to the explanation given in Theorem 3.18.

In order to deduce the top order symbol of As; we have to multiply o(F*¢ Fs) with the
symbol of —Ad; given by (z, &) — i&s|¢|? for (z,€) € R} xR according to Theorem 3.17. [

o(F5)(x,§) =

In the expression of the top order symbol of P;, we obtained in the proof of the theorem,
we observe that the pseudodifferential operator Ps is zero for € R3 with 23 < . As a
consequence the operator F*iF; only consists of the smoothing operator for z € R3 with
x3 < ¢. This yields that the operator F*1 Fs and consequently As has no singularities for = €
R3 with z3 < §. For application this means that we are not able to detect singularities very
close to the surface. As mentioned before Theorem 3.21 this has no affect on our numerical
examples in Chapter 5 since we are only interested in reconstructions of areas which have a
small distance to the surface.

3.3.2. Microlocal properties of A

In order to investigate how A influences the singularities of an element of £'(R3), we use
the results from microlocal analysis presented in Chapter 2. We analyse which singularities
A preserves, which are not preserved and which are added. The last mentioned case does
not arise. For an explanation we consider the wave front set of F*¢F. According to the
explanation after Theorem 3.15, we have

WE(F*F) € {(z,&2,8) | € # 0}

in case we assume s € R?. Since the set {(z, &;z,£) |z € R3, & € R¥\{0}} corresponds to the
identity in (R3 x R3\{0}) x (R} x R*\{0}), there are no singularities added. If we consider
s € Sy, the set on the right-hand side of the inclusion above can be restricted. Thus, also
in this situation there are no added singularities. However, we notice that singularities with
direction ¢ € R?*\{0} and & = 0 are not preserved by F*iF regardless whether we have
seR?orse S

By the pseudolocal property (see Theorem 2.17) and the fact that A and 95 are pseudod-
ifferential operators by Example 2.4 we have

WF(A) C WE(F*yF).
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Consequently, the operator A does not add singularities and does not preserve the ones with
a direction ¢ € R?\{0} with & = 0.

Nevertheless, to answer whether preserved singularities are emphasised, we analyse the
reconstruction operator A in a more detailed way. The main result is given in Proposition
3.24. In the proof of this proposition, we see why augmenting F*¢ F' with the derivative in
third direction was a good choice. A detailed explanation concerning this issue is given in
Remark 3.25.

Before we show under which conditions the reconstruction operator A is microlocally
elliptic, we introduce some abbreviations to simplify notations and to highlight dependencies
on certain variables.

3.23 Remark. For further calculations we introduce

ey S e &2
;D~—p(§)—£3 and g¢:= q(f)—53

for ¢ € R3 with & # 0 and show that all single parts of the top order symbol depend only

directly on x, £3 and the two ratios p and g of the single components of £. For this reason, we
define the set

P:={(p,q) € R x R| there exists £ € R® &3 #0,p = gqu: 53} R2.
By Theorem 3.18 we get s(p, ¢, ) = (s1(p, q, ), s2(p, q, r)) with
51(P,q793) =1 — pT3 and 52(p, q7x) =29 — ng(p,q, %)

for (p,q) € P and = € R3 by defining

—p? =14 /(P*+ ¢ +1)2+4X2¢2), forq#0,
QP ¢, \) = ( )
0, for g =0,

for (p,q) € P and A > 0. We recall that @ is smooth by Remark 3.14. Using this, we further
have

D= D(p7Q7x) = |'r - Xs(s(p,q,x))| = \/(1‘1 - Sl(pvq’x))z + (1‘2 - (52(paq7x) - 04))2 + l‘%

= \/p2w§ + (23Q(p, ¢, &) + ) +2f = xs\/(Q(p,q, o)A+l

and analogously

E:=E(p,q,z) = xg\/(Q(p,% o Rald Rl Al
each for (p, q) € P and = € R}. With these abbreviations we have

1 1
D(p,q,x) E(p,q,x)

A(p,q,7) == A(s(p,q,x),x) =
and

Y(p,q,x) = Y(s(p,q, ), 0(s(p,q,z),x)) = D(p,q,z) + E(p, q, x)

for (p,q) € P and = € R3. Moreover, by the representation of w in Theorem 3.18 it follows

53 (p7qax)+E(paQ7x)
zs3 D(pa q, l')E(pv q, QC)

(pvqa'r 53)
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Last, we have

1 1 1 1
Blp.gz) = xg(D(p,q,a:) ’ E(p,q,x)) (Dz(nq,x) i EQ(p,q,ar))
(1 + (o3, 25Q(p 0, ) +ovws) | (pws,wsQ (0, %) — o mf)

D(p,q,x) E(p,q,x)

according to the representation given in Remark 3.19 and calculated in Appendix A.1.

3.24 Proposition. Let (y,n) € R3 x R3\{0}. Further; let

Cly) == {6 e R*|& # 0,9(s(y, €), o(s(y. ), y)) > 0}

Ifn € C(y) is satisfied, then A is microlocally elliptic of order 1 at (y, n).

By the explanation after Theorem 3.15, we have WF(F*¢F) C {(z, & z,§) | & # 0} in
case we assume s € R?. As a consequence, the singularities of An for n € £'(R3) with
direction £3 = 0 are not contained in the wave front set of An and the condition &3 # 0 in
the set C(y) is no further restriction. At the points where the cut-off function ¢ vanishes A
cannot be microlocally elliptic. So, there is no way to avoid the second condition in the set
C(y). For these two reasons, the set C'(y) is the largest set on which A can be microlocally
elliptic and Proposition 3.24 the best result we can obtain for A.

Proof of Proposition 3.24: Let n € C(y). We define m := Z—; and 7 := Z—g which is possible as
n3 is non-zero. Further, the cut-off function + in the definition of the set C'(y) is continuous.
Thus, there exist §;,d2 > 0 and r; > 0 such that ¢(p, ¢, x) > 0 is satisfied for all p € Bs, (m),
q € Bs,(n) and x € By, (y). Moreover, we find 6~1,6~2,r > (0 with 6~1 < 61,52 <dandr <7y
such that we have

B.(y) SR} and ¢(p,q,x) >0 (3.33)

for p € By, (m), ¢ € Bs,(n) and z € B, (y). Now, we choose ¢ to be the minimum of &, and
55 50

0= min{(i,é;}. (3.34)
First, we consider the case 73 > 0. We define
Vs(n) == {Om, )T eR3|m—d<m<m+0m—06<n<m+d\>0}

Then, by choosing m = m, n = 7 and A = n3 > 0 we have n € Vs(n). Also for ¢ > 0 with
£ < min{ns, 8} we get B.(n) C Vs(n). Further, for ¢ = (Am, An, X) € V;(n) with some X > 0,
m € [m—6,m+ 6 and n € [0 — 6,7 + 8] we get A¢ € Vs(n) for A > 0 as AX > 0 holds, so
Vs(n) is conic. Thus, Vs(n) is a conic neighbourhood of 7.

In case we have 73 < 0, we consider

Vs(n) :={(= m, = n, -\ eR¥|m - <m<m+d6a—06<n<m+d\>0}

Withm =m,n =nand A = —n3 > 0 we get n € V5(n) and for ¢ > 0 with ¢ < min{—n3,d}
we have B (n) C Vs(n). As in the first case, we have \¢ € Vs(n) for £ € Vs(n) and all A > 0.
Hence, the set Vs(n) is a conic neighbourhood of 7.
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From now on, all considerations hold for both cases, independently whether 73 is strictly
positive or strictly negative.

In Remark 3.23 we have seen that nearly all factors of the symbol depend only on the two
ratios p and g of the second variable. Hence, we introduce the set

M :={(p,q,z) € R x R x RY | there exists £ € V5(n)\{0},p = %’q = % and z € B,(y)}

as a subset of R5. For further steps we rewrite the set M. Let ¢ be in V3(n)\{0}, i.e. £ =
(Am, A, \) T oré = (—Am, —An, —\) T for some A\ > 0, m € [m—d,m+d]andn € [7—3,n+0].
By observing

&3 &3
and therewith
m—0<p=m<m+d and nm-0<g=n<n+9, (3.35)

we obtain
M:{(p,q,x)E]RXRxRi|m—6§p§m+6,ﬁ—5§q§ﬁ+6, and z € B, (y)}.

In this representation, we see that the set M is closed and bounded and thus a compact
subset of R5.

Next, we take a closer look at the top order symbol of F'*¢ F given in (3.24). Using Remark
3.23, we have

(2m)° A% (p, g, 2)(s(p, 4, 2), (5(p, g, ), )
|(U(p, q,7, f3)|2|B(p’ q, J))'
(27T)5W¢(3(p7 q, x)a 90(8(]% q, .'17), .Z'))

€312 D(p,q,2)2 E(p,q,z)?
(2217 (D(pa.m) FE@g.a)? [ B @ 4 2)]
(2m)°(D(p, q, %) + E(p, q,2))*¥(s(p, ¢, ), p(s(p, ¢, ), )23 1

D(p,q,x)*E(p,q,z)*|B(p, q, )| £

for (p, q,z) € M and &5 such that & € V5(n)\{0} holds. The map G: M — [0, c0) given by

U(F*Q/JF)(Pa q,x,£3) =

(2m)5(D(p, q,2) + E(p, q,2))*¢(s(p, q, ), ¢(s(p, q, %), x))x3
D(p,q,z)*E(p,q,z)*|B(p,q,x)]

is continuous as the denominator does not vanish and so the map attains its minimum on the
compact set M given by

(p,q,z) — (3.36)

Ny.(r:= min G(p,q,x).
vsr = min G(p,g,)
As the functions D and E are strictly positive, the term (D(p, q,z) + E(p, g, 7))? does not
vanish for (p, ¢, z) € M. Due to the conditions stated in (3.35), we have

p € Bs(m) and ¢ € Bs(w)

for (p, q) with (p, ¢,x) € M. Thus, it follows

Y(p,q,z) >0
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for (p,q,x) € M using (3.33) and (3.34). Moreover, we have x3 > 0 since (p,q,2) € M
holds. For these reasons, the minimum Ny, , is strictly positive. Further, we obtain for the
top order symbol of F*¢ F the estimate

|U(F*¢F>($7f)| = ‘0<F*wF>(p7 q,$,€3>| > NV@;(’I’]),T?lQ (337)
3

for x € B,(y) and £ € V5(n)\{0}.

In the next step, we consider the top order symbol of the operator A given by A =
—Ad3F*F. As the symbol of —Ad; is o(—Ads) (&, ) = i&]¢)? for z € R3 and ¢ € R?
(see Example 2.4). The top order symbol of A is estimated by

& &
g +g+1

for z € B, (y) and ¢ € V5(n)\{0} and thus for z € B,(y) and ¢ € V5(n)\{0}.
Last, we get

R Gl _
|U( )(J?,f)‘ > NVS(T,)J‘ 52 - NVE(TI)’T
3

> NV&(W),T ‘5'

€]

1
m(l + [£]) > iNvé(n),T(l F1E]) = Comr(1+1€])

lo(A) (@, )] = Ny (),

with Csy.r := Ny, for z € B,(y) and ¢ € Vi(n) with [¢] > 1 as z — 1 is monotone

increasing for z > 0. Hence, A is microlocally elliptic of order 1 at (y, 7). O

3.25 Remark. In this remark, we give an explanation why this specific proof of the microlocal
ellipticity stated in Proposition 3.24 does not work if we augment F*¢F by Ad; or Ads
instead of Ads. According to (3.37) in the proof of Proposition 3.24, we estimated

1
lo(F*yF) (2, &) > NVs(n)ﬂ”g

for x € B,.(y) and £ € Vis(n)\{0}. Thus, we obtain

i) Vs ot
532’ 5(71)T|§3|

[$1
2 NVs(m,Ti‘ﬂ

€3]

2 2
o (~ARF*YF)(2,6)] = Ny 6y + G +1

for x € B,(y) and £ € V5(n)\{0}. Here, we are not able to find a strictly positive lower bound.
Indeed, p = % isin M and so bounded but the lower bound is not necessarily strictly positive.
Therefore, we do not obtain the estimate we need to show that this operator is microlocally
elliptic at (y,n) € R3 x R*\{0} if € C(y) holds. The argumentation in case of Ady F* i) F
is analogous.

However, if we restrict the set C'(y) further, an analogous proof with different neighbour-
hoods works when using the derivative in first or in second direction. In case of the first
direction, we have ¢; # 0 and in case of the second one & # 0 as additional restrictions in

C(y)-

Proposition 3.24 yields the points (z, £) € R3 x R*\{0} in which A is microlocally elliptic.
Using this we are able to apply Theorem 2.23 to the operator A.
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3.26 Corollary. Let n € &'(RY), r € Rand (z,€) € RY x R*\{0} with £ € C(z). Then, we
have (z,€¢) € WFE"(n) if and only if (z,£) € WF™ ' (An) holds.

Further, let n be a finite sum of characteristic functions of balls and half-spaces in R3.. In this
case, it holds WF/?7%(n) = () for ¢ > 0 and WF'/?*7(n) = WF(n) for v > 0. Thus, we obtain
(z,€) € WFY2(An) for all (z,€) € WF(n).

So, roughly speaking, a distribution « is not H" at x in direction £ if and only if Au is not
H"~! at z in direction €.

Proof of Corollary 3.26. By Theorem 3.17 the reconstruction operator A is of order 1. For this
reason, the first assertion follows by Theorem 2.23.
According to Example 2.24 the function n is in Hllo/f_e(Ri) for any ¢ > 0. Hence, the

second assertion follows from the first one. O

By the definition of the set C(x) in Proposition 3.24, the top order symbol o(A) is zero
off C'(x). But as we only know that the top order symbol vanishes there, we just obtain that
A smooths one degree more off the set C'(z) than on the set C'(x) and not directly that A is
C*°-smoothing there. In the following remark, we argue why this is nevertheless true.

3.27 Remark. In [QRS11] the authors argue that the reconstruction operator used there is
C*°-smoothing off the set, in which it is elliptic. With the same arguments we show that A is
C*-smoothing at (z,£) € R} x R3\{0} with ¢ ¢ C(z).

Let z € R3 and ¢ € R3\{0} with £ ¢ C(z). We first consider the case that £; # 0 holds.
As the generalised Radon transform F' is a Fourier integral operator (for the representation
see (3.9)), we have WF(Ff) C C o WF(f) = ILg,x(2a,00) (Iga (WF(f))) for f € &'(R3)

+
by Theorem 2.18 and Lemma 2.8. Here, C is the canonical relation of F' explicitly given
in (3.12). According to Corollary 3.20 the projection Igs is injective and so we obtain
~1

H]R3+

direction = (wVsp(s,z),w) € R3. Further, we have

(x,8) = (s,t,m,z,§) for unique (s,t) = (s,¢(s,x)) € So X (2a,00) and an appropriate

Hsox(m,oo)(ﬂ]g{ (z,8)) = (s,t,m). (3.38)

By assumption, £ ¢ C(x) holds and thus (s,t) ¢ supp(v) is satisfied. Since ¢ is continu-
ous, there exists a neighbourhood of (s,t) on which ¢ vanishes. Hence, ¢)F'f is zero in a

neighbourhood of (s,t) and thus (s, t,n) ¢ WF(¢)F f). Further, we have
WE(F$Ff) € CT o WE(WFf) = g (I, 5, . (WE(WF)))
again as F™* is a Fourier integral operator and by Theorem 2.18 and Lemma 2.8. With the

injectivity of HRi and I,y (24,00) (see Corollary 3.20 and the proof of Theorem 3.18) we
obtain

g (g (2000 (Hsox(m,oo)(ﬂ]@ (2,6)))) = ().

For an easier understanding of this equality it helps to follow the diagram in Figure 3.2 from
the right to the left.
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(s,t,m;2,8) (s,t,m;,€)

R3

1 sy x(2a,00) sgx(2a,00)

(,€) (s,t,m) (z,6)

Figure 3.2: An illustration of the identities given in Remark 3.27.

As HRi is injective, we get the unique (s, t,n) as above such that Hﬂgsi (z,€) = (s,t,m;2,8)
holds. By applying ILs, x (2q,-c) We then obtain (s, ¢, 7). Further, we get again (s, ¢, n; , {) with
(z, &) as before after taking the preimage under I, (2q,00)- This works because I1g, « (24,00)
is injective and thus (s,¢,7) has a unique preimage under Ilg,y (2q,00)- Last, we apply the
projection s and end up with (z, &).

Next, due to the equality given in (3.38), we have

(2,€) = Thay (T3, 5 o) (T 200y (Mg (2, €0))) = Thag (T3, o) (5:1,1))

Therefore, (x,&) ¢ WE(F*¢Ff) as (s,t,n) ¢ WF(F f) holds and F*¢F is smoothing at x
in direction . Moreover, by Example 2.4 the differential operators A and 93 are pseudodif-
ferential operators and by the pseudolocal property (see Theorem 2.17) we obtain that A is
smoothing at x in direction &.

In the second case, we consider {5 = 0. As before we have WF(Ff) C C o WF(f) =
HSUX(QQM)(H@ (WFE(f))) for f € &(RY). Thus, let (z,£) € WF(f). According to identity
(3.25), we have Hu@ (x,€) = 0 and so WF(F*yFf) C (). As a consequence, F*iF is C°-

smoothing at x in direction £. With the same arguments as in the first case, we get that A is
C*°-smoothing at z in direction &.

3.3.3. Modification of the reconstruction operator A

The top order symbol of A depends on the distance to the surface, i.e. the value of x3 and the
offset o of source and receiver via the two foci x;(s) and x,(s) for fixed s € Sy. However, we
want to obtain reconstructions largely independent of the impact of these two parameters.

For this reason, we take a closer look at the behaviour of the top order symbol. In case
the value of x3 is large in comparison to the offset «, the open half-ellipsoids look like open
half-spheres. Due to this fact, we evaluate the top order symbol o(A) of A for the offset o« = 0.
In order to cover large values of the offset o, we observe what happens if « goes to infinity
in the expression for o(A).

We start with the first case, which is given by o = 0. With Ay we denote the operator A
in case o = 0 is satisfied.

3.28 Corollary. If we assume o = 0, so x5(s) = x,(s) for s € Sy is satisfied, the top order
symbol of Ay as a pseudodifferential operator is given by

o) 16765 6ol (21 — Las, 22 — 25,20 2)
o z,£) =

' 23¢]

for z € R3 and ¢ € R3\{0} with & # 0. Further, we have o(Ao)(z, &) = 0 for z € R3 and

¢ € R3\{0} with & = 0.
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Proof. First, we define 5 := x,(s) = x,(s) = (s1,52,0)" where the equality holds as o = 0
by assumption. Since the representations of w in Lemma 3.13 and B in Remark 3.19 are
rather complicated, we consider once again the condition £ = wV (s, z) to get the explicit
expressions for s, so and w which is less involved. For o = 0 the three equations (3.15),
(3.16) and (3.17) are

&= 2w &= 2w 22 € =2w—2
e 3] w3 w3
Rearranging the last equation yields
N _ & -
w(s(aa{),x) - 7|£C—S(x,f)| (3.39)
2333
and inserting in the first two equations we obtain
s1(z, &) = a1 — %1‘3 and So(x,8) = a9 — %56'3.

