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Abstract Radiation therapy is one of the most common types of cancer
treatments. It consists in irradiating the patient with beams of energetic par-
ticles (typically photons). Such particles are transported through the medium
and interact with it. Especially, during such interactions, a part of the en-
ergy of the transported is deposited in the medium, this is the so-called dose,
responsible for the biological effect of the radiation.

The aim of the present thesis is to develop numerical method for dose
computation that are competitive in terms of computational cost and accuracy
compared to reference method such as the statistical Monte Carlo methods or
the empirical superposition-convolution methods.

The motion of such particles is studied through a system of linear transport
equations at the kinetic level with a special consideration on the conservation
of mass, momentum and energy.

Computational costs required to solve directly such systems is typically
higher than available in medical center. In order to reduce those costs, the
moment method is used. This consists in averaging the transport equation
over one of the variables. However, such a method leads to a system of equa-
tions with more unknowns than equation. An entropy minimization procedure
is used to close this system, leading to the so-called My models. The mo-
ments extraction preserves the major properties of the kinetic system such as
hyperbolicity, entropy decay and realizability (existence of a positive solution).
However, computing numerically the My closure may also be computationally
costly for the application in medical physics, and furthermore it is valid only
under condition, called realizability condition, on the unknowns. The realiz-
ability domain, i.e. the domain of validity of the My model, is studied. Based
on these results, approximations of the first order entropy-based closures, i.e.
the M; and the M, closures, are developped for 3D problems which require
lower computational costs to compute.

The resulting moment equation are non-linear and valid under realizability
condition. Standard numerical schemes for moment equations are constrained
by stability conditions which happen to be very restrictive when the medium
contains low density regions. Numerical approaches adapted to moment equa-
tions are developped. The non-linearity is treated by using a relaxation method
originally developped for hyperbolic systems of equations. Then incondition-
ally stable schemes are proposed to treat the problem of restrictive stability
conditions. A first explicit scheme based on the method of characteristics is
proposed for hyperbolic equations. A second numerical scheme with implicit
non-linear flux terms is proposed. Those schemes preserve the realizability
property and they are competitive in terms of computational costs compared
to reference approaches.

Mathematical modelling for dose deposition in photontherapy iii



Résumé La radiothérapie est I'une des familles de traitements de cancer
les plus utilisés. Ces traitements consistent en l'irradiation du patient par
des faisceaux de particules énergétiques (le plus couramment des photons).
Ces particules sont transportées a travers le milieu et interagissent avec. En
particulier, a travers ces interactions, une partie de I’énergie de ces particules
est déposée dans le milieu, cette énergie déposée est appelée la dose, et les effets
biologiques des radiations sont souvent considérés comme une conséquence
directe de I'énergie déposée.

L’objectif de la présente these est de développer des méthodes numériques
pour le calcul de dose qui sont compétitives en terme de colits numériques et
précision comparé a des méthodes de référence comme les méthodes statistiques
Monte-Carlo ou les méthodes empiriques de superposition-convolution.

Le transport de photons et d’électrons est étudié a travers un systeme
d’équations transport linéaire au niveau cinétique en prenant en considéra-
tion des propriétés de conservations de masse, de quantité de mouvement et
d’énergie.

Le cotit numérique pour résoudre directement ces équations cinétiques est
généralement trop élevé pour étre utilisé dans les centres médicaux. Afin de
réduire ces colits numériques, la méthode aux moments est utilisée. Cette
méthode consiste a moyenner les équations de transport par rapport a l'une
des variables. Cependant cette méthode mene a un systeme d’équations avec
plus d’inconnues que d’équations. Une procédure de minimisation d’entropie
est utilisée pour fermer ce systéme, menant aux modeles My. L’extraction de
moments préserve les principales propriétés du systeme cinétique sous-jacent,
notamment ’hyperbolicité, la dissipation d’entropie et la réalisabilité (exis-
tence d’une solution positive). Cependant, calculer numériquement la ferme-
ture My peut également étre cotiteuse au niveau numérique. De plus, cette
fermeture n’est valide que si I'inconnue satisfait la condition dite de réalisabil-
ité. Dans un premier temps, le domaine de validité des modeles My est étudié,
puis, a partir de ces résultats, des approximations des fermetures entropiques
d’ordre un et deux, a savoir la fermeture M; et M, sont développées pour des
problémes 3D et dont le calcul nécessite un faible colit numérique.