At this point, we observe that we do not distinguish two cases for s, depending on £ as before.
Thus, we have

|x—aafn=§%a (3.40)
3

and therefore ¢(s(z,¢), ) = 2|z — 5(z,§)| = 2¢2[¢|. Further, using the representations in
Appendix A.1 we calculate

r1 — $1(,§)
|z —5(z, )]
. - z3 —s2(z,§) | 2 &
Va](5(x,&),x) =2 |z — 3(z, 0)| = E &2 )
T3 53
|z —5(z, )]
(w2 = s2(2,8))* + a3
roner €+ &)
N (21 — s1(2,8)) (22 — s2(, ) o [ T2 tE)s
05, Vo] (5(,€), ) = 2 : 1|x _ §(x,2§)|3 : = e §1f2§3
£5(1 — 51(2,€) Gi3
|z —5(x, &3
and
(z1 — s1(2,8)) (w2 — s2(,§))
|z —5(x, &3
N (z1 — s1(,8))* + 23 2 §18283
0.V AGE D=2 T osegP |~ _%gﬁ&
283

x3(72 — s2(7,§))
|z —5(x, )3
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Hence, by the definition of B given in (3.23) we get

8¢2 &1 &2 &3
B(3(x,¢),x) = |§|7det —B+&) &  a& | =
&1&o —(E3+€3) &&

8¢}
z3le*

Moreover, using identity (3.40) we obtain

&lr —3(,)] _ J¢]

(3, §).3) = 2 ;

by (3.39) and

AG(,6),2) ! &
s(x,€),x) = — = .
[z =3, ) x3l¢
All in all, inserting in the representation (3.22) of the top order symbol we have
C 2553,952 Sx3,298¢))
so the first assertion holds. The second claim follows by the same argumentation as in The-
orem 3.18. O

o(A)(z, &) = 167°1&5/Es|

Using the result for the top order symbol in case of o = 0, we define a modified recon-
struction operator. This operator highlights the singularities for small values of « or if « is
small in comparison to the distance to the surface.

3.29 Corollary. We define the modified reconstruction operator Ayea,o: £'(R3) — D'(R3) by
Am0d70 = —AagMF*’(/JF,

where M is the extension to £'(RY) of the multiplication operator Mu(z) = wz3u(z) for a
function u on R?.. The top order symbol of Aroq,o i

(27T)5x§§3|€|2’(/)(8($, 5)7 ()0(5('777 5)7 l‘))A2(S(l‘, 5)7 J?)
w(s(x, &), x)[?B(s(x,§), )]

for (z,&) € R3 x R3 with & # 0 and o (Amed,0)(z, &) = 0 for (z,€) € R3 x R? with & = 0.
Further, let (y,n) € R3 x R¥\{0} and

Cly) ={€ e R’ | & # 0,9(s(y, ), (s(y,£),y)) > 0}

be as in Proposition 3.24. If n € C(y) holds, Amea,o is microlocally elliptic of order 1 at (y, 7).
Moreover, the operator Apoa,o is C°°-smoothing at (y,n) € R3 x R*\{0} with n ¢ C(y).

(3.41)

U(Amod,O)(xa ‘f) =

Proof. The reconstruction operator Ay,qq,0 differs from A by the multiplication operator M,
which maps from D’(R3) into D’(R3). This yields the claimed mapping property. Further,
Theorem 3.18 yields the top order symbol of A. By augmenting with the factor 2%, we get
the claimed top order symbol of Ayed,0.

Concerning the second assertion we take a closer look at the proof of Proposition 3.24. In
case of Apod,0, we modify the map G defined by (3.36). Here, we also insert the factor 3
such that we consider H: M — [0, o) defined by

(2m)°23(D(p, ¢, =) + E(p, q,2))*P(s(p, ¢, ), ¢(s(p, ¢, ), x)) 23

3.42
D(p,q,z)*E(p, q,z)*|B(p, q, )| (342)

(p,q, ) =
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for (p, ¢, ) € M. Nevertheless, this modified version attains its minimum on the compact set
M. This minimum is strictly positive since min, , .yenr G(p, ¢, ) > 0 is satisfied by the proof
of Proposition 3.24 and x3 > 0 holds by assumption. Hence, from now on, the argumentation
follows the same lines as for the reconstruction operator A in there.

For the proof of the last assertion, we note that the multiplication operator M is a pseu-
dodifferential operator according to Example 2.5. Together with the pseudolocal property
(see Theorem 2.17) Remark 3.27 yields that A,,0q,0 is C°°-smoothing at (y,n) € R3 xR*\{0}
ifn ¢ Cly). O

The modified reconstruction operator A,,oq,0 is defined in such a way that it damps the
singularities at places where « is large in comparison to x3. Therefore, we investigate how
the top order symbol o(A) of A behaves for « going to infinity.

3.30 Corollary. Let (z,£) € R% x R3 with & # 0. For the top order symbol o(A) of A we have

o(A)(, ) ~ 5 for &2 £0,
o) 6) ~ T, for&=0,

143 ”

for a — oo, where “~” means asymptotically equal. Hence, o(\) behaves like % if & # 0 and
like L if & = 0 is satisfied.
Proof. By Theorem 3.18 and Remark 3.19, the top order symbol o(A) of A is given by
,€), p(s(z,6), 7)) A%(s(x, £), 7)
w(s(x, &), x)[?[B(s(z,£), )]
U(s(2,€), p(5(2,€), ) prge
|52 B2 Plea(f + B) (g + g) (L + 5 - =F )

o(8)(2,€) = (2m)%1 &5l L

= (2m)°i&sl¢l

with the abbreviations D and FE as in Remark 3.23. Here, we think of D and FE depending
on z and &, so

D = D(s(x,€),2) =/ (s1(2,€) — 22)* + (s2(a,€) — @ — 22)? + a3

and

E =E(s(z,8),x) := \/(xl — 51(2,8))% + (z2 — s2(x, &) — a)? + 3.

First, we consider & # 0. We start with the two cases in which &; and &3 have the same sign,
ie. & >0and & > 0or & < 0and & < 0. Then, we obtain the following limits

Sp 1 [SEEE

w(s(@8) ) = T3 1+%—>$32§2§3

1
€* 1= EIEI2
for o« — oo and
B(s(z,€), z) :xg(% + %) (% n §)<1+ (10 | (2222 | ayma=sama | Dx%>
— {0+ 258 ) (0+ 388 ) (14 0+ (3 + D (8 - & - D) @S +0)

85253 (1+ -6 - £3>

3|£‘6 f1+f2+§3
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for & — oo by using the single limits determined in Appendix A.3 (a). Moreover, we have

A= L—>0

DE
for « — oo again by Appendix A.3 (a). However, by multiplying with « the result in Appendix

al 12683 &8

A.3 (a) yields
aA=——= - =
DE 2z3€12 w3lEl?

for a — oc.
Next, we take a look at the cases when & and &3 have different signs, i.e. & > 0 and
& < 0oré& < 0and & > 0. In comparison to the first cases, the roles of D and E are

interchanged. Hence, we achieve in an analogous way

fd €3 2 __i 2
R

€3 1
A0 =L T T e
for « — oo and
Bls(,€),2) = w5+ ) (Fr + ) (1+ 2550 + 5te (552 - ) + 53
— (- 22y +0) (5 +0)
eltren) (5 — ) +0)

(1+0+ 385 (6 - & - )~ el

_ 888 g-g-¢2
IR (1+&5858)
for a — oo with the single limits in Appendix A.3 (b). Still, we have
1
A=
DE — 0
for & — oo and also we achieve
GA— L2 2881 &8s
DE " wléP2 asff
for o — oo.
So, except for the signs the limits of w, B and a4 in both cases are the same. We obtain
in both cases
2m)°&5l€1* U (s(2, §), o (s(, ), 7)) (aA(s(@, ), 7))
OéZO'(A)(JZ,g): ( ’ ) ) ) Z, )
|w(s(x, &), x)*B(s(x, &), )]
(2m)°Es €0 (s, ), (50, 0) Feh 167560(s(2,), 9(s(x,€), 2))
le|* B3¢ & B G668
47 TRl (1 + £2+§2+§g) T+ g

for &« — oo since we only consider absolute values and squares of w, B and «A. This proves

the assertion for &; # 0.
Second, let &, be zero. Using the notations of Remark 3.23, we have ¢ = 0, so Q(p, ¢, \)

0 for p,q € R and A > 0 is satisfied. This leads to
2
D=23\/(Qpa. &)+ £ +P +1=25\/ % +P+1 =255 + § +1
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and

E:xg\/(Q(p,q,i)—i)2+p2+1:x3\/%§+p2+1=x3 —|— —l—l

Hence, we have D = E. Thus, we simplify

53 63 _ 63 o 5%
w(s(z,§),x) = 23 2D 2x3D_5 ?g+g+1
and
1 1
Als(z,8),2)= 5= —— =
D% ai(+ 8+
Further, we obtain s;(z,§) = z1 — 5— and so(z,€) = x2 — Q(p, g, %)1’3 = x5 again using

Remark 3.23. Then, we have

z1—851)2 + (22 — (s2 —a))(zs — (2 + « 2
B(S(w,i),x)=m3%§(1 ( )"+ (@2 — ( DQ))( (s2+0)) + 3)

4$3 5
=75 <D2 —;xg—a +x )

4%3 2 52 52
= 5<x§(%§+é+l)+éx§—a2+x§)
xg( o+ 8 +1>
8(5—;+1)
=
xg( o+ 8 +1)

With these calculations we conclude

o(A)(z,€)
_ 2)°&1E(s(,8), (s(x, §), 2)) A% (s(x, §), )
w(s(,€),2)*|B(s(x,§), x)|
3 > 5
_ 4 (2m) 53|5|¢(351 582790(»% 2 ,xg,x)) x%( %g+%+1 )
g AEeE) F)

1677 |§W1(9€1 Sﬂ%@(%*%ﬂz@))

/% + 5 +1( +1)

which yields that the top order symbol o(A) behaves like 1 for &, = 0. This finishes the

(03

proof. O

Since we want a reconstruction operator which is independent on how the offset « relates
to the value of x5, we define a new reconstruction operator by a sum of two operators. There-
fore, we take the first modified reconstruction operator Anq,0 and add an operator which
compensates the behaviour of o(A) for o going to infinity. This approach balances the two
cases in such a way that none is highlighted.
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3.31 Corollary. We define the modified reconstruction operators Amoa,1: £'(RY) — D'(RY)
and Apoa2: E'(RY) — D'(R3) by
Amod1 = —A03(M + a1d)F* F and Amod,2 = —Ad3(M + o 1d)F* F
= Amod,0 + A = Amod,0 + a’A.

The corresponding symbols are given by

(2m)° (23 + a)&slél* Y (s(x, ), p(s(x, &), ) A% (s(x, §), )
|

0(Amoa,) (2, &) = w(s(z, ), 2)|2|B(s(x, €), x)

and

(2m)° (x5 + o®)& %0 (s(x, €), ¢(s(x, §), x)) A% (s(2, §), )
w(s(z,§), )]?|B(s(z,§), =)

for (z,&) € R3 xR*with & # 0and o(Amoa,i)(z,€) = 0fori € {1,2} and (z,£) € R} xR3\{0}

with & = 0. Moreover; let (y,n) € R3 x R*\{0} and

Cly) ={€ e R’ | & # 0,9(s(y, ), (s(y,£),y)) > 0}

as in Proposition 3.24. If n € C(y), then Amod,1 and Apoa,2 are microlocally elliptic of order 1

at (y,n). Last, both operators are C*°-smoothing at (y,n) € RY x R3\{0} if n ¢ C(y).

0 (Amod,2)(#,€) =

Both reconstruction operators Amod,1 O Amod,2 consist of a sum of two operators. In both
cases, the first operator dominates if x5 is large in comparison to « and the second one if «
is large in comparison to x3. In this way, we achieve a balance between the two cases.

Proof of Corollary 3.31. In comparison to Apod,0, the two reconstruction operators Apod 1
and Ay,04,2 are a sum of two operators. They consist of Ay,04,0 plus a second operator. These
second operators are given by A multiplied with the factor « and o2, respectively. For the top
order symbols of Ap,oq,1 and Ap,oq,2 We proceed analogously as in the proof of Corollary 3.29
where we considered the top order symbol of Ag. Then, using the top order symbol of A04,0
stated in Corollary 3.29 we get the two claimed representations of the top order symbols.
Here, are no cancellation effects since the terms 23 + o and 23 + o? are strictly positive.

For the second part, we argue again analogously to the proof of Corollary 3.29. This time,
we consider the maps

(2m)° (23 + @) (D(p. ¢, ¥) + E(p, 4, 2))*¢(s(p, ¢, %), p(s(p, ¢, ¥), )23
(P, g, %) =~ ’ D(p,q,x)*E(p, q,2)*|B(p, q, z)|
= H(p,q,x) +aG(p,q,x)

and

5(23 4+ o®)(D(p, ¢, 2) + E(p, ¢, 2))*¢(s(p, ¢, %), ¢(s(p, ¢, ), ) )23
D(p,q,z)*E(p, q, z)*|B(p, ¢, )|
= H(p,q,x) + aQG(p,q,x)

o) s [ 27

where G and H are defined as in the proof of Proposition 3.24 and Corollary 3.29 for
(p,q,x) € M and M is as in the proof of Proposition 3.24. Both maps attain their minimum
on the compact set M. Moreover, both minimums are positive. Since « is strictly positive, we
obtain min, 4 .)enm G(p, ¢, z) > 0 by Proposition 3.24 as well as min, q »yenr H(p,q,z) > 0
by Corollary 3.29. Further, we proceed as in the proof of Proposition 3.24. Finally, it fol-
lows by Remark 3.27 and Corollary 3.29 that both operators are C°°-smoothing at (y,n) €

R3 x R*\{0} with ¢ C(y). O






CHAPTER 4

Numerical realisation

In this chapter, we consider the unmodified reconstruction operator A. The procedure de-
scribed in the following works in the same way as in case of the modified reconstruction
operators by replacing A with the considered modified operator. Further details concerning
the modified operators are given in Chapter 5.

In the first section, we present how we approximate An evaluated at p € R3 for n €
&'(R3%). An approximation is necessary since it is not possible to evaluate distributions at a
point.

One part of the numerical approximation is given by the elliptic Radon transform applied
to n. In the numerical experiments we choose n to be a sum of characteristic functions of
balls and a half-space. Thus, we reformulate the elliptic Radon transform applied to these
functions. The reformulations simplify the computation and are presented in the following
two sections.

4.1. Approximation of An by the concept of approximate
inverse

For numerical experiments we have to evaluate the reconstruction operator A applied to n
at a point p € R3. Since a direct evaluation is not necessarily possible depending on which
space n belongs to, we approximate the value sought after. By definition, the reconstruction
operator A contains the operator F' and its dual F™*. This structure is ideally suited to apply
the method of the approximate inverse for a stable evaluation of an approximation of An with
n € &'(R3) at a point p € R3.. For the modified versions of A introduced in Subsection 3.3.3
this observation is also valid.

The method of the approximate inverse was first presented in [LM90] and introduced by
name in [Lou96]. It is a method to solve problems of the form Af = g and is described as a
solution operator which maps the data g to a stable approximation of the solution of Af = g,
i.e. a regularised version of the solution.

Now, we fix a point p € R3.. In order to apply the method of the approximate inverse, let
for € > 0 smooth functions e, . with supp(e, ) = B:(p) and f]R3+ ep(x)dx =1 be given. By
these properties it follows that e,, . for ¢ > 0 is a mollifier and (e, . ).~0 approximates §( - —p)
for e — 0. The parameter ¢ is a scaling parameter. The smaller ¢, the smaller is the support
of e, .. Another name for ¢ is regularisation parameter since it determines the size of the
neighbourhood where the regularisation of the §-distribution does not vanish.

Instead of computing An at a point p which is in general not possible for n € £'(R3.), we

95
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fix a sufficiently small ¢ := v > 0 and obtain

Ayn(p) == (An,ep y)prp = (—AF*YFn, ep )pr D
= <¢Fn, F83A6p77>g/,g

for n € £'(R3.). Here, we denote by (-, -) the dual pairing of the spaces D(R3 ) and D'(R3).
This approximation is motivated by the fact that for n € C2°(R?) we have

An(p) = (An,é(- — p)>€,£’ = gli%w\n; ep,€>8,£’
~ (An,epq)eer

since An is then an element of C>°(IR%). In this case, (-, -) is the dual pairing of the spaces
E(R3) and &'(R3).

Further, the data y is given by y = F'n according to (1.13). For this reason, the approxi-
mation simplifies to

A'yn(p) = <An, ep,'y)’D’fD = <¢%F63A€p,v>£',g

= / (s, t)y(s, t)FOsAep (s, t) d(s,t) “4.1)
So X (2a,00)

for n € £'(R%). By this identity, we have to calculate the operator F' applied to a function
supported in a closed ball.

For the first considerations and investigations how our approach works, we generate syn-
thetic data y. We compute the data by using the identity y = F'n.

In the experiments later on, we choose n to be a sum of characteristic functions of balls
and a half-space. The first mentioned ones come within functions supported in a closed ball.
For the second one, we additionally consider F' applied to the characteristic function of a
half-space. These two cases are presented in the next two sections.

4.2. The operator F' applied to a function supported in a
closed ball

The aim of this section is to calculate the elliptic Radon transform of a function n supported
in a closed ball. More precisely, we assume n = nxp,(p) for an appropriate function n €
C*>(R3) and a ball B, (P) with midpoint P and radius r > 0.

However, we first consider n € C2°(R3) with supp(n) C B,(P), i.e. we are also able to
write n = nxp,(p). In order to calculate F' applied to n, we introduce a new coordinate

system which simplifies the calculations. Using these observations, we transform the integral

Fn(s,t) = / n(x)A(s,z)é(t — ¢(s,z)) dx
R
for fixed (s,t) € Sy x (2, 0). Afterwards, we calculate the limiting angles for § and ¢ and
analyse for which ¢ € (2a, c0) the value of F'n(s,t) vanishes for fixed s € Sj. Last, we argue
why the obtained representation is also valid for the more general functions n mentioned
above.

4.2.1. Change of the considered coordinate system
In Chapter 1 we derived the following expression

1 Gmax ¢(9)max
Fa(s.) =5 | /¢ n(x(s,t, 6,0)) sin(6) dp do

(O)min

min
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for a function n € C°(R3.) with
Omin = Omin(s,t) = min{d € (0,7) | z(s, ¢, ¢,0) € supp(n)},
Omax = Omax(s, 1) = max{0 € (0,7) | x(s,t, $,0) € supp(n)},
and
G(0)min = ¢(0)min(s, ) = min{¢ € (0,7) | (s, t,¢,0) € supp(n)},
P(0)max = (0 max(s, t) = max{¢ € (0,7)[z(s,t,¢,0) € supp(n)}

according to (1.18). This means we have to determine the limiting angles for 6 and ¢ = ¢(0)

Ty

Figure 4.1: The given situation for one and several travel times ¢, respectively. Each travel time ¢
is associated with one open half-ellipsoid for fixed s € So.

where the open half-ellipsoid given by (s,t) € Sy x (2, o) intersects the ball B,.(P). An
illustration is given in Figure 4.1. In order to determine the expression stated in (4.1), we
have to calculate the value of Fn(s,t) for each (s,t) € Sy x (2a,00). Since this is quite
complicated in the considered coordinate system in Figure 4.1, we simplify the calculation
of F'n by changing the coordinate system.

\

T2

T S = (Sl,Sz,O)T

T3

Figure 4.2: The situation at the beginning.

As we have mentioned in Chapter 1 and Lemma 3.1, the operator F' integrates over
an open half-ellipsoid with the two foci x4(s) and x,(s) for fixed s € Sy and travel time
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t € (2a,00). Thus, let s € Sy and t € (2a,00) be fixed. In Figure 4.2 the situation in
the original coordinate system given by (z1,xs,3) is illustrated. First, we shift the co-

8
@

Figure 4.3: The Shift of the coordinate system.

ordinate system (x1,z2,x3) such that the origin of the new coordinate system (x7,z3, z3)

is the midpoint (s1,s2,0)" of the open half-ellipsoid we are integrating over. Hence, the
two foci x4(s) and x,(s) lie on the z3-axis, both with distance « to the origin in the system

(z7,x%,x%). The midpoint p of the ball in the coordinates of the system (z7, x5, x%) is given
)T

by P* = (p},p5,p3) " = (p1 — s1,p2 — s2,p3) . An illustration is given in Figure 4.3.

y

Figure 4.4: Rotation into the new coordinate system (z}, x5, x3) such that P* lies in the x5-x5-
plane. Here, the point Q is given by (0, p5,0) .

Second, we transform the coordinate system (z7, x5, %) in such a way in a new coordinate
system (x, x4, x%) that the three points x,(s), x,(s) and P* = (p; — s1,p2 — s2,p3) | are
located in the same plane, to be more precise in the x5-x%-plane. We denote the associated
rotation angle by 3. For an illustration we refer to Figure 4.4.

Next, we aim to get the coordinates of P’ with respect to the original coordinate system
(21,22, x3). From Figure 4.5 we get

tan(8) = & = 22t and  cos(B) =

S
Il
ol

ws

Inserting the first equation into the second one we conclude

p3

(A
bs = cos (arctan (1011:381 )) '
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Figure 4.5: The situation in the 2 = p5 = p3-plane.

Furthermore, p), does not change as we performed the rotation around the z}-axis and p is
set to zero by the condition that P’ lies in the x%-z%-plane. Altogether, the coordinates of P’
in the new coordinate system (2}, 2}, z5) expressed by the given values from the beginning
are

T
! _ p3
= <07p2 S27cos(arctan (plp_:l))) '

The rotation of the coordinate system is described by
cos(f) 0 —sin(p)
R= 0 1 0
sin(8) 0  cos(B)

with 3 = arctan((p; — s1)/p3). Further, with the inverse R~! = R" we have

51 cos(f) 0 sin(B) 0 sin(8) 5tay
R'P 4+ | s | = 0 1 0 p2—S2 | = P2 — S2
0 —sin(B) 0 cos(B) =5 cos(3) kg
tan(arctan(2=21))p3 + s1 P1
= P2 =| p2 | =P
b3 b3

where we used S = arctan((p; — s1)/ps) in the second last step. Rearranging the above
equation yields

R(P — (s1,82,0)") = P'. (4.2)

4.2.2. Some geometrical considerations

In this subsection, we rewrite the integral representation of the elliptic Radon transform of
n € C°(RY) with supp(n) C B,(P) using the new coordinates. Therefore, we use the

considerations of the last subsection.
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We assume (s,t) € Sy x (2a,00) to be fixed. Now, we apply the transformations we
outlined in the subsection before to calculate the integral given by F'n. According to the
transformation theorem and the argumentation in Appendix A.4, we obtain

Fn(s,t)

:/ n(x) A(s, 2)3(t — (s, ) de
R3

+

— /R3 n(x)A(s, z)xp,p)(2)0(t — @(s,)) dx

_ /R Az + (51,52,0) ) A(s, 2 + (51, 52,0) ) )XB, (P (& + (51,52,0)T)
5(t — (s, x + (s1,52,0) 7)) dz
_ /R ARz + (51,52,0) ) A(s, B2 + (51, 52,0) )y, py (B2 + (51, 52,0)7)
6(t — (s, R a + (s1,52,0) ")) du,
where R is the associated rotation matrix to the rotation we mentioned before given by
cos(f) 0 —sin(p)

R= 0 1 0
sin(8) 0  cos(B)

with
B = arctan((p1 — s1)/p3). (4.3)

Further, we simplify

(s, R x + (s1,52,0)7)

= x:(s) = (R™'@ + (51,2,0) )|+ [R7 2 + (51,52,0) " — x:(s))|

= |(s1,82 — a,O)T — R '2 — (s, 32,0)T| + R+ (8178270)T — (81,82 + a,O)T|
=1(0,-a,0)" — R7'z|+ |R7'z — (0,a,0)"|

= |R7Y|R(0, —,0)" — z| + |[R7 ||z — R(0,,0) 7]

=1(0,~a,0)" —| + |z = (0,2,0)"| = ¢((0,0), )

and

1
fxs(s) = (R™1z + (51, 82,0) )||[R~1w + (51,52,0) T — x.(s)]
1

B (0, _a;O)T —zl|lx — (0,0470)T| = A((0,0), z)

A(s,R7 'z + (s1,52,0)7)

using the definition of the rotation matrix R for z € R3.
Moreover, we have

1t2 — a2 sin(¢)(cos(83) cos(f) + sin(B) sin(6))
R™'2(t,¢,0) = 1t cos(o) (4.4

\/ 112 — a2 sin(¢)(— sin(B) cos(0) + cos(3) sin(6))
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by inserting the prolate spheroidal coordinates introduced in (1.15) with respect to (0,0,0) "
on R? given by

z1 = /12 — a?sin(¢) cos(),
Ty = $tcos(e), (4.5)
x5 =/ 1t2 — a?sin(¢) sin()

for ¢ € [0,7) and 6 € [0, 27). In addition, we obtain
XBT(P) (R_lx(t7 (ba 9) + (817 52, O)T)
—{a(t, §,0) € R* | [R ™ 2(t, 6,0) + (s1,52,0)T — P| <1}
={a(t,¢,0) € R* | [R7!|[a(t, ¢,0) — R(P — (s1,52,0)")| <7}
=XB,.(P") ( (t,9,0))

by our choice of R as stated in (4.2). In particular, we have

IR x(t, $,0) + (s1,52,0) " — P| = |z(t,0,0) — R(P — (s1,52,0) )| = |z(t, ¢,0) — P'|.
(4.6)

Finally, we use the equality of the two integrals in identity (1.19). We notice that we are in
case of (s1, s2) = (0,0) when applying (1.19) and end up with

Fn(s,t) = /Rs n(R™ 2 + (s1,82,0) " )A((0,0), ) x g, (pry (2)d(t — ©((0,0), ) dz
1 ~
:Ei/‘ AR (t,6,0) + (s1,52,0) )y, b (2(t, 6,0)) sin(6) d(6, 0)
[0,7m)x[0,27)
1 [l (9O .
=3 / AR 00.0) 4 (1, 52,0) T 0,6, 6) i) d 09
4.7)
where

Ommin = min{¢ € [0,27) | x(t, $,0) € B.(P')},
Omax = max{¢ € [0,27) | z(t,$,6) € B.(P')},
$(O)min = min{¢ € [0,7)|z(t, ¢,0) € B.(P')},
(0)max = max{¢ € [0,7) [x(t, ¢,0) € Br(P")}.

Here, the limiting angles ¢(0)min and ¢(6)max depend on 6. Thus, if we are able to determine
the angles 6,,i, and 6.,,x and afterwards ¢(0)min and ¢(0)max, we obtain the value of F'n(s,t)
for (s,t) € Sp x (2, 00).

In the same way as in Chapter 1, we argue that the representation (4.7) is also valid for n =
nxp,(p) Withn € C>(R3.). For fixed ¢ € (2a, 00) the function n is in L' (¥, ((0,7) x (0, 2)).
Thus, representation (4.7) is well defined for n = nx g, (p).

4.2.3. Calculation of the required angles

In the following, we determine the four angles 6,in, Omax; @min(#) and dmax (6) which we need
to compute F'n evaluated at a fixed point (s,t) € Sy x (2a, 00). For this reason, we consider
the ball given by B,.(P’) in the coordinate system (z, =5, #%4) and locate the two angles of §
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Ay T x} = 0-plane, 0 = 7

Figure 4.6: An illustration of the angle ¥.,.x in the x5 = ph-plane.

and the two angles of ¢ = ¢(#) depending on 6 which enclose the ball. For this purpose, we
consider the prolate spheroidal coordinates with respect to (0,0,0) " stated in (4.5).

We start with the two limiting angles for 6 and determine the angle ¥J,,,,, marked in Figure
4.6. In this figure, the xo = pi-plane is illustrated. A further look on Figure 4.4 might be
helpful to understand where the cross section is taken. The prolate spheroidal coordinates
are constructed in such a way that the half-line given by x4, = p, and =z > 0 corresponds to
the angle 6 = 7. Thus, the limiting angles for § which enclose the ball B,.(P’) are given by
Omin = 5 — Umax and Opax = 5 + Fmax-

In order to get the value of 9,,,,,, one possibility would be to construct the two half-planes
drawn as half-lines in Figure 4.6. However, this is more complicated than considering the
setting given in Figure 4.6 in two space dimensions. We analyse the situation in the z}, = p)-

Q)

Figure 4.7: Constructing the two equations for the tangents on the circle around P(’Q) with the
help of a circle around M 5.

plane and introduce the points P(’Q) = (0,p4) " and Q2) = (0,0)". Further, we intersect the
circle having radius r around P(’Q) with the circle having radius 1p} around M = (0, 3p5) 7,
the midpoint of P (2) and @2y, to get the equations of the two tangents. This approach is
illustrated in Figure 4.7. The intersection points of the two circles are elements of the set
given by

{z € R?||M(3) — z|* — (305)* = [Plyy — x> =17}
={z € R?|a} + (x5 — 3p4)° — 2(p5)* = o] + (w5 — p})* —r°}

Z{x€R2|w —(p3)2 }

Next, we insert the defining condition of this set in the equation of the circle z% + (z3 —p})? =
. . 4 .
r? and end up with the requirement 23 = r? — e for the first component. So, the two
3
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intersection points are

_ _ r2 (P/)2—7”2 _ _ _ r? (p/)z_rz)
Tl—(r 1 (AR 3pé ) and Tg—( /1 AR 3p/3 .

Without loss of generality we consider the point 77 and the associated right-angled triangle
given by the three points P(’2), Q(2) and T illustrated in Figure 4.8. The angle at the point

Figure 4.8: The intersection point 77 and the associated right-angled triangle.

Q(2) is the angle U, We are searching for. We read off the relation

171 = Q)| |

co8(Umax) =
Ps

By the identity

T = Quol = /r* = e + (0)” =202 + g =\ (6)? =12,
we obtain
Umax = arccos (
Finally, we conclude that
Omin = 5 — Umax  aNd Oax = § + Fmax (4.8)

using the arguments stated at the beginning of this section.
At this point, we recall the representation of F' given by

max  @(0)max
/ L O 1.0, ) 01,6, 0) si(6) dg o
where the limits of the angles ¢ = ¢(6) and 0 are defined as in (4.7). Since we know the
limits of the angle 6, we are able to fix 6 € [Omin, Omax] to compute the angles ¢(6)min and
0(6)ma-

Thus, let 8 € [fimin, Omax] be fixed. We determine the minimal and maximal angle of
¢ = ¢(0) by looking for the the prolate spheroidal coordinates of the two points having
distance r to P’ for given 6. We denote them by ¢(0)min and ¢(6)max. For this purpose, we
consider the situation in the z} = 0-plane which is illustrated in Figure 4.9.

In order to determine the two points mentioned, we solve the equation

r? = (0,05, p5) " —x(t,6(6),0)|
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o=
(0)max
. r
?=3 xh P
r Q
@(H)min
xh b=0

Figure 4.9: Here, the situation in the 2} = 0-plane is shown. So, we are looking from a bird’s
eye view on the given setting in the rotated coordinate system. A look at Figure 4.4 helps for
understanding.

for ¢(6). Here, we insert the prolate spheroidal coordinates with respect to (0,0,0) " stated
in (4.5) and receive

2 2
r? = (%t2 — a?)sin*(¢(0)) cos?(6) + (p'2 — 3t cos(qb)) + (pg — 1/ 1t2 — a?sin(¢(0)) Sin(¢9)>
which is equivalent to
r? = (py)* + (p5)? + §t° — ®sin($(0)) — pot sin(p(0)) — p3V/ 12 — da? sin($(0)) sin(6).

With the substitution z = cos(¢(6)) we arrive at

r? = (py)* + (p3)* + itQ —a?(1—2%) — phtz — pé\/t2 — 4a2\/1 — z2sin(0),
which we express by
c+bz+a?2? = —dy1—22

using the abbreviations

1
b= pét c = (pé)2 —+ (pé)Q —+ EtQ — 0¢2 — 7‘2, d= —pg\/ 12 — 402 SIH(G)
As illustrated in Figure 4.9 this equation has exactly two solutions z; and z; in [—1,1] for
fixed 6 € (Omin, Omax)- If we consider = O, Or 0 = Oax, there is only one point with
distance r to the midpoint P’. Hence, the integral over ¢ vanishes in case of § = 6,,;, and
0 = Omax such that we do not regard these cases later on. Without loss of generality we
obtain

@(0)min = arccos(z1) and @(0)max = arccos(za) 4.9

with ¢(e>min < ¢<9)max~

We remark that we have not calculated the explicit representations of z; and z» and con-
sequently of ¢(6)min and ¢(0)max although they exist. In the numerical experiments we solve
for z; and z, approximately by Newton’s method.
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4.2.4. Determination of the limits for the travel time

Up to this point, we identified the limits for the angles of the prolate spheroidal coordinates
between which the elliptic Radon transform does not vanish. Beside the restrictions of the
two angles, we are also able to limit the values of the travel time. If we remember the original
situation illustrated in Figure 4.1, there are open half-ellipsoids which do not intersect the
ball B,.(P). Also, in the transformed situation only ellipsoids with travel time ¢ in a certain
interval intersect the ball B,.(P’). In all other cases, the value of F'n(s,t) for fixed s € Sy is
zero. In the following, we determine this interval for the travel time ¢ given by (Trnin, Tmax)>
where Ty, and Ty, are the minimal and maximal travel time, respectively.

%

Figure 4.10: The intersection circle of the ball B,.(P’) and the plane determined by 9, and a cross
section of the situation in =5 = ph.

We consider the half-plane H which encloses the angle ¥J; together with the }-2%-plane
and calculate the intersection circle of 9B, (P’) with H. In the 2/, = p)-plane the half-plane
H and the boundary have two intersection points. We denote them by S; and S as it is
marked in Figure 4.10. Based on these two points, we determine the intersection circle.

Figure 4.11: This figure illustrates the relations we consider.

Again, we consider the situation in the 2/, = p)-plane and assume everything to be given
in two dimensions. First, we want to formulate an equation for the half-line ¢ starting at
Q(2) and lying in the half-plane H. Considering the right-angled triangle given by Q(s),
R = (y,p4) " for some unknown y > 0 and P(’Q) we obtain the equations

/

sin(¥;) = % and cos(¥) = %,

where ¥, is the angle at the point () and h the distance between R and Q) as marked
in Figure 4.11. Together, these two equations yield y = hsin(¢;) = p4 tan(d;). Then, the
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half-line g is the following set of points

/
{m€R2‘x—)\<p3tarllwt) ) for)\e]R}.
P3

Next, we determine the two intersection points of g and the circle K given by 23+ (z3—p})? =
r2. Inserting the conditions on points lying on ¢, we get the quadratic equation

A2 ((p5)? tan® () + (p5)?) — A2(p3)* + (p5)* —r? =0,
which has the two solutions

o 20s)* £ VAT A0E)Pan’ () + D ((5) ~ )
Yz 2(p4 )2 (tan?(9;) + 1) ’

where we notice that A\; > Ay holds. This yields the two intersection points

/ /
Sy =\ ( p3 tan(dy) ) and S, = Ay ( P3 tarll(ﬁt) ) )

2 3
We note that the midpoint ]\Aj(z) of S; and S, is given by
oo — 7(’\1;)‘2)]9% tan(dy)
(2) = (AitA2)
2 D3

and emphasise that this is not the point R although it looks like in Figure 4.11.