Les équations aux moments obtenues sont non-linéaires et valide sous con-
dition de réalisabilité. Les méthodes numériques standards pour ces équa-
tions sont conxtraintes par des conditions de stabilité qui, en pratique, sont
trés restrictives lorsque le milieu contient des zones sous denses. Des ap-
proches numériques adaptées aux équations aux moments sont développées.
La non-linéarité est traitée en utilisant une méthode de relaxation, a 1’origine
développée pour les systemes d’équations hyperboliques. Ensuite des schémas
numeériques inconditionnellement stables sont proposés pour pallier le prob-
leme des conditions de stabilité restrictives. Un premier schéma explicite basé
sur la méthode des caractéristiques est proposé. Un second schéma avec des
termes de flux non linéaires implicites est proposé. Ces schémas préservent

iv T. Pichard



la propriété de réalisabilité et sont compétitifs en terme de colits de calcul
comparé a des méthodes de référence.
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Inhaltsangabe Strahlentherapie ist eine der héufigsten Arten von Krebs-
behandlungen. Das Verfahren besteht darin, den Patienten mit Strahlen en-
ergetischer Pertikel (typischerweise Photonen) zu bestrahlen. Solche Partikel
propagieren durch das Medium und interagieren damit. Insbesondere wird bei
solchen Interaktion ein Teil der Energie der Partikel im Medium hinterlegt,
dies ist die sogenannte Dosis, die fiir die biologische Wirkung der Strahlung
verantwortlich ist.

Ziel der vorliegenden Arbeit ist es, eine numerische Methode zur Dosis-
berechnung zu entwickeln, die im Vergleich zu Referenzmethoden wie die statis-
tischen Monte-Carlo-Methoden oder die empirischen Superposition-Convolution-
Methoden, hinsichtlich Rechenkosten und Genauigkeit konkurrenzfihig ist.

Diese Partikelbewegung wird durch ein lineares Transportgleichungensys-
tem auf kinetischer Ebene untersucht, mit besondere Aufmerksamkeit auf die
Bewahrung von Masse, Impuls und Energie.

Die erforderliche Rechenleistung, um ein solches System direkt zu losen,
ist in der Regel hoher als die Rechenleistung, die in medizinischen Zentren
verfiighar sind. Um diese Kosten zu senken, wird die Momentmethode be-
nutzt. Diese besteht darin, die Transportgleichung tiber eine der Variablen
zu mitteln. Ein solches Verfahren fiihrt jedoch zu einem Gleichungssystem
mit mehr Unbekannten als Gleichungen. Ein Entropie-Minimierungsverfahren
wird verwendet, um dieses System zu schlieffen, was zu den sogenannten M y-
Modellen fithrt. Die Momentextraktion bewahrt die Haupteigenschaften des
kinetische System wie Hyperbolizitat, Entropiezerfall und Realisierbarkeit (Ex-
istenz einer positiven Losung). Allerdings kann die numerische Berechnung
der My SchlieBung auch zu kostspielig fiir die Anwendung in der medizinis-
chen Physik sein. Auflerdem ist es giiltig nur unter Bedingung auf die Un-
bekannten, genannt Realisierbarkeitbedingung. Die Realisierbarkeitsdoméne,
d.h. die Giiltigkeitsdoméne der My-Modellen, wird untersucht. Basierend auf
diesen Ergebnissen werden Approximationen der Entropie-basierten Schliefun-
gen fiir den ersten Ordnungen, d.h. die M; und die My SchlieBungen fiir 3D-
Probleme entwickelt, die niedrieger Berechnungskosten erfordern im Vergleich
zu Minimierungverfaren Algorithmus.

Die resultierende Momentengleichungen sind nichtlinear und giiltig unter
Realisierbarkeitsbedingunge. Standard numerische Schemata fiir Momentgle-
ichungen sind durch Stabilitdtsbedingungen eingeschrénkt, die sehr restrik-
tiv sind, wenn das Medium Bereiche mit geringe Dichte enthéalt. Numerische
Methoden angepasst fiir Momentgleichungen werden entwickelt. Die Nicht-
linearitdt ist durch ein Relaxationsverfahren behandelt, das urspriinglich fiir
hyperbolische Gleichungssysteme entwickelt war. Dartiber hinaus werden be-
dingungslose Schemata entwickelt, um das Problem der restriktiven Stabilitats-
bedingungen zu behandeln. Fiir hyperbolische Gleichungen wird ein erstes
explizites Schema entwickelt, das auf der Charakteristikmethode basiert ist.
Ein zweites numerisches Schemata mit impliziten nichtlinearen Flusstermen
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wird entwickelt. Diese Methoden bewahren die Realisierbarkeitseigenschaft
und sind hinsichtlich der Rechenkosten gegeniiber Referenzmethode wettbe-
werbsfahig.