Before we end up with the equation of the intersection circle drawn in Figure 4.10, we
compute another circle C as an intermediate step. The circle C is illustrated in Figure 4.12.
It lies parallel to the z/,-a%-plane, its midpoint is M given by

[ Q)
M = Ph
(M ;Az)pé
and its radius is half the distance from S; to S, so this is % We observe that the

points S; and S, are not part of the circle C. According to the stated properties, the circle C
is given by

C={zeR®|z= Ph A} cos(T) for 0<7<2r
NS 2 cos(¥y) .
S22 sin(7)
7y

xhah-plane

Figure 4.12: Both figures illustrate the locations of the searched circle C and the circle C.We note
that the circle C is not contained in the ball around P.
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In order to get the originally searched circle C, we have to rotate the circle C'. The rotation
matrix of a rotation around the x}-axis with angle 9, is given by

cos(¥;) 0 sin(dy)
0 1 0
—sin(¥;) 0 cos(Vy)

Since we do not rotate around the z)-axis but around a line parallel to it, we have to shift
the circle about the vector

/\1+)‘2p tan ()
0

A1t+A2 o/
—~— 3 D3

before we apply the rotation matrix from above. Afterwards, we have to shift back about the
same vector with changed sign. Applying this on an arbitrary vector v = (vy,v2,v3) " in R?,
we arrive at

cos(¥:) 0 sin(dy) vy — 21322 ban(d;) 222l ban (1)
0 1 0 : V2 + 0
—sin(dy) 0 cos(dy) vy — Aty Mbda

If we apply this to an arbitrary point of the circle C, we obtain the condition

cos(¥) 0 sin(dy) Atda gl tan(ﬁt) 2522 s tan (0;)
0 1 0 . Py + ’Z\lcos)gfgp')‘ cos(7)
) 0 eost0) )\ g At i) - S
222 5l tan ()
+ 0
/\1+)\2

P3

sin(ﬂt)M sin(7) + 21522 pl tan(9;)

2 cos(Vt)
A1—A cos(T
= p2+( 1 25?52?9,) (1)

cos(19t)7(;‘1608/239)1;3 sin(7) + 7/\1;)‘2 Dh

for 0 < 7 < 27. Thus, we end up with
Rsin(9;) sin(r) + 2:522p) tan(d;)
C={zcRz= ph + R cos(7) for 0<7<2m,,
Rcos(d;) sin(r) + 21522

_ (Ai—A9)
where R = zlcT(fhpf-

Finally, for the computation of T},;, and Ty, we have to minimise and maximise the
distance

‘(07 _a7O)T - ZL’| + ‘.’E - (07a70)T|
for x € C. In short, we have

. _ T . T
Trnin min (\(0, a,0) x|+ |z — (0,,0) |>
and (4.10)

Tinae = max (1(0,~,0) " = a| + |2 — (0,0,0) ]
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with C as above. Since there is only one intersection point with the ball for ¢ = Ty,,;, and
t = Tiax, the value of F'n(s,t) is zero for these two values of ¢t and s € Sj. Altogether, for
fixed s € Sy we obtain

max  [®(0)max
/ / AR+ (51,52,0) ), (1) ({2, 6, 6)) sin(9) dp o (4.11)

mln G)mm
in case of t € (Tinin, Tmax) and F'n(s,t) = 0ift < Tiyi o1t > T is satisfied for n = nyp, (p)
with 7 € C*°(RY).
4.3. The operator F' applied to the characteristic function
of a half-space

In this section, we compute F'n(s,t) for fixed (s,t) € Sy x (2, 00) in case of n is the char-
acteristic function of a half-space. Precisely, the half-space is given by {z € R3 |23 > I} for
some fixed I > 0, i.e.n = X{z€R? | zs>1}: According to identity (1.18), we have

max ¢(9 max
/ / (5.1, 6,0)) sin(@) dg o

Omin G)mm

for (s,t) € Sy x (2a, 00) with

Omin = Omin(s,t) := min{ € (0,7) | z(s,t, ¢, 8) € supp(n)},
amax = Hmax(sa t) = max{9 € (Oa 7T) |$(S,t, (ba 9) S Supp(n)}7

and

O()max = () max(s,t) := max{¢p € (0,7) | z(s,t,¢,0) € supp(n)}

if n. € LY(W4((0,7) x (0,7))) for fixed t € (2«, 00) holds.

In case of n = X{z€R? | 23>0} for fixed (s, t) € Sgx (2, 00), the value n(xz(s,t, ¢, 0)) is equal
tolif 0 € (emm,amax) and additionally ¢(0) € (¢(60)min, ®(0)max) is satisfied. Otherwise
n(z(s,t, ¢,0)) vanishes for fixed (s,t) € Sp x (2, 00).

As a consequence, we deduce n € L(¥,((0,7) x (0,))) for fixed ¢t € (2a, 00) and

max ¢(9)lnax
/ / sin(¢) d¢ dd
mln e)mln

for (s,t) € Sy X (2c, 00) and the angles O .nin, Omaxs ¢(0)min and ¢(0)max-

(s1+ \/m, 0" (s1,0)7 (51— \/m 0)"

0=0 »> »> 0=m

Figure 4.13: The minimal and maximal angle for 6 illustrated in the x2 = s»-plane.
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In order to calculate the minimal and maximal angle for # where the open half-ellipsoid
intersects the half-space, we consider the situation in the x5 = so-plane. In Figure 4.13
the two angles are marked. We start to measure with § = 0 at values with x3 = 0 and z;
larger than s; in prolate spheroidal coordinates. This time we consider these coordinates
with respect to (s1, s2,0) " as stated in (1.15) on R% but now for fixed ¢ € (2, 00), so

z1 = s1+ 1/ 1t> — a?sin(¢) cos(6),
To = S9 + %t cos(¢), (4.12)

z3 = 1/ 12 — a?sin(¢) sin(0)

for ¢, 0 € (0, ). If we intersect the open half-ellipsoid determined by s and ¢ with the plane
given by zo = s, we obtain a circle. We search now for the two points lying on this circle
and the plane given by x3 = [. For all points in the x5 = sy-plane we have ¢ = %77 in the
prolate spheroid coordinates. An illustration is given in Figure 1.3. Thus, the possible points
given in prolate spheroidal coordinates satisfy ¢ = 7 and z3 = . Then, the last component
written in these coordinates is

l=1x3=1/1t2 — a?sin(0)

and we solve for one solution of § with the result

l
0 = arcsin <>
%t2 — a2

. l i
arcsin [ ————| € (O, f}
142 2
4

holds as [ > 0 is satisfied, we obtain

Since

l

Omin = arcsin (
12,2
1

l
) and  Opax = T — Omin = ™ — arcsin ()

142 2
Zt —

(4.13)
In order to observe that this is true, see Figure 1.2. Since values with x3 = 0 and z; > s;

correspond to # = 0 and values with x3 = 0 and z; < s; to § = 7, we obtain f,,,, by
subtracting 6,,,;, from 7.

(24 3t,0)7 (51,0)7 (52— 3t,0)7 (s2+ 3t,0)7 (52,0)7 (s2—3t,0)T
0=0 * - 0=m o=0 . H o=
| I [ I

\\ i / \\ /

% < //// /@:E\m‘ —+ //(;ﬁ(@* Jmax
/ / / / /

Figure 4.14: We fix a value 6" € [Omin, Omax] and consider then the plane § = §* which is given
in the right image.
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Also in case of the half-space we determine the angle ¢ in dependence of 6. Thus, let
0* € [0min, Umax] be fixed. We consider the situation in the half-plane given by § = 6* in
radial direction to the point (s, s2,0) . An illustration is given in Figure 4.14. For the fixed
angle 0* we determine the limiting angles ¢(6*)min and ¢(0*)max. The searched angles for ¢
are given by the condition where the open half-ellipsoid intersects the plane x3 = I. Hence,
using again the prolate spheroidal coordinates stated in (4.12) we deduce

l=x3=1]/ %tQ — a?sin(¢(6%)) sin(6%).

Solving this equation for one possible ¢(6*), we obtain

$(6") = arcsin ( ! )

$t2 — a?sin(6*)

Since 6* € (0, 7) holds, we have that sin(0*) > 0 is satisfied. This yields

. l T
arcsin € (0, f]
142 2
1

a? sin(6*)

Similarly to the values of the angle 6 the values satisfying 3 = 0 and x5 smaller than s
correspond to the angle ¢ = 7 and those larger than s, to the angle ¢ = 0. This is confirmed
by Figure 1.3. Consequently, it follows

@(0" ) min = arcsin ( ! )
\/ 512 — o?sin(6*)

and (4.14)

D0 ) max = T — ¢(0" )min = ™ — arcsin ( ! )

\/ 312 — o?sin(6*)

As in the case we considered in Section 4.2, there are open half-ellipsoids which do not
intersect the given half-space. The reason in case of the half-space is that the travel time of
them is too small. Thus, we calculate the minimal travel time 7},;,. This is the associated
travel time to the open half-ellipsoid which intersects the half-space in exactly one point. The
intersection point lies on the plane x3 = [ and is just below the midpoint (s;,s2,0)" of the
two foci x4(s) and x,(s). Hence, it is given by (sy, s2,1) . These deliberations yield

Tmin: min (XSS—.’E+$—XI«S)
P e [%s(s) — | +| (s)]

= |(517 S92 — a70)T - (51752al)T| + ‘(81a527l)—r - (81782 + a70)T|

= (0, —a, =) T |+ |(0, —a, ) 7| = 2/ a2 + 2.
I( v

For ¢ = Ty, the integral also vanishes because there is only one intersection point of the
half-space with the open half-ellipsoid.
Finally, for fixed s € Sy we obtain

1 emax d’(e)max
Fn(s,f) = /9 /¢> sin(¢) d do (4.15)

(e)min

min

in case of t € (Tipin, o0) and F'n(s,t) = 0if ¢ < Ty, holds.



CHAPTER D

Numerical experiments

In the last chapter of this thesis, we present the numerical results we achieve with the ap-
proach described in the previous chapters. But before we are in the position to realise nu-
merical experiments, we have to explain how we obtain the numerical reconstructions in
form of Kw"’ where A is one of the reconstruction operators we introduced. For that reason,
we consider in a first section the reconstruction kernels associated with the reconstruction
operators. Beside the data and the cut-off function they are the third essential part when
calculating the approximation Kvn‘

The second subsection starts with a description of the used discretisation and the cut-off
function. After that, we discuss how we generate data in case we have no measurements.
In connection with this we argue what we expect to see in the numerical experiments based
on the theoretical considerations of Chapter 3. Finally, we state information concerning the
implementation.

In the last section, we show the numerical results. Here, we consider different cross sec-
tions and discuss the choice of certain parameters. Further, we experiment by generating
data with an offset randomly distributed in an interval and by using a different offset for the
data generation than for the reconstruction. It follows a discussion concerning the advan-
tages and disadvantages of the different reconstruction operators we introduced in Chapter
3. Last, we present reconstructions we obtain with data generated from the wave equation.

5.1. Different reconstruction kernels

In this section, we define the different reconstruction kernels associated with the different
reconstruction operators. We start with the reconstruction kernel for A which we describe in
detail. Since the other reconstruction kernels are defined in an analogous way, we discuss
them briefly afterwards.

5.1.1. The reconstruction kernel for A

As already mentioned in Section 4.1 we approximate An for n € £'(R3.) evaluated at a point
p € R} with the help of a mollifier e, , for some v > 0. This approximation A,n is given by
the relation

A,Yn(p):/s o )1/)(8,t)Fn(s,t)FﬁgAepﬁ(s,t)d(s,t) (5.1)

111
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which we calculated in (4.1). For the mollifier we choose the following function

Cyn(V? —lz—p»F, |z —pl <7,
epyk(T) =
07 |‘T - p‘ Z v

for 2 € R} with v,k > 0 and

" -1 I'(k +5/2)
_ 2 _ | p[2)E _ 2 _ 2yk,.2 _
Cyk = (/Bw(p)(’)’ |z —pl%) dm) (47/0 (" =r9)"r dT) T3/2426 43T (k4 1)

Here, in comparison to Section 4.1, the mollifier depends on a further parameter k. The
parameter k determines the smoothness of e, - ; for v > 0. By the definition of ¢, - ; and
Cy i, for v,k > 0, we have suppe, . = B(p) and [s €p4.x(x)dz = 1. Thus, it holds
epyk — 0(- —p) for v — 0 and ¢, -, is a mollifier.

This leads to the relation

Ayn(p) = (YFn, FosAep 1) = / (s, t)Fn(s,t)FOsAep k(s t)d(s,t)  (5.2)

So X (2a,00)

for n € £'(R3.), where we inserted the just introduced mollifier in (5.1).
The reconstruction kernel r, , ;, for A is given by the right-hand side of the dual paring in
(5.2), that is

Tpyie(s,t) = FO3Aep 5 (s, 1)

for (s,t) € Sy X (2a,00), p € R and k > 0. It depends on the point p € R%, in which we
evaluate An for n € £'(R3), and the parameters ~, k > 0. Using this notation, we simplify

A“/n(p) ~ <Ana ep,%k> = <ana7"p,7,k>

for n € &'(R3) and p € R3. If we take a closer look at this identity, we notice that we only
need the values of the cut-off function ¢ and the data in addition to the reconstruction kernel
to receive an approximation of An evaluated at a point p € R3.

This observation follows since the data y is given by y = F'n according to (1.13). For this
reason, the approximation simplifies to

A'yn(p) ~ <An, ep,'y,k> = Wyﬂ’p,q,k)

for n € £'(R3). In this sense, the reconstruction kernel is a kind of inversion operator, which
is independent of the data.
In the next lemma, we rewrite the reconstruction kernel using the operator F'.

5.1 Lemma. Let v > 0 and k > 3 be given. Using the abbreviation

(v* = |z — p|?)*, if |z —p| <,

gpmk(x) = {
we have

An(p) = (An,ep k) = (W, Tp 4 k)
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for n € &'(R3) with

Tpyk(8,1) = C’y,kF(x — 20k(k — 1)(x3 — p3)€pyk—2(x)
= 8k(k = 1)(k = 2)(@5 — ps)l@ — PGy b-5(2) ) (5:1)
— 4k(k = 1)Cy i (5F (2 (23 = p3)Epp-2())
=20k = 2)F (2 > (w3 — pa)|e = P21 4-3(2)) ) (5,1)
for (s,t) € Sp x (2cr, 00).
Proof. By the definition of r, - 1, we have to compute F'03Ae, . 1. Therefore, we calculate

6?52 ((72 — |z — p|2)k> = —2k(x; — pi)(’YQ — | _p|2)k—1

and

82
55 (07 =z = p)*) = =2k(1? — |2 = p)* 7+ dk(k = 1) (@1 — p1)2(1 — |z — p[*)*2

for z € R} and i € {1, 2, 3}. This yields
A& k(@) = —6k(3* — | = p|)* " + 4k(k — D]z — pI* (4" — & = pI*)* X, () (2)
for z € R%. Further, by applying the derivative in third space direction we obtain
D38€p k()
= (12k(k — (x5 —p3)(v* — |z = p[*)** + 8k(k — 1) (23 — p3) (> — [ — p[})* 2
= 8k(k = 1)(k — 2)(zs — pa)la = P4 = |& = )" ) x, ) ()
= (20k(k — 1)(@5 = ps)(7? — |2 — pf*)*
= 8k(k = 1)(k = 2)(z5 — pa)lz = P4 = |& = 12" ) x, ) (0.
Together with the identity e, 5 x = C, €, 4% this yields the claimed assertion. O

The reconstruction kernel contains two parameters we have not chosen up to now. For
the smoothing parameter £ we fix & = 3. Then €, , ;3 is still smooth on the ball B, (p).
However, the scaling parameter v will be chosen for each numerical experiment separately.

In Lemma 5.1 we expressed the reconstruction kernel by the operator F. However, for
the numerical experiments this is not sufficient. In order to realise them, we need the explicit
expression of the reconstruction kernel which we deduce in the following.

In the representation of C3 , two values of the I'-function appear. With the identities
I(1)=1,T(})=yrandI'(z+1) =z - ['(z) for 2 € R we deduce

and
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By the definition of C,, 3, we conclude

O TG+5/2) 945\/m 315
V3 T WE/ZAGEST(341) T 13/2. 32796 64my9

Then, the reconstruction kernel r, - 3 is given by

5
Tp.y.3(5,1) = F (@ (120y%(z — ps) = 120(z5 — py)lw — pl? — 48(zs — py)l — o)

6479
X8, (@) ) (5, )

1
00 B (e (12093 — ps) — 168(z5 — o)l — D)X, (@) ) (5.1) (5.3)

= 6470

for (s,t) € Sy x (2a, 00) according to Lemma 5.1. By equation (4.11), we have to compute

max (0)max
L R o0 e a0 i) 4000 (5.8

Omin Y (0 min

with n = 7oy g, () and the smooth function 7(x) = 1207?23 — p3) — 168(x3 — ps)|z — p|?) for
x € R? in case of t € (Tinin, Tinax ). Furthermore, it holds Fn(s,t) = 0if t < Tyin OF t > Tax
is satisfied for fixed s € Sy. Here, p’ is given by p’ = R(p — (s1,52,0) ) as we observed in
identity (4.2). Moreover, we have

\/ﬁsin((b) cos(f)
.’l?(t, ¢7 9) = %t COS(¢)
\/ﬁsin(d)) sin(f)

for t € (Thmin, Tmax)> ¢ € [0,7) and 6 € [0,27) by (1.14). With the relations in (4.4), we
receive

\/ 512 — a2 sin(¢)(cos(B) cos(6) + sin(B) sin(6)) + s1
Ya(t, ¢,0) + (s1, 50, O)T = %tcos(gb) + 59
12 — a2 sin(¢) (— sin(B3) cos(0) + cos(3) sin(6))
(5.5)

with 8 = arctan((p; — s1)/p3) as given in (4.3) and for ¢ € (Thin, Tmax), ¢ € [0,7) and
0 € [0, 2m). For further simplifications, we use the identity

IR~ a(t,¢,0) + (s1,52,0)" —p| = |z(t,¢,0) — '] (5.6)

for ¢t € (Tinin, Tmax)> ¢ € [0,7) and 6 € [0, 27) verified in computation (4.6). In the following,
we write [v]3 for the third component of an element v € R3. Regarding all observations made
above, we deduce

Tpy,3(8:t)

315 1 [Omex ¢@max _
I L (218 1000.6.0)+ 51,52, 07)s )

647'("}/9 2 A(0)min
—168([R™"w(t, 9,0) + (51,52,0) s = ps ) [R™"(t,6,0) + (51,52,0)T = pf?)
Xo, ) (@(t, 6. 6)) sin(@) do df
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max [ @(0)max
_ 62’39 ; / / (1207 (\/3#2 — 02 sin(9) (~ sin(8) cos(6) + cos(5) sin(6)) — ps)

&(0)min

- 168(\/ — a2 sin(¢)(— sin(B) cos(8) + cos(8) sin(6)) — pg,) 2 (t, 6, 6) — p'P)

XB, () (2(t, ¢,0)) sin(¢) dp do
max ¢(9)max
= 7627129 ; / / 1207 \/Tazsm(qb)(— sin(B) cos() + cos(B) sin(h)) — pg)

Omin (a)mm

- 168(\ /112 — a2 sin(¢)(— sin(B) cos(8) + cos(B) sin(f)) — pg) |z(t, ¢,0) — p’\Q)
XB.,(p') (x(ta ®, 9)) bln(¢) dodf

15 1 [Omex [@(O)max
- %’5}’9 2 / / (O 1207 — sin(5) cos(6) + cos(5) sin(@))\/ﬁsirﬂ (¢)

— 120v*p3 sm(¢)
— 168(—sin(B) cos(8) + cos(B) sin(8))y/ 12 — a2|z(t, ¢,0) — p'|* sin®(¢)
+ 168ps[a(t,6.60) — /| sin(9) ) i, ) ({1, 0.0)) dé 19
(5.7)

for (s,t) € So X (Tmin, Tmax)- Further, we calculate

|z(t, ¢, 0) — p'|?
\/ﬂsin((b) cos(0)

1t cos(¢) -7
\/ﬁ sin(¢) sin(6)
= (/32 — a2sin(6) cos(6) — p1)* + (bt cos(9) — ph)? + (/112 — a2sin(6) sin(8) — p})?
=(a+ bsin(¢))2 + (c+ d005(¢))2 +(e+ fsin(¢))2 >

2

with the abbreviations

a = _pg_ = 07 b = itZ — Oéz COS(H)7 Cc = —p/2 = —D2 + Sa,

d= 3t = —ph=— R — 2 _ a2¢im(0
27 ‘ Ps Cos(arctan (plp%sl)) f 4 « Sln( )

fort € (Twin, Tmax), ¢ € [0,7) and 6, € [0, 27). Hence, in order to compute the reconstruction
kernel 7, . 3 stated in (5.7), we need the antiderivates of the following functions

¢+ sin’(¢), ¢+ (a4 bsin(¢))? + (c+ dcos(¢))? + (e + fsin(¢))?sin®(¢),
b > sin(g), b+ (a+bsin(9)? + (¢ + dcos(9)® + (e + f sin(9))? sin(6)

with b, ¢ and d as above. Since these four functions are trigonometric polynomials in ¢, their
antiderivates are analytically known. We calculate them using a computer algebra system
and implement the calculation of the integrals by evaluating at the start and end point.

Altogether, we receive an expression for the reconstruction kernel 7, ., 5 at (s,t) € Sy x
(2, 00) depending on the limits of the angles 6 and ¢ = ¢(#) and Ty,in and Tiax-
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5.1.2. The reconstruction kernels for the modified operators

Before we compute the reconstruction kernels of the modified operators, we mentioned them
once again. We have

AInOd,O = _A83MF*¢F
and
Amod1 = —A03(M + ald)F*F and Amod2 = —A03(M + o 1d)F* F

defined in Corollary 3.29 and Corollary 3.31, respectively. Analogously to the approach in
Subsection 5.1.1, in case of A we approximate Ay,oq,; for i € {0,1,2} evaluated at p € R3
for n € &'(R3) by

Amod,i,y7(P) = (Amod,i; €py k)
For this reason, we define analogue to r, , , the following reconstruction kernels
(@) 7Tp~.k,mod,0(s,t) := FM0OsAey  1(s,1),
() 7p kmod,1(8,t) == F(M + ald)03Aep 4 1 (s, 1),
(© Tprykmod2(s,t) := F(M 4 a?1d)dsAey - 1 (5, 1)

for (s,t) € Sy x (2a, 00).
The next corollary yields representations of the above defined reconstruction kernels. It
is a direct consequence of Lemma 5.1.

5.2 Corollary. Let v > 0 and k > 3 be given. With the abbreviation
~ (VP —=lz—pP*  ifle—pl<n,
€pyk(T) = .
07 lf ‘LU - p| Z v,
we have
Amod,i,'yn(p) = <Amod,in7 ep,'y,k:> = <an7Tp,7,k,mod,i>

forn € &(RY) and i € {0,1,2}. Here, depending on i € {0,1,2} the reconstruction kernel
Tp..i 15 given in the following. We have

(@ Tpykmod,0(5,1)
= 4k(k = 1)Cy k(5 (21 w3 (@5 — p3)p k2 (@) )
= 2(k = 2)F (21 a3(zs — pa)lx = P2 -5(2)) ) (5.1),
() T kmod1(s,t)
= 4k(k = 1)Cy i (5F (21 2 (w5 = p3)Ep0-2())
—2(k = 2)F (2 > a3(zs — pa)|v — p*Ep1k-3(2)) ) (5:1)
+ adk(k = 1)Cyx (5F (2 (23 = p3)pp0-2(a) )
=20k = 2)F (2> (w5~ pa)|e — D2y 0-3(2)) ) (5,1)

= Tp,'y,k.,mod,()(sa t) + Ol'f’p’fy,k(sv t)7
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() Tprkmod2(s, 1)
= 4k(k = 1)Cy 1 (5F (2 23 (w5 = p3)Eprh-2())
—2(k = 2)F (2 = 23(zs — pa)|z — p*Ep0 () ) (5.1)
+ 024k = 1)Cy . (5F (2 (@3 = p3)Epn-2())

=20k = 2)F (2 (25— pa)|e = D2y 0-3(2)) ) (5,1)
= T‘p’%k,mod_’o(s, t) + Olz’f'p’%k(s, t)
for (s,t) € Sp X (2a, 0).
According to the decompositions of the single reconstruction kernels in Corollary 5.2, we
are able to represent all of them by 7, - 1 and rp, 4 x,mod,0-
Since we calculated ry, - 3 in Subsection 5.1.1, only the computation of 7, ~ 3 mod,o is left

to get an explicit expression for all reconstruction kernels mentioned in case of k = 3. When
we compare 7y, ~.3.mod,0 With the representation of , - 3 given in (5.3), we obtain

315
Tp,y,3,mod,0(8,t) = WF(I — 23(1207%(z3 — p3) — 168(23 — p3)|z — P\Q)XBw(p)(T/))(Saf)

for (s,t) € Sy x (2a,00). As representation (5.4) in case of ;, , 3 we get

max  P(0)max
/ / AR + (51, 52.0) 1) X5, () ((t, 6.6)) sin(6) dg dB

Omin 7 ¢(0)min

by identity (4.11) with n = i, (,) and the smooth function n(z) = 23(1207(z3 — p3) —
168(z3—ps3)|x —p|?) for z € R3 in case of t € (Tinin, Tmax)- Furthermore, it holds Fn(s,t) = 0
if t < Toin Or t > Thax is satisfied for fixed s € Sy. As before p’ is given by p’ = R(p —
(s1,582,0)7) due to equation (4.2).

Since the square of the third component appears in the representation of 7, 3 mod,0, We
simplify

([R™'2(t, ¢,0) + (s1,52,0)]3)> = (3¢* — &®) sin®(¢)(— sin(B) cos(6) + cos(3) sin(6))?

for t € (Tinin, Tmax)> ¢ € [0,7) and 6 € [0, 27). Together with the simplifications (5.5) and
(5.6) of the subsection before this yields

Tp,~v,k,mod, () S, t
315 1 / max /¢(9)lnax
T 6492 Jo Jo@

2
(1202 (IR (06,0 + (5152, 0) Tl ) (IR (06,0 + (5152,0)Tls = s )

2
B 168([}%7137('5’ $,0) + (s1, SQvO)Tb) <[R71x(t, ¢,0) + (s1,52,0) "3 — p3>

‘R_I:E(t’ (ba 9) + (51, S92, 0)—r — p|2)

X8, () (@(t, 0,0))sin(¢) dp df

max  (@(0)max
B %; / / 120V2(*Sin(ﬁ) cos(6) + cos(B) sin(ﬁ))?’( - a2)3 sin(¢)

Omin 7 ¢(0)min

— 12072p3(— sin(B) cos(8) + cos(3) sin(@))2< 12— a2> ’ sin®(¢)
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— 168(— sin(3) cos(f) + cos(3) sin(0))? <\ [ 52 oz2)3|x(t, 6,0) — p'|? sin*(¢)

+ 168p3(— sin(B) cos(8) + cos(B) sin(6))> (. /12 — a2>2|x(t, ,0) — p'|? sin3(q§))

X5, () (z(t, ¢,0)) dp df
(5.9)

for t € (Tmin, Tmax). Analogue to the case of 7, ., 5 in the last subsection, we take advantage
of

j2(t,¢,0) — ' = (a + bsin(¢))® + (c + dcos(¢))® + (e + fsin(¢))

calculated in (5.8) with the given abbreviations there. This time we need the antiderivatives
of

¢ — sin’(¢), ¢ = (a+bsin(¢))? + (¢ + dcos())* + (e + f sin(¢))* sin* (¢),
¢ = sin® (), ¢ = (a+bsin(9))? + (¢ + deos(9))? + (e + fsin(6))? sin®(9)

with a, b, ¢ and d as before for the computation of (5.9). As well as in the case of r, -, 5 these
are given analytically and we use again a computer algebra system for the calculation. The
implementation is also done the same way. All in all, we receive in case of 7, ;3 mod,0 an
explicit expression at a point (s,t) € Sy X (2, c0) depending on the limiting angles 0,,iy,
Omax> Pmin(0) and émax(6) and the travel times Tri, and Tipax-

Furthermore, we have

Tpv,3,;mod,1 = T'p,y,3,mod,0 T OTp,,3

and

_ 2
Tp,v,3;mod,2 = Tp,y,3,mod,0 T O Tp~.3

according to Corollary 5.2. Thus, with the just established expression for 7 ., 3 moa,0 and the
representation of r, , 3, we obtained in the last subsection, we receive expressions for the
reconstruction kernels of the two modified reconstruction operators Apod,1 and Amod,2-

5.2. Preparations for numerical experiments

In the following, we write A in place of one of the reconstruction operators A, Amod,0, Amod, 15
and Ayoq,2. The notion 7, ., 3 denotes analogously the related reconstruction kernel each
time, i.e. the respective reconstruction kernel of 7, - 3, 7p.~.3.mod,05 "p,v,3,mod,1 OF T'p 4.3, mod,2
associated with A. For the definitions of the reconstruction operators we refer to Theorem
3.17, Corollary 3.29 and Corollary 3.31. The reconstruction kernels are defined in the Sub-
sections 5.1.1 and 5.1.2.

For the numerical examples we have to calculate

Ron(®) = (b Fprys) = /S o VDU D505, 1) (5.10)

for p € R3. Again, the given data is denoted by y and 7, .3 is one of the reconstruction
kernels. Further, the function ¢» € C$°(Sy x (2a,00)) is the cut-off function we state now
explicitly. We take the design of such a function from Section 5 in [QRS11]. Thus, given
S>0and T,T > 0withT > T > 0 we have

(s, t) = 1p(s1,52,t) = Wi(s1)W1(s2)Wa(t),
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where
1, for |s| < S,
Ui (s) = 4 h(|s],S), for S<|s| <S+1,
0, for S+1<|s|,
and
0, for t<T,
g(t,T), for T<t<2T,
Uy(t) =41, for 2 <t<T,
h(t,T), for T<t<T+1,
0, for T+1<t,

for (s,t) € Sy X (2a, 00). The appearing functions f, g, and h are defined as follows

exp(—L),  for r,
f(r):{o,p( T) for O<r§0,
for r € R and
t
o) =5 f1<>T ¥ f1()2 Y
and
T = — fT+1-1) _
fT+1-t)+ ft-T-1)
for t € R. Then, it holds
supp(¢)) C [-S —1,S+1] x [T, T+ 1] and U, =1

—35,5]x[2T,T)|

For the numerical experiments we have to compute identity (5.10) from discrete data.
With s = (s1, s2) and given spax > 0, tmin > 2« and tyax > tmin We consider
sgi) € [—Smax; Smax) fori € {1,..., Ng},
59 € [~ Smaxs Smax) fOr j € {1,..., N,},
t*®) € [tmin, tmax] for k € {1,..., N;},

uniformly distributed with step sizes h, and h;, respectively, i.e. h, = 2‘3{;‘;*, hy = tm"]\z tmin
Then, a simple approximation is given by

Ns Ns N
NhthQZzzw 81 752 a )y(Sg),Sg) (k))T 73(5()78gj)7t(k))
=1 j=1 k=1

forp e Ri. In order to reduce the computation time, we restrict the number N,. We use the
minimal and maximal travel time T},;, and T},.x such that the reconstruction kernel vanishes
beyond the interval given by the two values. Since these two values depend on ~ , sg ), séj )

for fixed i € {1,...,N,} and j € {1,..., N,} and of course on the point p € R3, we denote
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them by Tmin(sgi), séj ),7, p) and Tmax(s(li), sgj ), ~,p). Again, the integrals with respect to the
outermost travel times vanish such that we consider the open interval

Tes(1:0) = (Tin(st”, 58, 9), T (517, 587,7) )
This yields
An(p) ~ heh? Z Z Z 1/1(551)7 sé]),t(k))y(sgl), séj),t(k))?’pmg(sg’), sé”,t(’“))
i=1 j=1 M T (v,p)
forp € RY.

5.2.1. The considered data

In order to test our method, we use synthetic data which is not generated from the wave
equation. We calculate the data y using

y=Fn
for a given n € £’(R3). In most cases of the numerical experiments we choose n to be
1 = XB,(0,0,4) — XB1(0,0,4) T XB1.5(3,0,5) T X{z3>6.5}

An illustration is given in Figure 5.1. Whenever we change n in the following, for example

-2 0 2 4 T1
. R R . >
+ + + + -
2“ /’—__N\\
4 N
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- \
II - RN \
| " \ VT~
4 ! A \
1 1 1 all \
\ \ 7 1! \
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6-- S<o -7 \ //
____________ e
2
T3
(L‘2—0

Figure 5.1: The function n. On the darker blue area where the two circles overlap n is equal to
2, on the light blue area to 1 and off the blue areas it is 0.

by not considering the characteristic function of the half-space, we mention it.

First, we discuss what we expect from the reconstructions A,n. Since all reconstruction
operators we discussed in Chapter 3 have the same order and the same decisive microlocal
properties, we are able to make the observations all at once.

According to Proposition 3.24, Corollary 3.29 and Corollary 3.31, all reconstruction op-
erators are microlocally elliptic of order 1 at a point (z,,&,) € RY x R3\{0} if &, € C(z,) is
satisfied with

C(IE*) = {g € R3 |£3 7& 07¢(8(.’E*,£)7 (,0(8(1'*,5)7$*)) > 0}
Hence, by Theorem 2.23 and Example 2.24 we obtain
(z:,6) € WF™Y2(An)  for (z,,&,) € WF(n) = WF'2(n) (5.11)
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as we have already formulated in Corollary 3.26 in case of the reconstruction operator A. This
means that if the third component of the corresponding direction to an element of the sin-
gular support does not vanish and the cut-off function ¢ is strictly positive there, the related
singularity is one degree less smooth in the Sobolev scale by applying A. More precisely,
its smoothness decreases from H'/2 to H~'/2. In order to analyse which singularities are
emphasised by A, we take a look at the single components of n. We notice that we choose the
cut-off function ¢ for the reconstructions in such a way that it does not vanish at points we
are interested in. For this reason, we neglect this condition on the set C(z) for z € R} when
we analyse whether a concerning singularity get strengthened by A. However, we recall that
we have

WEF(An) C WE(F*Fn)

by the pseudolocal property (see Theorem 2.17) and (z,§) € WF(F*yFn) if there exists
s € Sp and w # 0 such that £ = wV,p(s,x) according to Theorem 3.15. Since the set Sy is
finite in applications, there will be points (z, £) for which we do not find s € Sy and w # 0.
Then, the associated singularities will not be preserved.

We start with the characteristic function of a ball in R3. By Example 2.14 the singular
support of such a function is its boundary. Hence, the singularities of this function are located
at the boundary. For the decision whether the operator A emphasises them, we take a look

Figure 5.2: This figure shows a cross section of a characteristic function of a ball in R?, i.e. the
value on the blue area is equal to 1 and the function is 0 off the blue area. The dashed lines in
both pictures indicate the singular support of the function. In addition, on the right-hand side
some directions contained in the wave front set are sketched. We recall that the directions are
not normalised.

at the related directions. Again, by Example 2.14 the directions are perpendicular on its
boundary. An illustration of the singular support and the wave front set is given in Figure
5.2. If we consider the cross section through the midpoint of the ball, there are two directions
which are perpendicular and whose third component vanishes. Thus, these two directions
are no elements of C(z) for any € R? and do not get emphasised by A. In Figure 5.3, we
marked the regarding elements of the singular support and the associated directions whose
third component vanishes. If we consider the whole space R? and not only this cross section,
the singularities located at the “equator” of the ball do not get emphasised.

Next, we consider the characteristic function of the half-space {z3 > b} for b > 0. Once
again, by Example 2.14 (b) the singular support of this function is given by {z € R | z3 = b}
and the related directions are perpendicular to this plane. Hence, there is no direction with
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Figure 5.3: In this cross section the red marked singularities related to the red marked directions
get not emphasised since the third component of the associated directions is zero.

vanishing third component and thus all singularities on the plane are emphasised by the
reconstruction operator A. An illustration of a cross section is given in Figure 5.4.

Figure 5.4: This is an illustration of parts of the wave front set of x{,,>} for b > 0in R3. Again,
the value 1 is assigned to the blue area and it is otherwise zero. The dashed line indicates the
singular support of the function in this cross section. Considering the whole space the singular
support is given by the plane 3 = a. The arrows are examples of the directions which are
contained in the wave front set. Again, the directions associated with an element of the singular
support are not normalised.

After we considered the single components, we combine the observations we made above
and analyse what we expect concerning the function n we have chosen. In Figure 5.1, the
dashed lines indicate the boundaries of the balls. Moreover, all the dashed lines together are
the sum of the singular supports of all the characteristic functions and this is precisely the
singular support of n. The dashed lines mark jumps between the values 0, 1 and 2.

The related directions are such that they are perpendicular to the boundary of a ball or
the half-plane x3 = b at the points of the singular support, i.e. in the cross section x5 = 0
there are six points € R} with a direction not contained in C(z). In Figure 5.5, these
points are marked. As mentioned in the discussion above, in R? this condition is satisfied by
all points lying on the equator of one of the balls, so these are infinitely many.

Summarised, we expect that all elements of the singular support except the ones at an
“equator” of a ball are reconstructed by A. The related singularities even get emphasised one
order in the sense of assertion (5.11).

5.2.2. Implementation

The numerical experiments we present in the following section are implemented using the
coding language Python. For the generation of the data from the wave equation in Sub-
section 5.3.5 we use Python 2.7.15, in all other cases Python 3.6.1. The process of data
generation and the reconstruction is parallelised with the help of the “ProcessPoolExecuter”
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interface provided by the “concurrent.futures” module. Since the values we have to compute
are independent of each other, the parallelisation is simply performed.
We observe this by taking a look at the identity

Ron(p) = [S RCULICOTCARERETN

_ / (s, )y (5, 1) 3(5,1) (5, 1)
So % (2a,00)

for p € R3, which we have to compute according to (5.1). Here, A denotes one of the in-
troduced reconstruction operators and 7, 5 3 = F'i, - 3 the associated reconstruction kernel,
where 1, - 3 is given by this identity for each reconstruction kernel separately.

When we generate the data y = F'n, the value y(so,to) = F'n(so, to) for fixed (so,to) €
So X (2ar, 00) is independent of all other values F'n(s, t) for (s,t) € So x (2a, 00). Hence, there
is only one open half-ellipsoid determined by (so, tg) € So x (2a, 00) decisive to compute the
elliptic Radon transform and we are able to calculate the single value F'n(s,t) for each (s,t) €
So X (2a, 00) separately. This is precisely the situation for which the ProcessPoolExecuter is
developed for, i.e. to evaluate a function at different points independent of each other.

The same is true if we consider the value of A,n for different values of p € R3. For a
fixed point py € R? the value o~f /NLYn(pO) is independent of the values for other p € R}
around. Thus, we also compute A,n for each p € R? separately. Further, each single value
Tp,y,3(50,t0) = Flp.~,3(s0,t0) for fixed (so,%0) € Sy x (2cr, 00) is independent of the others.
We take advantage of this fact inside the application of the ProcessPoolExecuter interface for
computing the values of T\'V” at a point p.

In order to distribute the single evaluations faster on the single cores, we divide the num-
ber of elements at which we want to evaluate by the number of cores and assign in this way
to each core almost the same number of evaluations before applying the ProcessPoolExecuter
interface.