Mathematical modelling for dose deposition in photontherapy vii



viii T. Pichard



Contents

Contents
Acknowledgement

General introduction

I Physical description

1 Models
1.1 Introduction. . . . . . .. .. ...
1.2 Assumptions . . . . . ...
1.2.1 Non-alteration of the medium . . . . ... ... ... ...
1.2.2 Time independency . . . . . . .. . .. ... ... . ...
1.2.3 Medium composition . . . . .. ...
1.3 Molecular description . . . . . . . ... ... oL
1.3.1 Compton effect . . . . . ... ... ... L.
1.3.2 Motteffect . . . . . . . ...
1.3.3 Mgller effect . . . . . . . . ...
1.4 Kineticmodel . . . . . .. .. o
1.4.1 Kinetic equation . . . . . . . .. . ... ... .. ... ...
1.4.2 Linear Boltzmann (LB) collision operator . . . . . . . . ..
1.4.3 Continuous slowing-down approximation (CSDA) . . . ..
1.4.4 Fokker-Planck (FP) approximation . . .. ... ... ...
1.5 Well-posedness of the kinetic equations . . . . . . . .. . ... ..
1.5.1 [Initial-boundary conditions . . . . . . . ... ... .. ...
1.5.2 Preliminaries . . . . . . . . . .. ..
1.5.3 Non scattered particles . . . . ... ... ... ... ....
1.5.4 Well-posedness of scalar kinetic equations . . . . . . .. ..
1.5.5 Well-posedness of the system of transport equations . . . .
1.5.6 Deposited dose . . . . . . .. ...
1.5.7 Reduction to 1D problems . . . . . ... ... ... ....

X

ix

XV



CONTENTS

1.6 Conclusion . . . . . . ... 41
Bibliography 43
IT Angular moments 47
2 Moment models 49

2.1 Introduction. . . . . . . . . ... 49

2.2 Angular moment extraction . . . . ... ... ... L. 50

221 In 1D . . .00 50
222 In3D . . o 50

2.3 Moment equations . . . . . . . ... 52
2.3.1 Moments of the toy kinetic equation . . . . . . . . .. ... 52
2.3.2 Moments of the electron and photon tranport equations . . 53
2.3.3 Moments of a linear Boltzmann loss term . . . . . . . . .. 53
2.3.4 Moments of a linear Boltzmann gain term . . . . . . . . .. 53
2.3.5 Moments of a Fokker-Planck operator . . . . . .. ... .. 54
2.3.6  Moments of the full collision operator . . . . . .. .. ... 55

2.4 Conservation properties at the moment level . . . . . . . . . . .. 56
2.4.1 Compton scattering . . . . . . . ... ... L. 56
2.4.2 Mott scattering . . . .. ... oo 57
2.4.3 Mgller scattering . . . . . ... ... ... 58

2.5 Issues with moment models . . . . . ... ... ... ... .... 58
2.5.1 Realizability property . . . . . . ... ... 59
2.5.2 Closure problem . . . . . . . ... ... L. 59
2.5.3 Boundary conditions . . . . .. ... ..o 59
Appendix 61
2.A Moments of the collision operators . . . .. ... ... .. .... 61
2.A.1 Moments of a linear Boltzmann gain term . . . . . . . . .. 61
2.A.2 Moments of a Fokker-Planck diffusion operator . . . . . . . 63
Bibliography 67
3 Realizability 71
3.1 Imtroduction. . . . . . . . ... .. 71
3.2 Preliminaries . . . . . . ... oo 72
3.2.1 The realizability domain . . . . . .. ... .. ... .. .. 72
3.2.2 The Riesz functional . . . . .. .. ... ... ... .. 76

3.3 Moment realizability in 1D . . . . ... ... o000 7
3.3.1 Positive polynomials on the interval [—1,1] . . . . .. . .. 78
3.3.2 The truncated Hausdorff moment problem . . .. ... .. 79
3.3.3 The realizability condition in 1D . . . . . . ... ... ... 86

T. Pichard



CONTENTS

3.4 Moment realizability in 3D . . . .. ..o 0oL 88
3.4.1 Polynomialson S*. ... ... ... .. ... ........ 89

3.4.2 Realizability of first orders moments . . . . . . . . . .. .. 91

3.4.3 Partial results for higher order moments . . . . . . . . . .. 92

3.5 Discussion . . . . . . ... 95
Bibliography 97
4 Moment closure 101
4.1 Introduction. . . . . . . .. ... Lo 101
4.2 The closure problem . . . . . ... ... oL 101
4.3 Properties of the closure . . . . . ... ... ... .. 103
4.3.1 Hyperbolicity . . . . . . . .. ... o0 103

4.3.2 Positivity . . . ..o 104

4.3.3 Entropy dissipation . . . . . ... ..o 104

4.4 The entropy-based (My) closure . . . . .. ... ... ... ... 105
4.5 The My closure . . . . . . . . . . 107
4.5.1 The approximated M; closure . . . . ... .. ... ... .. 108

4.5.2 The advantages of the My model . . . . . . ... ... ... 111

4.6 The approximated Ms closure . . . . . . .. .. ... .. ... .. 113
4.6.1 An hierarchy of sets . . . . . . . . ... ... ... ... 113