In the last sections of Chapter 4, we presented a way to calculate the elliptic Radon trans-
form F of functions supported in a closed ball and characteristic functions of half-spaces in
theory. However, there are some parts in the calculation where there is no direct way to im-
plement them because not everything is given explicitly. We close these remaining gaps by

-2 0 2 4 I
+ + + + -
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/ ,—‘\\ \‘
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\‘ \\ ,/ ,,I \
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Figure 5.5: The red marked singularities get not emphasised since the third component of the
related directions is zero.
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explaining how we solve these parts numerically. Therefore, we consider the different cases
separately.

The case of Section 4.2

We described in Section 4.2 how to compute the integral given in (1.18) by
Fn(s,t) = / n(x)A(s,2)6(t — p(s,z)) da
Ry

for (s,t) € Sy x (2a,00) if n = nxp, (p) for n € C°(R?). According to (4.11) we have to
determine the value of the reformulation

max  P(0)max
SN [ AR (51:52,0) X, (#(9,0)) sinf) d a0
for s € Sy and (Thin, Tmax) With P’ as in identity (4.2).

In Subsection 4.2.3, we have presented how we calculate the limits for the angle § and
depending on this, the limits for the angle ¢ = ¢(#). The limiting angles for theta 6,,;, and
Omax are given in (4.8) explicitly,. We obtain the limits of the outer integral stated above
without any approximation by

Omin = g — arccos (7W>
3
and
/ /2 __ .2
Omax = g + arccos (%)
3

The limits of the inner integral depend on 6. Hence, it is reasonable to use the trapezoidal
rule for an approximation of the outer integral. Thus, for Ng data,1 € N we consider Ny gata,1
steps given by 6; := 6, + ih with step size h := W fori € {0,..., Ny data,1}- This
yields

/ " / Rt 6,8) + (51, 52,0) gy (2l 6 6)) sin(6) ds 8

Omin Y ¢(0)min

¢( mm)max 1

—2(/¢w T SR 0,6, Oin) + 51:2:0) D, 0 (31 i) sin() 46

No,data,1 =1 .6(0;) max

+y / AR (t, 6,65) + (51,52,0) xm, (p (2(t, 6, 60)) sin(9) do

i=1 ¢(0:)min

@ (Omax)max |
+f S0, 6, ) + (51, 92,0) s, ) (20, 6, Ouna)) sin(6) )
¢

(Omax)min
(5.12)

for (s,1) € So x (20, 0c). Further, the angles ¢(0;) i and ¢(6:)mas to a fixed angle 6; for
i € {1,..., Nodata,1 — 1} are given by

®(0;)min = arccos(z1) and  @(6;)max = arccos(zz)

according to (4.9). Here, z; and z, are the two solutions to

c+bz+a?2? = —dy/1— 22,
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where
1
b = pht, c=(ph)*+ (py)* + th —a?—7r? and d= —ps\/12 — 4a?sin(h).

In order to determine these two solutions numerically, we use Newton’s method. Since the
two solutions are between —1 and 1, we use the start values —0.9999 and 0.9999. As men-
tioned before, in case of 6,,,;, and 6,,,., we only obtain one solution. Hence, the corresponding
integrals stated in (5.12) vanish. Using this we deduce

Ne,data,l_l ¢(6i)1nax

Fn(s,t) = 5 Z; /¢ (R x(t, ¢,6;) + (s1,52,0) )xp,(pr)((t, ,6;)) sin(¢) dg

(0:) min

1=

for (s,t) € Sp x (2a, 0).

There is another simplification left, which we have already seen in Section 4.2. For ¢t €
(2, 00) with ¢ € (Tinin, Tmax) the value of F'n(s,t) for s € Sy vanishes. By identity (4.10),
the limits of the interval are

T = min (1(0,~,0)" = 2| + |z — (0,,0)7])

xzeC
and
ﬂxlax - meaé( (|(Oa _avo)T - J?| =+ |[‘C - (07 «, O)T|)7
where

Rsin(0) sin(7) + 222! tan(9)
C=(zeRlz= p5 + Rcos(7) for 0<7<2rm
Rcos(0) sin(r) + 21522 p

with R = % Since the searched values of T .;, and T, are clearly separated, we

determine these approximately by Newton’s method. As start values we choose 0.57 and
0.57 + 1.1.

The case of Section 4.3

In Section 4.3, we presented how to determine the value of the integral
Fn(s,t) = / n(x)A(s,z)é(t — ¢(s,z)) dx
Ry

for (s,t) € Sp x (2a,00) given in (1.18) if n = x,,>} for some [ > 0. According to (4.15),

we have to compute
max [ @(0)max
/ / sin(¢) d¢ dd
@(0)min

for s € Sy and t > Ty,in- The limits for the angle 6 are explicitly given by

. l
Opmin = arcsin | ————

l
) and 60,,.« = ™ — arcsin <7)
% 2 _ o2 2

1.2
4t «

as stated in (4.13). The angle ¢ = ¢(0) depends on . Hence, we use, as in the case of a
function supported in a ball, the trapezoidal rule to compute the outer integral. This works
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exactly the same as in the case before. The only difference is that we use Ny gata,2 Steps for
angles 6 in the trapezoidal rule this time.

For fixed 6 we obtain the limits for the angle ¢ = ¢(#) by identity (4.14). These are the
following

l

1t2 — a2 sin()

l

12 — a2 sin(0)

&(0)min = arcsin ( and  ¢(0)max =T — arcsin (

These two angles are also given explicitly. Hence, we do not approximate anything here.
The minimal travel time is explicit given by T,nin = 2v/a2 + [2. There is no maximal travel
time as every travel time ¢ with ¢ > T,,;, generates an open half-ellipsoid which intersects
the half-space.
In a nutshell, in the case of the characteristic function of a half-space we only approximate
once when we use the trapezoidal rule.

The case of a reconstruction kernel

At the beginning of this section we argued that we are able to treat the reconstruction kernels
as described in Section 4.2 since they are supported in a closed ball and smooth on the open
ball. For this reason, we apply the same methods as described above in “The case of Section
4.2” to compute the reconstruction kernel semi-analytically with Ny yecon Steps for angles 6
in the trapezoidal rule.

5.3. Numerical results

Before we present the reconstructions we achieve with the presented approach, we state and
discuss the choice of some parameters. First, we mention the parameters we choose for the
cut-off function ). These are S := spax — 1, T := tmax — 1 and T := 0.01. The values of
Smax, tmax and tyi, depend on the individual case of the assembly of each experiment. In
Subsection 5.3.5, we use a different cut-off function.

We consider different distances from source to receiver, i.e. different offsets «. Also the
function n and thus the cuboid we reconstruct changes from time to time. The parameter - of
the mollifier in the reconstruction kernel varies as well a few times in this section depending
on each single setting. The choice of ~ is related to the offset «, to the number of measure-
ments and consequently to the discretisation step size of s1, sy and ¢. For a large offset a we
choose a larger parameter ~ than for a small one. Further, the higher the number of points
for s1, so and t, the smaller the value of 4. In order to explain these rules of thumb for the
choice of v, we recall that the support of the mollifier e,, - 3 is given by supp(e, ~.3) = B, (p)
for a point p € R%. Hence, the parameter v determines the radius of the neighbourhood
of the point p in which we regularise. For large o numerical instabilities occur if supp(n) is
near to the surface (“near” relates to «). These errors are compensated by regularising in a
larger neighbourhood of p, i.e. the choice of a larger value of ~. In the same way we adjust
an appearing lack of data points.

Beside these, there are the three numbers of steps denoted by Ny data,1, Vo,data,2 and
Ny recon With uniformly step size in the trapezoidal rule. The first one Ny ga¢a,1 appears during
the data generation in case of the characteristic function of a ball and analogue the second
one Ny data,2 in case of the characteristic function of a half-space. These two parameters
and the number of discretisation points N;,, Ny, and N; decide about the quality and the
sharpness of the reconstructions. Nevertheless, the numbers N;,, N, and N; have a greater
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impact. In case of the parameters Ny gata,1 and Ny data 2 there is some limit beyond which
there is no more change in the numerical reconstructions, which is visible for the naked eye.

Last, Np recon counts the steps of the angle ¢ in computing the reconstruction kernel. Many
times we work with a low number for Ny ;econ. As a consequence, we obtain not the best
reconstructions but the difference is only in quantity and not in quality. A higher quality is
not worth the additional computation time. A more precise discussion on how the parameter
Ny recon influences the reconstructions follows later in context of Figure 5.7.

5.3.1. Reconstructions with the reconstruction operator A

Actually, we consider a three dimensional setting. We compute the elliptic Radon transform
integrating over open half-ellipsoids in R? with foci x; = (s1, 52 — 0)" and x, = (s1, 52 +
@,0)T. Nevertheless, the computation of A, (p) for a fixed v > 0 and a point p in the given
cuboid is independent from the other points in the cuboid. Hence, it is no problem to calculate
cross sections in one direction. Here and in the following, we compute cross sections in xs-
direction.

In a first experiment, we consider the function n = xp,(0,0,4) — XB,(0,0,4) T XB1.5(3,0,5) T+
X{zs>6.5} and approximate An for the two different offsets « = 1 and a = 10.

For the scaling parameter -, we choose v = 0.2 for « = 1 and we set v = 0.3 for a = 10.
We compute A,n at points p in [—2.5,5] x {0} x [1.5, 7] uniformly discretised by IV,, = 135,
N,, = 1 and N,, = 99 discretisation points. Further, we restrict the travel time ¢ to ¢, =
2c40.1 and tyax = tmin + 17 depending on the offset a. The elements s; and s, determining
source and receiver are in the interval [—10.0, 10.0], i.e. symax = 10.0. For each of these three
parameters s;, s3 and ¢ we use 600 discretisation points. Hence, we compute integrals over
6003 = 216 000 000 open half-ellipsoids given by Fn(s1, sa,t) to generate the data.

In Figure 5.6 both results for the two values of the offset « are presented. These results
confirm our expectations from Subsection 5.2.1 concerning what we observe in the recon-
structions. In both cross sections the singular support of n, i.e. the boundaries of the single
balls are visible. Only at the outermost points, for example at (—2,0,4) " and (2,0,4) 7, there
is a gap since they are not imaged. This is exactly what we predicted in Subsection 5.2.1 and
illustrated in Figure 5.3 using the red colour.

Nevertheless, in case of @ = 1 the strength of the reconstructed singularities depends
strongly on their locations. The singularities closer to the surface are more emphasised than
the ones further away. This differs from the case o« = 10. Here, the intensity of the singular-
ities is nearly independent of the distance to the surface.

In case of & = 10 we get two additional artifacts. There is a horizontal line between
x3 = 3.5 and 3 = 4.0 and at the right bottom an oblique line from the outermost right point
of the right ball to the bottom. However, these artifacts have no relation to the ball. We
convinced ourselves that both artifacts appear in the reconstruction of the singularities of the
half-space {x3 > 6.5} since they also occur when we choose n = x{,,>¢6.53- The horizontal
line probably arises by a summation of weak artifacts caused by the cut-off function and the
numerical scheme. Concerning the other appearing artifact we argue with a result given in
[FQ15]. The authors of this publication show that the characteristic function of a half-space
causes two artifacts due to limited data. In Figure 3 of their publication they consider the
same setting in case of &« = 0. Thus, we adapt the results mentioned there. We deduce that
the oblique line is one of the two artifacts related to the half-space. The second artifact is not
visible in the figure since it is on the left-hand side beyond the area we reconstructed. In our
case, the two artifacts are mirrored at the line z; = x5 = 0 since the values we choose for s;
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and sy are symmetric to zero.

z3

z3

Figure 5.6: Two reconstructions A,n obtained with the reconstruction operator A. The only dif-
ference is the offset o and the regularisation parameter v which depends on the offset. In case
of @« = 1 we have v = 0.2, for « = 10 itis v = 0.3.

We notice that the values of the reconstructions inside and outside the circles are not
zero. Hence, the intensity is not displayed in relation to zero. The reason for this are too few
chosen angles for 6 in the trapezoidal rule for computing the reconstruction kernel.

In Figure 5.7 we present cross sections in zo = 0 for different choices of the parameter
Ng recon, i.€. the number of angles for 6, for n = x g, (0,0,4)- We remark that the more angles
we choose, the more the value of A,n vanishes inside and outside the circle we see in the
cross sections. There is virtually no difference between the reconstructions with Ny ;econ = 50
and Ny recon = 64, which is visible to the naked eye. However, in all images there is no real
difference in the visibility of the singularities. As a consequence, we choose Np yecon = 16
in many experiments and save computation time. The computation time for Ny yecon = 50
increases by a factor of about three in comparison to Ny yecon = 16.

According to identity (5.10), the approximation A.n consists out of two independent
parts before integration. The first one involves the generation of the data y = F'n modified
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Figure 5.7: The same reconstruction using a different value of Ny recon, Which determines the
number of angles 6 in the reconstruction procedure.

with the cut-off function . The computation of the reconstruction kernel r, ., 5 is the second
one.

In Figure 5.8 two cross sections of the modified data ¢ F'n for n = xp,(0,0,4) — X B, (0,0,4) +
X B, 5(3,0,5) are plotted. In comparison to the data, which we used for the generation of the
left cross section in Figure 5.6 with offset o = 1, the only difference is that the characteristic
function of the half-space {3 > 6.5} is missing in the definition of n. All other parameters
have the same value as in the first experiment presented in Figure 5.6. We notice the frame
around the images caused by the cut-off function .

so = 0.01252086811352271 so = 5.020868113522537
0.35
0.15
0.30
0.25
0.10
+ 0.20
0.15
0.10 0.05
0.05
0.00 0.00
-5 0 5
S1

Figure 5.8: Two cross sections in so of the modified data ) F'n.

Figure 5.9 shows some cross sections of reconstruction kernels. Here, we use the same
parameters as for the two cross sections in Figure 5.6 before. For convenience, we repeat the
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most important one. As it is readable at the axis, we consider s, s2 € [—10.0,10.0]. Moreover,
we use = 1 and v = 0.2 for the two pictures in the top and « = 10 and v = 0.3 for the two in
the bottom. All four images show the reconstruction kernel r,, - 5 at the point p = (0,0,3) .
In these cross sections in s, we notice that the visible arc is more flat in case of o = 10 than
in case of « = 1. This effect is directly related to the value of o and can also be observed in
the data. However, if we take a look at the cross sections in s, so in the first space direction,
this effect is not so pronounced. The reason is that source and receiver are positioned on an
axis parallel to the z5-axis. These cross sections are presented in Figure 5.10.

a=1,s =0.02 a=1,s =6.03
1000 100
500 50
- 0 0
~500 _50
~1000 100
60 10
40
5
20
- 0 0
~20
-5
—40
—60 ~10

Figure 5.9: Different cross sections of the reconstruction kernel r, , 3,7 ., 5 for two cases of offsets
a evaluated at the same point p = (0,0,3)".

1000 60
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20
- 0 - 0
—20
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—40
—1000 —60

Figure 5.10: The reconstruction kernel r (g o,3),,3 in the cross section s2 = 0.02 for two different
values of a.
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Last, in Figure 5.11 we additionally consider the reconstruction kernel r, .3 at p =
(0,0,5)T. This is presented in the right image. If we compare this with the left image where
we have p = (0,0,3)" as before, we see that the first value of a travel time ¢ where the
reconstruction kernel r(g o 57 3 does not vanish is significant higher than for r g 37 3.
This is due to the fact that the point p = (0,0,5)" is further away from the surface than

_ T
p=(0,0,3)
(0,0,3)7 (0,0,5)7
1000 400
5
500 200
0 ~ 10
—500 —200
15
—~1000 —400
S92 52

o

Figure 5.11: Two cross sections of the reconstruction kernel 7, 3 in s; = 0.02 for offset & = 1
evaluated at two different points p.

5.3.2. Experiments concerning the offset «

In this subsection, we consider two experiments related to the stability of the data and the
reconstructions concerning the offset o. In a first experiment, we simulate errors in the
arrangement of the sources and receivers while generating the data. A second experiment
shows what happens when we use an offset a,qo, in the reconstruction procedure different
from the offset cvgata, Which we use for the data generation.

For both experiments we choose n = XB,(0,0,4) = XB1(0,0,4) + XB1.5(3,0,5) + X{x3>6.5} aS
described in Subsection 5.2.1. We work in the cross section [—2,5,5] x {0} x [1.5,7] of a
cuboid which we discretise uniformly using N,, = 1 and N,, = N,, = 99 points. Moreover,
we consider travel times ¢ between t,,;, = 2a + 0.1 = 4.1 and . = twin + 17 = 21.1 with
sources x;(s) and receivers x,(s) determined by sy, = 7.5, i.€. s1, 82 € [—7.5,7.5]. For the
three parameters s1, s and t we use N, = N; = 300 discretisation points. These are half as
many as before for each variable. We will see that the more open half-ellipsoids determined
by s1, s2 and ¢ we regard, the sharper the reconstructions become. Nevertheless, in order
to recognise the appearing effects 300 discretisation points for each of those variables are
sufficient. Last, we choose Ny data,1 = 201, Ng data,2 = 33 and Ny recon = 16.

Now, we generate the data using the offset atqata, random. This offsetis uniformly distributed
in an interval [2 — 8,2 + f3] for 8 > 0. It simulates positioning errors while arranging sources
and receivers. For the reconstruction we do not vary the offset « since we are able to set « to
one fixed value in the code which permits no mistakes. Here, we use o = 2 which is suitable
to the choice of aqata random- The results are presented in Figure 5.13. A reference, in order
to compare with a reconstruction of data generated with agai. = 2, is given in Figure 5.12. In
the top image of Figure 5.13, we vary cgata,random P€tween 1.9 and 2.1. In this case, there are
no big changes in comparison to cgata = 2. FOIr data,random € [1.75,2.25] the reconstructions
are a bit more blurry as we see in the middle image. However, the singular support is still
visible. If we are further away from the surface, the reconstructions get more distinct and
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Figure 5.12: The reference image for Figure 5.13 with constant agata = 2.

the singularities are stronger noticeable than in case of agaa = 2. Last, we use tata,random
between 1.5 and 2.5. Here, the boundaries of the balls near to the surface are very blurry.
Nevertheless, we obtain an area in which the singular support of n is contained. The elements
far away from the surface are more strongly reconstructed than in the aforementioned cases
and also than in our reference using agags = 2.

One possible explanation for the stronger reconstructions of singularities far away from
the surface is that we consider in agata random also higher values than 2. Later on, we will see
that for larger values of « the singularities further away from the surface get more emphasised
by A.

The fact that the effects, appearing when we use randomly distributed values of agata,
are more pronounced near to the surface is a phenomena which also appears in the next
experiment. For an explanation we refer to the lines below.

In Figure 5.14 we plotted the generated data of the reference case aga.in = 2 and the last
case with adata,random € [1.5,2.5]. We see that the contours of the data in the right image are
very blurry. Nevertheless, the shape we obtain by the plotted data in the left image is also
still recognisable in the right one.

Altogether, we summarise that deviations up to 5% in the position of sources and receivers
while generating data do not really affect the reconstructions. Whereas deviations of about
25% are noticeable in the reconstructions.

In a second experiment, we generate the data with a fixed offset a1, and reconstruct
with a different offset accon- This means we use a wrong offset in the reconstruction kernel
rp.~.3. We consider two different cases. In the first one, we choose a4at. = 2 and reconstruct
with aecon = 1.5 and ayecon = 2.5. This is presented in Figure 5.15. As reference image the
top image is a reconstruction with ayecon = data = 2. Concerning the second one, we use
gata = 5 and as a consequence, we reconstruct with apecon = 4.5 and ayecon = 5.5. Also
here, the top image in Figure 5.16 is thought as reference with aecon = Qgata = 5.

We explain the appearing phenomenas in both cases using the example of aqata = 2
presented in Figure 5.15. Afterwards we explain which role the size of agat. plays.

By looking at the images in Figure 5.15, we observe that for aecon < Qqata the recon-
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(data,random € [19,21]

T3

Qdata,random € [175,225]
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Z1

Qdata,random € [15,25]

€3

Figure 5.13: The reconstructions An for an offset adata,random randomly distributed in different
intervals.
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Qdata = 2 Qdata,random € [157 25]

20

Figure 5.14: The modified data ) F'n in case of aata = 2 displayed on the left-hand side and
randomly distributed in [1.5, 2.5] presented on the right-hand side.

structed singularities appear further down than by choosing the right offset for the recon-
structions, i.. Qrecon = Qidata- IN €aS€ Of Aecon > Qdata, it is the other way round. Here, the
reconstructed singularities appear closer to the surface than with aecon = @tgata. We further
remark that only the vertical position of the singularities is changed and not the horizon-
tal one. This can be recognised by the imaged horizontal line, the singular support of the
characteristic function of the half-space {z5 > 6.5}.

We verify these observations by reference to the representation of an ellipsoid. According
to Lemma 3.1, the open half-ellipsoid for the data generation for fixed (s,t) € Sy X (2c, 00)
is given by

(z1—51)* | (22— 59)° N 3
%tQ — a2 %tz itQ — a2

=1

for z = (21,22,23)" € RY. If we consider NOW cyecon > Qldata, the value of 1t — a2, is
smaller than 1¢2—a2 ,, where we choose ¢ large enough such that the square root is defined.
Thus, the minor half-axis of the open half-ellipsoid in the reconstruction procedure given by
2 con i smaller than the minor half-axis during the data generation 1t* — a3 ,,. We
deduce that the radius of the half-circle, which we obtain by making a cross section through
the open half-ellipsoid parallel to the z-axis, decreases. As a consequence, the difference
x1 — s1 and the value of x5 get smaller in the equation above. The latter yields that the

1,2
Zt o

singularity at a fixed point p appears closer to the surface. The effect regarding z; — s is
not really visible in the reconstructions. It is averaged since we consider many positive and
negative values for s;. In case we have ayecon < data, it is the other way round.

For fixed (s,t) € So X (2a, 00) this phenomena is easy to understand by looking at the

point p = (sy, 82,1/ 512 — a3,,.) . The distance of p to the surface is exactly y/1t2 — a2 .,

i.e. the radius of the aforementioned circle. FOr cirecon > Qdata the distance decreases and
for ayecon < Qdata it increases. In these ways, the related singularity changes the distance to
the surface.

Near to the surface this effect is more visible. The open half-ellipsoids going through
points there have a smaller travel time ¢ than the open half-ellipsoids going through the
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Figure 5.15: Cross sections of Ayn in 2 = 0. In all three images we use cqata = 2 for the
generation of the data, whereas the offset airecon in the reconstruction procedure is different.
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Figure 5.16: These cross sections of Ayn in z2 = 0 are generated with agata = 5 and three
different values of arecon.



5.3. Numerical results 137

points further away from the surface. Thus, the difference of the radius /t> — a3, to

112 — a2, is greater for small values of ¢ than in case of larger ones.

Last, we compare the images in Figure 5.15 and in Figure 5.16. We notice that the effects
described above are more pronounced for higher values of aq... provided the difference be-
tween agata and ayecon iS the same. In order to verify this, we consider ayecon = Qata + A
with Aa > 0 or Aa < 0. For the difference of the radius related to the data and to the
reconstruction we obtain

th a2 — th —a? _ Aa(20data + Ac)
4 data 4 recon 1.2 2 " > .
\/Zt — Qgata + \/Zt - (adata + AOC)

This difference increases with aq.t,. Hence, the effect is more visible for large values of aqata
than for small ones.

Details concerning the appearing artifacts are given in the subsections before and after
this one.

5.3.3. Comparison of the different reconstruction operators

In this subsection, we compare the different reconstruction operators introduced in Subsec-
tion 3.3.1 and Subsection 3.3.3, respectively. Up to now, we have only seen reconstructions
generated with the reconstruction kernel r, , 5 computed in Subsection 5.1.1. However, we
introduced the modified reconstruction operators and calculated their reconstruction kernels
in Subsection 5.1.2 to improve the reconstructions concerning the independence of o and
the distance to the surface. Now, we analyse whether these modified operators lead to the
predicted improvements.

In order to compare the different operators, we consider the same setting as in Subsection
5.3.1 for the reconstruction operator A. We use the two different offsets « = 1 and o = 10
but this time combined with each of the three reconstruction operators Aod,0, Amod,1 and
Amod,2- Again, we choose the function n = xp,(0,0,4) = XB1(0,0,4) T XB1.5(3,0,5) T X{25>6.5}
as described in Subsection 5.2.1. Further, we restrict the travel time ¢ to tnin = 2o + 0.1
and tyax = tmin + 17 depending on the offset a.. The elements s; and sy determining source
and receiver are in [—10.0,10.0], i.e. Smax = 10.0. For each of these parameters we use
600 discretisation points such that we compute 216 000 000 elliptic Radon transforms F'n to
generate the data. Moreover, we consider again the cross section given by [—2.5, 5] x {0} x
[1.5,7] and discretised by N,, = 135,N,, = 1 and N,, = 99. Last, we choose the three
different numbers of angles for ¢ in the trapezoidal rule as Ny gata,1 = 201, Ny data,2 = 16
and Ny recon = 50.

In Corollary 3.28, we analysed how the top order symbol of A looks like for @ = 0. As
a consequence, we defined the first modified reconstruction operator Ap,.q,0 and investigate
its microlocal properties in Corollary 3.29. The idea behind was to highlight singularities
for small values of the offset . If we apply Amoq,0 and the associated reconstruction kernel
considering the same setting as before, we obtain the reconstructions Amod 0,7 presented in
Figure 5.17. Also in this case the predictions made in Subsection 5.2.1 are visible.

A comparison with Figure 5.6 yields that the intensity of the singularities for o = 1 is now
significantly more uniform and more independent of the location than before. Nevertheless,
for the choice « = 10 the strength of the reconstructed singularities is less uniform than
with the reconstruction operator A. These observations confirm the intention we had by
introducing the modified reconstruction operator Ayeq,o-
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Figure 5.17: Two reconstructions Amod,0,yn obtained with the reconstruction operator Amed,o-
In the above image we have o = 1 and v = 0.2, in the one below o = 10 and v = 0.3.

In the theoretical considerations in Chapter 3, we continued the analysis of the operator
A further. In a second investigation, we analysed how the top order symbol of A behaves
for o going to infinity. The result is stated in Corollary 3.30. Based on this we defined two
other modified reconstruction operators Anod,1 and Apoq,2 and presented their microlocal
properties in Corollary 3.31. This time we introduced two operators since the top order
symbol of A behaves differently depending on the directions related to the singularities. In
the following, we present reconstructions using both operators. But before we repeat the two
definitions. We have

Amod,l = Amod,O +al
and
Amod,2 = Amod,O + a’A.

Further, we recall that we defined them in such a way that the first operator Ay.q,0 of the
sum dominates for small values of o in comparison to the distance to the surface. The second
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Figure 5.18: The reconstructions Anod,1,~7 associated with the reconstruction operator Amed,1-
The images differ in the offsets. The above image is reconstructed with & = 1 and v = 0.2, the
bottom image with o = 10 and v = 0.3.

one is decisive for large values of o« compared with the distance to the surface.

We start with the first reconstruction operator A,,q,1. Again, we recover the singularities
predicted in Subsection 5.2.1. The associated approximations Amoq,1,,7 are given in Figure
5.18. For o = 1 the changes compared to the reconstructions with Ay,4,0, are marginal since
the absolute values of A, n are too small in comparison to Ayod,0,7. In case of o = 10, the
modification changes the reconstructions a bit more but not much. The imaged singularities
near to the surface are reconstructed a bit stronger as the lower image in Figure 5.18 shows.
However, the reconstruction for o = 10 is not as good as the one in Figure 5.6.

Last, we consider the reconstruction operator Ay,0q,2. We notice that in case of & = 1 we
have Anod,1 = Amod,2- Thus, also the approximation Anq 2, is equal to Apeq,1,~. But for
a = 10 there is a difference. The corresponding results are presented in Figure 5.19. Once
again, we recognise the predictions concerning the singularities made in Subsection 5.2.1.
We remark that the factor o? in front of A for o = 10 yields a higher value of A,n than
the factor . Thus, adding the operator a?A to Apoa,0,,n provides a noticeable difference
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Figure 5.19: These images show A, mod,2 in two cases of offsets «. First, we have o = 1 and
~ = 0.2 and in the second image o = 10 and v = 0.3.

compared to using only Amod 0,7

In Subsection 5.2.1 we explained that the directions are perpendicular to the boundary of
the balls. Thus, the corresponding directions in the x5 = 0 cross section are zero in the second
component since the midpoints of all three balls are in the x5 = 0-plane. By the theoretical
considerations in Subsection 3.3.3 this yields that the top order symbol of A behaves like 1
for o going to infinity. Hence, according to the theory An.q,1 would be the most suitable
reconstruction operator. In contrast to this argumentation, the results are better when we
choose the reconstruction operator Apoq,2.

We conclude, that in the end, the behaviour of the top order symbol of A for « going to
infinity recommends us to increase the value of Ay,0d,0,, by @ factor a or a?. Depending on
the absolute values one of these two might be more suitable. In practical use this is easy
to realise by saving the data of r, ., 3 separately. Multiplication with o or o and adding
Tp,~,3,mod,0 yields the reconstruction kernels r}, 4 3 mod,1 and 7, 3.mod,2. Thus, it is simple
to try both options. Altogether, by using one of the operators Anod,1 0r Amoa,2 We achieve
quite good and more or less depth independent approximations of the reconstruction using
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the same reconstruction operator for both values of a.

We close the comparison with some remarks concerning the reconstruction kernels associ-
ated with the modified reconstruction operators. The three reconstruction kernels r, - 3 mod,0,
Tp,v,3,mod,1 aNd p + 3 mod,2 behave qualitatively like the reconstruction kernel r, , 3, which is
illustrated in the Figures 5.9-5.11. The reason for this is that these figures show 7, , 3 in a
certain point p. Since the reconstruction kernel 7, ., 3 moa,0 differs from r, ., 5 only in a factor
of 23 and we consider only points in a ball with a small radius « around the fixed point p,
there is no qualitative difference. The same is valid in case of a7} 43 mod,0 OF &*7p 4.3 mod,0
and consequently in case of r}, 4 3 mod,1 and 7p ~ 3 mod,2-

5.3.4. Reconstructions of different planes

In a last experiment using data computed via y = F'n, we aim to visualise the three dimen-
sional setting. For this reason, we consider five cross sections of the cuboid given by [—2.5, 5] x
[—2.5,2.5]x[1.5, 7]. This time we consider the function n = X g, (0,0,4) =X B, (0,0,4) + X B1 5(3,0,5)-
In comparison to the function described in Subsection 5.2.1, we do not take the characteristic
function of the half-space {x3 > 6.5} into account. For the offset «, we choose a = 1 and so
we use the reconstruction operator An,od,0,v, which fits to small values of a in comparison to
x3 by Subsection 5.3.3. In the reconstruction kernel we use the scaling parameter v = 0.2.
Further, we set ¢ = 2o+ 0.1 = 2.1, tjnax = tmin + 17 = 19.1 and s, = 7.5, i.e. we have
s1, 82 € [—7.5,7.5]. Since we use N, = N; = 600 uniformly distributed discretisation points,
we compute the reconstructions from integrals over 216 000 000 open half-ellipsoids. For the
generation of the data we consider Ny gata,1 = 201 angles for § and in the reconstruction
kernel Ny ;econ = 16 angles for 6.

The five cross sections through the cuboid are shown in Figure 5.20. Each cross section of
Amod 0,4 is in z5-direction and partitioned uniformly with N, = 135, N,, = 1 and N,, = 99
discretisation points.

If we compare the cross section in xs = —1 with 25 = 1 or the one in o = —0.75 with
xo = 0.75, we notice the symmetry. It is ensured by the fact that we consider the same choices
concerning the parameters s; and s, and the symmetry of the function n. This is obvious
apparent in the reconstructions. Moreover, the cross sections confirm our expectations from
Subsection 5.2.1 concerning what we observe in the reconstructions. In all five cross sections
the parts of the singular support of n we expected to see are clearly visible. In the cross
sections in 2o = —1 and x; = 1, we notice that the ball with midpoint (0,0,4) " and radius 1
is almost not to see. There is only a little shadow left.

The weaker not so distinct lines in comparison to the singularities of n are artifacts. In
general these are caused by the limited data, the numerical scheme and the cut-off function
1. According to [FQ15] the few artifacts appearing in Figure 5.20 and having the form of
a curved letter “v” are due to limited data. In the publication [FQ15] the authors analyse
which singularities are added because the data is limited. The example they study in Section
4.2 is taken from the publication [QRS11], in which our setting with o = 0 is considered. In
relation to Figure 3 in [FQ15] the authors argue that the added singularities are just the ones
they predicted. As the image there also shows a reconstruction generated using a similar sum
of characteristic functions like n, this is applicable to our reconstructions. We conclude that
the aforementioned artifacts are caused by limited data.



142 CHAPTER 5. Numerical experiments

To = -1
100
2
— 75
3 50
25
4 0
—-25
5
—50
6 —75
—100
7
-2 0 2 4

x3

Z1
Ty = —0.75
2 100
.‘HE
3 50
g* 0
o —50
6
—100
7
-2 0 2 4
T
X9 = 0

T3

2 ;

— 100
3 50
4 0
5 —50
6 ~100
- ~150

) 0 2 4

T



5.3. Numerical results

143

€3

€3

100

50

—50

—100

100
75
50
25

—25
—50
=75
—100

Figure 5.20: Different cross sections of Amod,0,~7 in z2-direction.
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5.3.5. Reconstructions using data from the wave equation

Up to now, we generated the data via the identity y = F'n with the same implementation for
F as we use it in the different reconstruction kernels 7, - 3. This is a situation where inverse
crime occurs, i.e. we use the same theoretical model to generate the synthetic data and to
obtain properties of the data in our reconstructions. In other words, we identify reality with
our model and consequently with our approximation of it. So, we assume the model and the
way we approximate it to be perfect. According to [CK13], such situations have to be avoided
since they yield too optimistic results.

For this reason, we present a last example in which we generate data from the wave
equation and not by using data which is in the range of the elliptic Radon transform.

By solving the acoustic wave equation numerically we get an approximation of the data. In
order to obtain this approximation, we use PySIT which is an open source toolbox for Python
considering aspects of seismic imaging and inversion. For further information we refer to
[Py13]. We rely on PySIT for the solutions of the two acoustic wave equations, we need to
generate data and also for the measurements at the receivers.

0.55

0.5

xs3

0.45

Figure 5.21: An illustration of the speed of sound v.

We consider a situation in the cuboid [0.1, 0.8] x [0.1, 1.0] x [0.1, 0.8] with absorbing bound-
ary conditions using a perfectly matched layer. The perfectly matched layer is implemented
in the toolbox PySIT and ensures that outgoing waves are absorbed almost without reflec-
tions at the boundaries. Hence, it is used to simulate problems with open boundaries as in
the situation we consider. Further, we discretise the cuboid with a step size of 0.01. At the
surface of the cuboid we choose 13 x 35 source and receiver pairs. Their positions are given
by x4(s) = (s1,82 — ,0.1)T and x,(s) = (s1,s2 + @,0.1)T with s; € {0.15 + 0.05i |i €
{0,...,12}} and s5 € {0.125 + 0.0255 | j € {0,...,35}}. For the travel time ¢ we take 1709
points between ¢,,;, = 0.1 and ¢,,,,, = 2 into account. The offset « is given by a = 0.025. We
notice that the third component of sources and receivers is not equal to zero here. However,
this does not matter since we are able to shift the setting.

As mentioned before we use PySIT to solve the two acoustic wave equations

1
v3(z)

D2u(t, 15%4(8)) — Au(t, z;%4(s)) = 6(x — x4(s))0(t) fort >0,z cR*  (5.13)
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and
D2T(t, 23 %4(5)) — AU(t, 73%4(s)) = 6(x — x4(5))0(t) fort >0,z R (5.14)

where we use a scaled and truncated Gaussian to model the temporal impulse at time ¢ =
0. In the second equation (5.14), we inserted the speed of sound ¢ equal to 1 as assumed
throughout this thesis. More details are given in Section 1.2. In equation (5.13), we choose
the speed of sound v in the following way

() 1, if x3 < 0.1sin(27x3) cos(2mx1) + 0.5,
v(z) =
1.5, if x3 > 0.1sin(27wx2) cos(2mzy) + 0.5,

for z € R3. This choice of v simulates two different material layers. An illustration of v on
the considered cuboid is given in Figure 5.21. The value of v is equal to 1 above the surface
plotted in this Figure and to 1.5 below.

Further, we implement the common offset geometry in the PySIT toolbox and use the
provided routines to record the reflections of the solutions to the two wave equations at the
receiver points x,(s). With these measurements we compute the data

y(s,t) = —16772/0 (t—71)(u—a)(r,x:(8); 25(8)) dT

for points (s,t) as mentioned before.
This time we choose a slightly different cut-off function than introduced in Section 5.2.
We consider

Y(s,t) = P(s1,52,t) = VU(s1)W(s2)¥(2)

for the points (s, t), where

0, for r<a—di,
f(r—(a—di))
, for —di <r<a,
_ for=(a—d0)+ fla—7) masred
U(r) =141, for a<r<b,
f(b+d2—?”‘)
; f b<r<b+ds,
Jo—b)+ o+ ds—) o revTe
0, for b+dy <,

for r € R. The appearing function f is defined as in Section 5.2, i.e.
) = {exp(vln), for 0<r,
0, for r <0,

for r € R. Then, we have supp(¥) C [a — dy, b + d»] and \TJ“MJ =1

Here, we consider two different choices of parameters. In a first example, we choose in
case of s; the parameters a = 0.225,b = 0.675 and d; = d = 0.2, in case of sy we have
a = 0.175,b = 0.925 and d; = d» = 0.2. For a second one we make the choices a« = 0.4,
b=05andd; =dy =0.5fors;anda = 0.5,b= 0.6 and d; = dy = 0.55 for s,. We use in
both cases the parameters a = 0.15,d; = 0.05 and b = 1.7, d> = 0.3 for the travel time ¢. In
Figure 5.22 the cross sections in s; = 0.5 of the two different cut-off functions applied to the
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Figure 5.22: The data 1y generated by using the seismic imaging toolbox PySIT for two different
choices of the cut-off function . As it can be observed in the images, the truncation of the data
caused by v is less hard in the right image than in the left one. The excact parameters chosen
for ¢ are given in the text.

data y are plotted. The left image corresponds to the choice where the cut-off function v is
equal to 1 for s, between a = 0.225 and b = 0.925. In the right image the cut-off function
1 is equal to 1 in case of s; between ¢ = 0.5 and b = 0.6. As a consequence, the truncation
in the right image is less hard than in the left image. We remark that the discontinuities
in both images are due to the small number of data points for s;. Moreover, we choose the
regularisation parameter v = 0.07 in the reconstruction kernel.