4.6.2 Transformation of the realizability domain . . . . . . . .. 116

4.6.3 In Ry, i.e. for My ansitze . . . . . ... 118

464 In Ry, ie. for 1D anséitze . . . . . . . .. ... 120

465 TRy o oo 121

4.6.6 In the whole realizability domain Ry . . . . . . . . . . . .. 123

4.7 Other closures . . . . . . . . . .. 126
4.7.1 The polynomial (Py) closure . . . . . ... ... ... ... 126

4.7.2 An atom-based (Ky) closure . . . .. ... ... ... ... 128
Bibliography 131
IIT Numerical methods 135
5 Numerical schemes 137
5.1 Introduction. . . . . . . .. ..o 137
5.2 Approximate Riemann solver . . . . ... ... ... ... .... 139
5.2.1 The Riemann problem in 1D . . . . .. .. ... ... ... 139

5.2.2 The fast characteristic problem . . . . . . . ... ... ... 142

5.2.3 Application to electrons transport equations . . . .. . .. 143

5.2.4 Application in multi-D . . . ... ... 146

5.3 Tests on the method of moments . . . . ... ... ... ..... 147
5.3.1 Single beamin 1D . . . . . . .. ... 147

Mathematical modelling for dose deposition in photontherapy xi



CONTENTS

5.3.2 Double beamin 1D . . . ... ... ... ... ... .. 151

5.3.3 Single beam in 2D . . . .. ... 153

5.3.4 Double beam in2D . ... .. ... ... ... ... ... 155

5.4 Relaxation method . . . . . . .. ... ... 155
5.4.1 Relaxed equationsin 1D . . . . ... ... ... ...... 156

5.4.2 Extension tomulti-D . . . . ... ... ... ... ... .. 158

5.5 An explicit Finite Difference (FD) scheme for linear equations . . 160
5.5.1 A FD scheme for the 1D toy equations . . . ... ... .. 160

5.5.2 Extension tomulti-D . . . . .. ... ... 0. 164

5.5.3 Application to electrons transport . . . . . . ... ... .. 164

5.6 Tests with fast characteristics . . . . . . . . ... ... ... ... 165
5.6.1 In a 1D medium containing air . . . . . . .. .. ... ... 166

56.2 Ina2D cutofachest . . . . . . ... ... L. 167

5.7 An implicit scheme for linear equations . . . . . . . . . ... ... 170
5.7.1 For the toy problem . . . . . .. ... ... ... ... ... 171

5.7.2 For the transport equations . . . . . . .. .. .. ... ... 171

5.7.3 Computing ™" . . ... 172

5.8 Tests on the implicit solver . . . . . . . ... ... ... .. 175
581 A 1D electronbeam . . . . . . ... ... ... ... .... 175

5.8.2 Comparison with the explicit solver . . . . . . .. .. ... 177

583 A 2D photonbeam . . .. ... ... ... ... ... ... 179
Bibliography 189
6 Dose optimization 191
6.1 Introduction. . . . . . . . ... .. ... 191
6.2 Problem statement . . . . . . ... ... oL 192
6.3 Preliminaries . . . . . . . ... ... 193
6.3.1 Notations. . . . . . . . ... ... 193

6.3.2 The control-to-state mapping . . . . . . . . ... ... ... 194

6.3.3 Existence and uniqueness of a minimizer . . . ... .. .. 194

6.4 Computing the optimal solution . . . . . . . ... ... ... ... 195
6.4.1 The adjoint equation . . . . ... ... ... L. 195

6.4.2 Computing the derivativeof 7 . . . . . .. ... ... ... 197

6.4.3 A projected gradient method . . . . . . ... ... ... .. 198

6.4.4 Numerical approximations . . . . .. . ... ... ..... 200

6.5 Numerical experiments . . . . . . . ... ... 202
6.5.1 1D electron source optimization . . . . . ... ... .. .. 203

6.5.2 2D photon source optimization . . . . . . .. ... ... .. 204

6.6 Discussion . . . . . . . ... 207
Bibliography 209
xii T. Pichard



CONTENTS

Conclusion and perspectives 211
Conclusion . . . . . . . . . . 211
Perspectives . . . . . . . . 212

Mathematical modelling for dose deposition in photontherapy xiii



CONTENTS

Xiv

T. Pichard



Acknowledgement

Firstly, I would like to thank Benoit Perthame for the interesting discussion
about the radiobiology perspectives of this work and Cory Hauck for the discus-
sions about the moment models. Also I would like to thank them for accepting
to review the present thesis.

I also thank Bruno Després for our exchange on hyperbolic equations and,
together with Axel Klar and Michael Herty, for accepting to be part of the
jury (even with such a short notice for Michael Herty). I would like to express
my gratitude to Denise Aregba-Driollet for her valuable and always precise
comments about relaxation methods which lead to the developpement of the
numerical schemes in Part III.

Many thanks to my three advisors for their patience with me and my writ-
ings and for their involvement in this work: Bruno Dubroca who was always
present and opened to scientific discussions, Martin Frank for his welcomeness
in Aachen, his scientific contributions and for offering me the opportunity of
teaching in Aachen, and Stéphane Brull who pushed me to attend to confer-
ences and to meet the scientific community.

This work is also the result of a collaboration with the radiotherapy group
(subgroup of the fusion group) in CELIA, Gabriele Birindelli, Jerome Caron,
Bruno Dubroca, Jean-Luc Feugeas, Philippe Nicolai, Jonathan Page; and the
MathCCES gruppe in Aachen, especially Graham Alldredge whose contri-
bution lead to writing the paper on the approximated M, closure, Martin
Frank and Kerstin Kiipper. I acknowledge Kerstin Kiipper, Gabriele Birindelli,
Jerome Caron and Jonathan Page for performing the Monte Carlo simulations
which were used as reference results for the 2D simulations in Part III.

[ would like to thank Ed Larsen for the discussions during his stay in Aachen
and at the conference in Nashville about Acuros code and the expansion in
order of scattering which I understood the importance lately. I also thank
Oscar Lopez Pouso for his interest in my work and the interesting discussion
about the radiation therapy and kinetic equations in general during the ICTT
in Taormina.

Last but not least, I would like to thank the two groups in CELIA and
in MathCCES, and all my friends and family for their support during this
intensive three year period.

XV



xvi T. Pichard



General introduction

Together with surgery and chemotherapy, radiation therapy is one of the most
common types of cancer treatment.

Definition 0.1 [10/ Radiation therapy: The use of high-energy radi-
ation from X-rays, gamma rays, neutrons, protons, and other sources to
kill cancer cells and shrink tumors. Radiations may come from a machine
outside the body (external-beam radiation therapy), or it may come from
radioactive material placed in the body near cancer cells (internal radiation
therapy or brachytherapy). Also called irradiation and radiotherapy.

Radiations can be seen as beams of energetic particles travelling through
a medium and interacting with it. Therefore particle transport models are
the basis of the numerical methods applied in this field. As a first approach,
one often considers that the biological impact of the radiations on the cells
is a function of the energy deposited by the radiations (or equivalently the
particles) in the medium. This deposited energy is called the dose.

In the last decades, the recent advances and the developement of new tech-
niques in the field of radiation therapy lead to an enhanced need for new
algorithms and numerical methods for dose computation. These treatment
improvements consist either in better adapting the treatments to each patient
or in better controling the dose delivered. For instance, the image guided ra-
diotherapy (IGRT, see e.g. [17]) is an online adapted radiation therapy (ART,
see e.g. [15]) technique in development which purpose is to take into account
potential movements of the patient in the dose computations; or the intensity
modulated radiation therapy (IMRT, see e.g. [5, 3]) which consists in adapting
the radiations by modulating the intensity of the source.

Such sophisticated techniques require adapted numerical methods and clas-
sical numerical techniques may be inappropriate for those emerging problems.
Especially such techniques typically require fast and accurate methods of dose
computation in order to adapt and optimize previously computed treatment
plannings. Most of the numerical approaches available present drawbacks, the
majors of which being:

e The high computational costs. As described below, certain methods



typically require more computational power than available in medical
centers.

e The inaccuracy for particular applications. The results obtained with
those method can be trusted only for some applications for which they
are known to be accurate.

Existing numerical methods

Common numerical techniques for the computations of dose deposition and/or
used in the field of transport theory are listed below.

Superposition-convolution method

The superposition method (see e.g. [18]) is an empirical method based on the
Fermi-Eyges theory ([7]). The primary (never scattered) and the secondary
particles are considered seperately.

The dose is defined as a convolution of a primary particles energy fluence,
i.e. the quantity of energy travelling in the medium from a source, and a
kernel modeling the quantity of energy deposited per unit energy fluence (see
e.g. [9]).

Such algorithms are very fast and are accurate in homogeneous weakly col-
lisional media, e.g. when modelling photon beams in water. However they are
unadapted for dose computations in media containing strong heterogeneities,
when the deflection of the particles have an non-negligible impact on the dose
distribution.

Discrete ordinate methods

The discrete ordinate methods (see e.g. [14]) are deterministic methods based
on a kinetic model (as the one presented in the next chapter). They consist
in discretizing directly such an equation in all the variables. However the
dimension of those variables is relatively high, e.g. the variables in the models
presented in Chapter 1 evolve in a six dimensional space (three of space, one
of energy and two of direction). Discretizing directly such high dimensional
equations requires a consequent amount of data storage, and are also generally
time consuming.

Monte Carlo algorithms

The Monte Carlo solvers are probabilistic algorithms. The radiations are seen
as particles transported through a medium. The result is averaged over a large
number of samples. In practice, a particle is injected on the boundary of the

2 T. Pichard



General introduction

medium and its motion is computed (or approximated) based on the physics
of the modeled interactions. This operation is repeated a large number of
times and the final result is averaged over all these samples. The length of the
free flight and the effect of the interactions are governed by random processes.
Such random processes introduce noise in the results. They are used in this
manuscript to obtain reference results as they present a good accuracy for
the present applications. However, similarily to discrete ordinate methods,
they typically require a computational time too long for medical applications.
Furthermore, they are not adapted to numerical optimization and can therefore
not be used for some of the applications presented in this manuscript. The
reader is referred to [11, 19, 1, 2, 20] for applications of Monte Carlo methods
in medical physics and to [12, 4] for further applications.