In Figure 5.23 we present four cross sections of A, n, where we used the hard truncated
data presented in the left image of Figure 5.22. The left images in Figure 5.23 show the
structure of the material layers we reconstruct. According to the theory, actually all related
directions to the appearing singularities have a non-vanishing third component. Thus, we
expect to reconstruct all singularities in the considered cuboid.

In all reconstructed cross sections, the singular support which corresponds to the bound-
ary between the two different material layers is reconstructed as a relatively thick curve. From
the experience we got from the reconstructions without using data from the wave equation,
we know that this effect comes from a lack of data. In the reconstructed images presented
in the subsection before, the visible lines in the images are much more distinct and thinner
when we used N, = N; = 600 instead of N, = N; = 300 for the numbers of steps of s, so
and ¢. Thus, we compare the lower limitation of the blue visible curve, which appears where
the jumps between negative and positive values occur, with the original situation.

Now, we take a closer look at Figure 5.23. We notice that in all four reconstructions the
singularities at the left boundaries of the images are less visible than the ones near to the
right boundaries. The reason is that we start positioning sources on the left-hand side at
o = 0.125 with the first receiver at zo = 0.15 whereas we end on the right-hand side of the
images with a receiver. By this means, the data concerning the area near to the left boundary
is not recorded.

We start with a comparison of the two cross sections in 1 = 0.1 and x; = 0.5. In the latter
one, the reconstructed singularities have nearly all the same intensity and the curve, which
is formed by them, is clearly recognisable. This observation goes back to the location of the
cross sections inside the cuboid. The cross section in z; = 0.1 is a part of the boundary of the
considered cuboid. Thus, there are only sources and receivers positioned behind the cross
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section for 0.1 < z; < 0.8 and not in front of, i.e. for values x; < 0.1. In contrast, regarding
the cross section x; = 0.5 there are sources and receivers in front of and behind since it is
taken from the middle of the cuboid. Although the cross sections in x; = 0.3 and z; = 0.7 are
both from the middle of the cuboid, the reconstructed singularities are a bit more consistent
in intensity and sharpness in the one which is further away from the boundary, i.e. ; = 0.3.

In all four cross sections, we see that the strength of the singularities at the boundaries
depends on how the curve of the reconstructed singularities hits the boundary. The reason is
that by Theorem 3.15 and the pseudolocal property (see Theorem 2.17 and Corollary 3.26)
the reconstruction operator A preserves a singularity of n if there is an open half-ellipsoid
going through the location of this singularity such that the related direction is perpendicular
to the open half-ellipsoid (see also Subsection 5.2.1). So, if there is no open half-ellipsoid
in the data set going through the location of a singularity in this way the related singularity
will not be detected.

Further, we notice artifacts induced by the numerical scheme, the limited data and the
cut-off function in all four reconstructions. The two most noticeable artifacts, the oblique
lines looking like a curved letter “v”, are caused by limited data. In the cross sections in
x1-direction these two artifacts are symmetric with respect to the line 25 = 0.55. The reason
is that the values we use for s, are arranged symmetrically with respect to x5 = 0.55. In
[FQ15] the authors mention that such artifacts are due to hard truncation. Although we
used a smooth truncation, we are able to improve our numerical results by using a cut-off
function which decays slower.

In order to realise such a soft truncation, we use the data presented in the right image
of Figure 5.22. The results are illustrated in Figure 5.24. We notice that the singularities
appearing in the original situation shown in the left images are reconstructed as well as
in Figure 5.23. The great difference between the reconstructions presented in Figure 5.23
and Figure 5.24 is in the artifacts. Using the cut-off function with slower decay reduces the
artifacts enormously and does not change the quality of the existing singularities noticeably.
Since limited data causes artifacts, it is quite intuitively that smooth truncation reduces them.
However, according to [FQ15] this has not yet been mathematically justified. Considering a
softer truncation is intuitively one step further. In contrast, hard truncation does not change
the data much. Especially, when we have not much data, there is no great difference between
a hard truncation and no truncation, i.e. only considering raw limited data. This can be seen
in the left image of Figure 5.22.
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Figure 5.23: The given situation with speed of sound v = 1 in the blue and v = 1.5 in the yellow

area and the corresponding reconstructions A n generated from the hard truncated data, which
is illustrated in the left image of Figure 5.22.



5.3. Numerical results

149

x3 x3 T3

[

z3

i

0.1
0.2
0.3
0.4
0.5
0.6
0.7

08 — 7171 77T T
0.10.20.30.40.50.60.70.80.91.0
T2

r1 = 0.3
0.1
0.2
0.3
0.4
0.5
0.6
0.7

08 —F——F——7——T——T
0.10.20.30.40.50.60.70.80.91.0
T2

z1 = 0.5
0.1
0.2
0.3
0.4
0.5
0.6
0.7

08 —F——F————F——
0.10.20.30.40.50.60.70.80.91.0
T2

r1 = 0.7
0.1
0.2
0.3
0.4
0.5
0.6
0.7

08 —T——7——T—T1 7T T
0.10.20.30.40.50.60.70.80.91.0
z2

3

3

(

z3

(

z3

8

| -

| I
=)

.

0.1
0.2
0.3

1 =0.1
s

0.5
0.6
0.7
0.8

0.10.20.30.40.50.60.70.80.91.0
2
1 = 0.3
0.1
0.2
0.3
0.4
0.5
0.6

0.7
v

0.8 S

0.10.20.3040.5060.70.80.91.0
z2

z1 = 0.5

0.1
0.2
0.3
0.4
0.5
0.6

0.7
0.8 .

0.10.20.30.40.50.60.70.80.91.0
z2

0.1
0.2 +
0.3
0.4
0.5
0.6
0.7
0.8

0.10.20.30.40.50.60.70.80.91.0
z2

0
-1
-2
0
-1
-2
-3
0
-2
—4
0
-1
-2

Figure 5.24: The given situation with speed of sound v = 1 in the blue and v = 1.5 in the yellow

area and the corresponding reconstructions A, n generated from the soft truncated data, which
is illustrated in the right image of Figure 5.22.






APPENDIX A

Various calculations

A.1. The explicit expression of the Beylkin determinant B

As in other parts in this thesis, we use the abbreviations

D = [xu(s) — 2| = /(51— 1) + (52 — @) — 22)? + a3

and

E =z —xu(s)| = /(@1 — 1) + (22 — (s2 + )2 + 23

for s € Sy and z € R3. For ¢(s, ) = [xs(s) — z| + |z — x,(s)| we calculate

1 — 51 151
ps(s) =l Jo = xe(s)
_ T2 —(s2—a)  x2—(s2+0q)
Va;(p(s, a:) = |XS(S) — 1.| |:C — Xr(5)| (A.1)

T3 €3

a(s) —a] | e —xe(s)]

(2 — (52 —))* +a5 (12— (s2+a)) +a3

() — af° - )F
0 Vap(s,w) = | 17 |X)((‘T) _fcp —) | (o= |x><_x(§|3 va) |

x3(r1 —51)  w3(r1 — 51)
Ixs(s) — 2> |z —x: ()

(1 —s1)(x2 — (52— ) | (v1—s1)(v2 — (52 + )
xs(s) — |3 [z — % (s)]3
(1 —s1)* +23  (11—51)* + 23

88 T 5 = - -
Vel o) ) -2 e—x)P

z3(xe — (s — )  z3(T2 — (52 + ))
|%s(s) — |3 |z —xx(s)[3

151
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eachfors € Spand z € Ri. Further, we write ¢ := z; — s; and d := x5 — s5. By the definition
of B given in (3.23), we obtain

Vaep(s,z) "
B(s,z) =det | 05, Vap(s, )T
95, Vap(s,z) "

(5+5) St w(prg)
| e o iy
(Fr+E) - (mrm) o)
R
e ) (o + )t o (= )
9 1 1 d+a d—a\/d+a d—a«a
+cx3(ﬁ+E— ( % )( =+ E3)

~n(5+ ) (- =) (e )

) (g ) (g g
=os(p+ ) (5 )@+ (TG T e )
+$3<d+a+dTE )<d+a ; >< c? 223+(d+ozD)§+x3+(d ozE)3+sc§>
—333( ><§ F) a2 (c +(dql;?) +z§+62+(d;?)2+x§>
+z3(d+a+d; )<d+a - ><62+(d;§z)z+x§+62+(d;‘g)2+z§>
2

() e e (g ) (L Ay
:zs(i+i)<§+ﬁ+$+$>(¥+x§)
+;Z;S(i+i)((d+a)2+(aHOé)(d*a)+(d+a)(dfoé) (d—a)2>

D FE DA D3E DE3 oz
2 2 2 2 2
:Is(%+%)<c +(d41r)iy) +ai e +(d+ol;)3(éfa)+x3
+62+(d+05)l(;—a)+x§+02+(d;4a)2+x§>
(e ) e e )
(e 1) G o N
ey 1) )+ sl 15
ol ) )00 25

for s € Sp and z € RY.
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A.2. The proof of Lemma 3.22

First, we introduce the abbreviations p = p(§) = % and ¢ = ¢(¢§) = % and recall the

transformation £ = wV, (s, z) which yields to each (z,¢) € R3 x R?® with & # 0 unique
s € Sp and w € R\{0}. The representation of s = (s1, s2) is explicitly given in Lemma 3.13
and Remark 3.14.

Further, the support of the cut-off function « in Sy x (2, 00) is compact. Thus, we assume

Supp(d)) g [_Smaxvsmax] X [_Smaxasmax] X [tmin;tmax} g SO X (2@, OO)

for smax > 0 and tumin, tmax € (2, 00) With tyin < tmax. If we are able to show that |sq(x, £)|
or [so(x, &) is larger than sy, for x € K and p = |%\ orq= |%\ large enough, we obtain

(s(2,6), pls(z,€), 7)) = 0.
We start with M; s and define M; 5 := %’“EKW > 0. For |p| > M; s we have
Js1] = [s1(2,€)] > [ps| — |2] > [p| min |z5] — max || > SeecEeeslzly — max 2] = Smax.

Before we can define M5 5, we need to show that there exists a constant C' > 0 such that

2
902
‘ ISq 2 <C.
\/(p2+q2+1)2+4%§q2+p2+1
Note, that we have
a2 012
JOEHE D2 a2+l I Ak agn g VIF0F0+040

for ¢ — +o0. Together with the fact that the function
2
Q%Bq

qr -
\/(p2+q2+1)2+4‘;‘—§q2+p2+1

is continuous and hence bounded yields the existence of C' > 0.
Now, we can define M 5 := 28“‘“+max§“ 2I+C 5 0. Let lg| > Mo 5. The representation
we use for s, is stated in Remark 3.14. Then, we have

1.3 2 o2
1 ¢° +q(p”+1) +254
2 T3
52 = |3 (,€)] = |2 = wa(5a+ . )
\/(p2+q2+1)2+4‘;—§q2+p2+1
1
g+ 3¢ + 1" +1) 3]
2 \/(p2+q2+1)2+4‘;—§q2+p2+1 \/(p2+q2+1)2+4%q2+p2+1

2
I =
\/(p2 +@ 12 4% P+ 1

,|x2|,

2
2‘;—3(]

1
2|61|963|—|362|—’ >
\/(p2+q2 +1)2+45¢2 +p* +1

v

)
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where we used that all summands in the first absolute value of the second line have the same
sign due to the factors ¢ and ¢>. Finally, we get

1 . 1 Spax + maxger 2| + C
o] = FJal min ] — ma [a] — O > Jo e e 2

0 —max |z| —
zeK

= Smax-

According to the above considerations, we obtain

?/)(3(5575)7 @(s(x,ﬁ), 1?)) =

forz€K1f|fl|>M1,;or ‘>M25lssatlsﬁed
In order to show the second assertion, we define M := max{M; s, M> s} and assume
51 < M Then, we have

52
51 52 <V2M < 2M.
53
According to this we deduce g > M or —g > M if ,/—; g—g > 2M is satisfied. As a
3

consequence, we conclude

P(s(x,6),(s(z,8), ) =

forx € Klf,/ 52 > 2M holds.

A.3. Calculations of limits associated with the top order
symbol o(A)

O

In order to analyse the behaviour of the top order symbol o(A) of A for & — oo, we calculate
some limits in different cases. As we want to express these in terms of x and &, we repeat the
definitions of the abbreviations introduced in Remark 3.23. We have

ey S e &2
;Dfp(ﬁ)—f3 and ¢:= q(f)f53

for ¢ € R3 with &3 # 0 and

ﬁ(q2 =P =14 /(p? +¢* + 1) +4/\2q2>, for g # 0,
Q(p,q,\) =
0, for g =0,
for p, ¢ as above and A > 0. We consider two different cases.
(@) Let&; >0and &3 > 0or & < 0and & < 0, so we have ¢ > 0 and thus
Q(p,q; A) —> 00 (A.2)
for A\ — co. But we obtain

Q.. N) = A = g5(¢> —p* = 1)+ THEHE 402 -
m_i_AQ )\2

= 5.(a* —p* = 1) +

(++1)
P4'Jq _,’_)\2+)\

— 5(* —p* = 1) = (& - & - &) (A.3)

25253
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for A — oo. Further, we get the limit

2 2 2
1Q.a N =@ - - )+ 11— 0+V0F1=1 (A4

again for A — oo. Using the expressions for D and FE introduced in Remark 3.23, we
have

D =a3,/(Qp.a, ) + 2) + 92 +1— o0
for & — oo by (A.2). However, with the limit (A.3) we get
E =3 /(Qpa, 2) = 2)? 40 +1 —ag\ (5@ - p* = 1)) +p? +1
= 52(¢° +p* +1)
X 2
= %66 €]

for o — 00. So, one of the distances to the foci converges for « — oo. The limit of the

other one does not exist. Nevertheless, we obtain limits for the relation of D with «
and x5 — s2(p, ¢, z). We recall that we have s3(p, ¢,2) = 22 — 23Q(p, g, ;‘—3) according
to Remark 3.23. These limits are
a

:cs\/(Q(p,q, )t )+t
1 1 1
222 22 ? 3 25
(%Q(pv%%)+1)2+723+(7‘3 (1+1)24+0+0

ole

for o — oo and

Z2 _82<paQ7x) _ ‘T3Q(p7q7%)
D xg\/(Q(p,q,%)Jr%)“rp“rl
23Q(p: ¢; 57) 1 1

z a2 (1+12+0+0 2
for & — oo using the limit (A.4) for « — oo. Again, with calculation (A.3) we obtain
T2 — 52(p7 q, Jj) — = :C3(Q(p7q’ %) - %) — %(qZ _p2 - 1) = 2;27353(53 - Ef - gg)

for o — oo and

« _ «o _ 1 1
T2 _82(p7Q7x) xSQ(paqvi) %Q(pv(bi)

for o — oo.

(b) Second, we consider the analogous limits for &, > 0 and £&3 < 0 or & < 0 and &3 > 0,
so ¢ < 0. Then, we obtain

Q(p,q, ) — —o0 (A.5)
for A — oo. This time, we get a limit by adding A. This is

Qo0 V) + A= 40 97— 1) - /TG ey

A2 @’++1)> 22

_ L( 2,2 1) + 4q°
7> —p
. A RS 4 22
1
— 5 (® == 1) = (& — & - &) (A.6)

26283
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for A — oo. Multiplying Q by § yields now the negative limit in comparison to case
(a). We have

2 2 2
QN =g (- 1) - 1 —0-V0+1=-1 (A7)

for A — oco. Next, we consider the limits of D and E, the distances from a point to the
two foci. For the distance D we obtain

D= xs\/(Q(p,q, )t )+l —ms\/(%q(q? —p2—1)2+p2+1
a3

= -2 +p+1) = TN €7
for @« — oo using the limit (A.6) and that ¢ < 0 holds. Further, for the distance F it

follows

E:wq\/(Q(p,q,%)—%)“rpQJrl — 00

for &« — oo using (A.5). So, in this case the limit of the distance D exists and the
distance F does not converge for « — oco. Hence, we consider the relations of £ with
o and xo9 — so. We deduce

g . (6%
B ffa\/(Q(p,q, w) — )il
1 1 1
T Q) e G VO pPr0r0 2
for o — oo and
g — s2(p, q, ) _ z3Q(p, ¢, i)
E ms\/(Q(p,q7§§)—%)2+p2+1
z3Q(p, 4, ) -1 1

o o V-2 4040 2
o/ (200, ) -1 + 55 + 4
for & — oo according to calculation (A.7). Last, we get
_ « o x3 2 2 __ x3 2 2 2
Ty — s+ a=x3(Qp, ¢ 55) +55) — 52(a” —p" 1) = 5555 (& — & — &)

with the limit (A.6) for « — oo and

«a - «a _ 1 Y
T2 —Sg(p,q,.’lf) x3Q(paq7%) %Q(paQ7%3)

for & — oo using the result (A.7).

A.4. The transformation theorem and the /-distribution

In Chapter 4, we transform the elliptic Radon transform ignoring the fact that we work with
the ¢-distribution. This calculation justifies that this is possible. We consider the set S = {z €
R? | ¢(s,z) = t} on the whole space R? for fixed s € Sy and ¢ € (2a, 00). Also in this case,
V. given in identity (A.1) does not vanish on S. The first component of V, ¢ vanishes if
and only if 1 = s1, the second one if and only if x5 = s, and the third one if and only if
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x3 = 0. However, the point (s1,s2,0)" is no element of S. Thus, with ®(s,t,z) =t — (s, z)
for x € R3 and fixed s € Sy and ¢ € (2«, c0) we obtain that V,®(s, ¢, - ) does not vanish on
S. Then, the second point of Section X1.3.1.2 in [Stei95] yields

1
F@)5(t — (s, 2)) da = lim — /
R3 €20 26 J{4eR3 |t—e<p(s,z)<t+e}

1
= lim —/
€20 28 Jiyera | t—e<y(s,T—1(y)) <t+e}

= /RS FT™H))d(t — (s, T~ ()] det(T ™ (y))| dy

f(z)dx

ST (y))|det T~ (y)| dy

for a transformation 7: R? — R? and f € C°(R?).
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