Recent advances lead to constructing more time-efficient probabilistic meth-
ods referred to as fast Monte Carlo algorithms (see e.g. [22] and references
therein) and/or to reduce the noise in the Monte Carlo results, although those
methods are not as accurate as the original Monte Carlo methods.

An alternative deterministic approach

A recent alternative uses similar techniques as the approach developed in this
manuscript. The Acuros® ([21]) code is a deterministic method based on the
decomposition in order of scattering (see e.g [13, 6, 8]). It uses the method of
moments to solve the transport equations of multiply-scattered particles.

This method was originally developed for applications in neutrons transport
([16]) and was afterward adapted for medical applications. This code is already
used in medical center and is shown to be time-efficient and accurate.

The present approach

The present approach is based on the physics of the transport and the collisions
of the considered particles. As for the discrete ordinate methods, it is based on a
kinetic description of this physics and it uses deterministic numerical methods.
However, in order to reduce the computational costs due to the high-dimensionality

of the kinetic equations, the method of moments, 7.e. a model reduction technique,
is used. Solving moment equations requires considerably less computational power
than solving a kinetic equation, although several difficulties emerge when using this
method. The moment equations have more unknowns than equations, so they require
a closure, i.e. an additional equation such that the number of equations equals the
number of unknowns. For this problem, a closure based on a entropy minimization
procedure is chosen, i.e. the My closure. This choice presents desirable properties
both on the mathematical and physical level. However, the My closure is defined
under condition afterward called realizability, which needs to be carefully taken into
account when developing numerical schemes for moment equations.

Mathematical modelling for dose deposition in photontherapy 3



This manuscript is organized as follow: in the Part I, i.e. Chapter 1, the physics
of the transport and collisions of photons and electrons in the field of radiotherapy
is presented. In Part II, the method of moments is presented: First in Chapter 2
the moment equations are computed. Then in Chapter 3, the realizability condition
linking the kinetic model to the angular moment models is studied. Finally, the
constructions of some closures are described in Chapter 4. In Part III, numerical
methods based on the moment equations are presented. Numerical schemes adapted
to My models are developed in Chapter 5. Chapter 6 deals with a numerical ap-
proach for dose optimization.
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Chapter 1

Models

1.1 Introduction

This first chapter is devoted to the mathematical and physical description of the
transport of particles in the field of external radiotherapy.

Radiotherapy is a type of cancer treatment based on radiations which can be
seen as beams of energetic particles. Most commonly beams of photons are used.
But electrons can potentially be used for near-skin cancers. Heavier particles, such
as protons or other hadrons, can also be prescribed in particular cases requiring
highly accurate treatements, e.g. for eye cancers. Those particles are transported
through a medium and collide with other particles. The particles involved in such
collisions may exchange energy. In particular, a part of the energy of the trans-
ported particles may be transfered to particles constituting the medium (atoms or
molecules). Modelling this transfer of energy is important as the biological effects
of radiations are assumed to be a function of this energy transfered to the medium,
so-called dose.

Mathematical models for particle transport are organized in a hierarchy, where
each representation models the particles motion at a different scale and retains some
properties of the previous scale. The first of those is the molecular description. The
movements and the interactions of every particle are modeled. However, such models
become difficult to use when considering a very large number of particles. Therefore
molecular models are often unadapted to observe mean behaviour, e.g. to compute
the density or the mean velocity. The second scale in the hierarchy are the kinetic
models. For some problems, this type of model can be obtained from a molecular
one in a mean field regime, i.e. by considering a large number of particles, by using
a Bogolioubov-Born-Green-Kirkwood-Yvon (BBGKY, see e.g. [6, 8]) hierarchy from
the Liouville equation. A third scale consists of angular moment models. They are
obtained from a moment extraction, i.e. an integration over a direction variable
Q) € S?, of the kinetic equation and will be studied in the next chapter. One last
scale is the hydrodynamic or fluid models. Typically, hydrodynamic models are
obtained from a moment extraction, 7.e. here an integration over a velocity variable
v € R3, of a kinetic model in a certain regime.

This part is devoted to presenting a state-of-the-art kinetic model (also described
e.g. in [17, 13, 12, 26]). Under hypothesis, it models the physics of the transport
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of photons and electrons when considering that the movements of the particles are
modified by Compton (see Subsection 1.3.1 or [11, 14, 18]), Mott (see Subsection
1.3.2 or [24]) and Moller effects (see Subsection 1.3.3 or [18, 14]) which are the pre-
dominant effects in the range of energy spectra studied in this manuscript. This
model can easily be extended by taking into account more types of physical interac-
tions, such as Bremsstrahlung effect (see e.g. [21]) or pair production (see e.g. [25]),
but, as a first approach, only Compton, Mott and Mgller effects were considered in
order to simplify the notations and computations. This model retains some of the
basic properties (conservation of particles, momentum and energy) of an underlying
molecular model.

The chapter is organized as follow. First, assumptions arising from physics, and
required for the mathematical modeling are presented. Then, some basic properties
of the molecular model are recalled, with a special focus on conservation of particles,
momentum and energy. In a third part, a kinetic model is presented. This model
is based on linear Boltzmann collision terms and some approximations of such a
collision term are recalled.

In this chapter, and in the rest of the manuscript, the formulae and equations
presented are always non dimensionalized. FEspecially the energies ¢ are always
normalized by the energy m.c? of electrons at rest, the momenta p by me.c and the
velocities v by ¢ the celerity of light.

1.2 Assumptions

Before describing the model, some assumptions are made. They arise from the
physics of the studied phenomena and are necessary to derive the kinetic model in
Section 1.4.

1.2.1 Non-alteration of the medium

The quantity of particles that are transported (photons and electrons) is very low
compared to the quantity of atoms composing the medium. This leads to the fol-
lowing two assumptions.

The first assumption is related to the motion of the transported particles.

Assumption 1.1 The collisions involving two transported particles are assumed
to be so rare that they have a negligible impact on the macroscopic motion.
Consequence: The collisions involving two or more transported particles are
neglected. Only the collisions involving a transported particles and a particle
from the background medium are considered.

The second assumption is related to the medium itself.

Assumption 1.2 The effect of those collisions on the medium is assumed to
be negligible. It is not alterate.
Consequence: The transported particles have no effect on the background

10 T. Pichard
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| medium.

Those hypothesis will lead to consider linear models at the kinetic level, in Section
1.4.

1.2.2 Time independency

The transported particles (photons 4 and electrons e) are relativistic in the sense
that they have a non-negligible velocity compared to the speed of light in vacuum
c. We assume the following.

Assumption 1.3 The velocity of the medium is assumed to be negligible com-
pared to the speed of light in vacuum c.

Consequence: The particles of the medium are assumed to be fixed, and the
medium can be represented by a distribution of particles that is assumed to be a
given data.

At this point, one does not need to study the motion of the medium, but only the
motion of electrons and photons through the medium.

Assumption 1.4 The flux of injected particles in the domain is assumed to be
constant. Furthermore, the time required for the flow of transported particles to
reach a steady state is assumed to be negligible compared to the time of irradia-
tion. Therefore this flow is alway assumed to be at steady state.
Consequence: In this description, the time appears only as a parameter. The
transport model of electrons and photons can be assumed to be steady and the
time is therefore removed from the model described below.

1.2.3 Medium composition

In practice the collisions studied always involve one transported particle and the
background medium. The composition of this medium impacts on the nature and
the effects of the collisions. In order to simplify the kinetic model, the following
assumption is made.

Assumption 1.5 The effect of a collision involving a transported particle and
any atom or molecule of the medium, i.e. the deflection angle and the energy
loss, is assumed to be identical to the effect of a collision with a water molecule.
Consequence: The characteristics of the collisions, i.e. the deflection angle
and the energy loss (modeled in the next sections by the so-called cross sections
o), do not depend on the composition of the medium. However, the quantity of
those collisions is assumed to depend linearily of the relative density p(x) of the
medium at point x compared to the density of water.

In the model describe below, the composition of the medium only affects physical pa-
rameters (the cross sections o) that are assumed to be given data in this manuscript
and it does not affect the model itself. Therefore this assumption is not required, it
only simplifies the problem and the notations.

Mathematical modelling for dose deposition in photontherapy 11
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1.3 Molecular description

Before describing the considered kinetic model, the physics of the interactions are
described at the molecular level. Especially, the variations of density, of momentum
and of energy due to the collisions are computed for each collision. Those basic
features of the collisions are focused on in order to translate them and exhibit them
at the kinetic level in the next section.

The particles travel in straight line until colliding with a molecule of the medium.
The transported particles are characterized by their type, i.e. an electron e or
a photon v, their position z € R3, their energy eR™ and their direction of flight
Q € S2. The momentum p of a particle is given by

(e, Q) = p(e), (1.1)

and the norm of the relativistic momentum of photons and electrons are funtions of
their energy € given by

py(€) =, pe(€) = 1/ €(e + 2). (1.2)

The following subsections describe the interactions considered in this
manuscript, i.e. Compton, Mott and Mgller effect which are predominant in the
energy range studied in this manuscript. The physics presented here can be ex-
tended by considering more types of collision that are non-negligible in certain en-
ergy ranges, such as Bremmstrahlung effect (see e.g. [21]) or pair production (see

e.g. [25]).

1.3.1 Compton effect

Compton effect is an ionizing collision involving an incoming photon. The incoming
photon transfers part of its energy to an electron bound to a molecule of the medium.
The photon also transfers some energy to the molecule in order to break the link
between the electron and the molecule, which results in a detachment of the electron
from the molecule. In practice, this energy is the binding energy or ionization energy
ep. Therefore, the electron is considered as a transported particle after collision. Fig.
1.1 represents schematically this interaction.

Before collision, the bound electron is assumed to have a negligible energy € =~ 0
and has therefore a negligible momentum

pe(o) = 0. (1.3)
Compton effect satisfies the following conservation properties.

Property 1.1  (a) Quantity of particles:
The quantity of transported photons ~y before collision equals the one after
collision, and equals the quantity of transported electron e after collision.

(b) Energy:

12 T. Pichard
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e(€e, §2e)
e(0, Y,

v(€,, ) 7 (e, Q)

Figure 1.1: Schematic representation of Compton’s collision. The black ball
represents an atom, the red arrows are the photon before and after scattering,
the blue point and the blue arrow are the electron before (bound electron) and
after scattering.

The total energy is preserved during collision. This means
efy—i—Ozefy—l—ﬁe—i—eB. (1.4)

Here the superscript’ refers to the precollisional state and eg is the binding
or tonization enerqgy.

(¢) Momentum:
The total momentum is preserved during collision. This means

Py (€5, %) +Pe(0,) = Py(e, Q) + Ops
= Pe(eeaQe) +p7(6%9'y)- (1-5)

1.3.2 Mottt effect

Mott effect is a Coulombian elastic scattering. This effect is an elastic deflection of
an electron, i.e. an electron passes near an atom core and is deflected without losing
any energy. Fig. 1.2 represents schematically this interaction. Mott effect satisfies

e(€e, 2e)

e(ﬁev Qle)
\./

Figure 1.2: Schematic representation of Mott’s collision. The black ball repre-
sents an atom and blue arrows represent an electron before and after interac-
tion.

the following conservation properties.

Property 1.2  (a) Quantity of particles:
The quantity of transported electrons e before and after collision are equal.

Mathematical modelling for dose deposition in photontherapy 13
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(b) Energy:
The energy of the electron before and after collision are equal

€, = €. (1.6)

(c) Momentum:
The momentum is not preserved.

1.3.3 Mgller effect

Mgller effect is an ionizing interaction involving an incoming electron. This electron
transfers a part of its energy to an electron bound to a molecule and to the molecule
itself so that the bound electron escapes from the atomic shell. Fig. 1.3 represents
schematically this effect.

€<€e,17 Qe,l)

e(el, ) e —

6(68,27 Qe,2)

Figure 1.3: Schematic representation of Mgller’s collision. The black ball rep-
resents an atom, the blue point is the bound electron before scattering and the
blue arrows are the transported electrons before and after scattering.

The indifferentiation principle states that the two outgoing electrons are indis-
tinguishable. After collision one can not determine which one was bound and which
one was transported before collision. It is although convenient to differentiate them
by their energy.

Definition 1.1 The higher energetic outgoing electron is called "primary elec-
tron’, the lower energetic one is called "secondary electron’.

Mgller effect satisfy the following conservation properties.

Property 1.3 (a) Quantity of particles:
The quantity of transported electron e before collision equals the quantity
of primary and of secondary electron after collision.

(b) Energy:
The total energy is preserved during collision. This means

€, +0=¢€1+€2+ep. (1.7)
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(¢) Momentum:
The total momentum is preserved during collision. This means

pe(elea Q,e) + O3 = pe(ee,ly Qe,l) + pe(ee,% Qe,2)' (1-8)

Here the indices e, 1 and e, 2 refer respectively to the primary and secondary electrons
after collision.

1.4 Kinetic model

The following kinetic description is a state-of-the-art model in the field of radiother-
apy used for the computation of deposited doses. It offers an accurate description
of the physical phenomena and is usable for applications.

1.4.1 Kinetic equation

The motion of the particles composing the medium (atoms and bound electrons)
and of transported particles is differently modeled.

Assumption 1.6 In this manuscript, the transported particles and the particles
of the medium are considered as two seperated families of particles.

Especially, the transported electrons and the bound electrons are two different fam-
ilies of particles, although electrons may switch from one family to the other.

One may evoke Assumption 1.2 to neglect the motion of the particles composing
the medium and therefore study only the motion of the transported particles.

The motion of transported photons and electrons are modeled by their fluence
1, and 1. depending on position x in a compact set Z C R3, on energy e assumed
to be bounded in the interval [émin, €max] C R (with €min > €p) and on direction of
flight € on the unit sphere S2. The quantity dN, of particles of type « in a spatial
neighboordhood dx around x having an energy in a neighbourhood de around € and
travelling in a solid angle df) around €2 is given by

AN, = Vo€, 2, Q)dedzd. (1.9)

The direction of flight is often written in spherical coordinates

Q = (ji,\/1 = 2 cos 6, /1 — p2sin )7,

where p € [—1,1] and ¢ € [0, 27[. Under this notation dQ2 = dud cos ¢.
The density ny, the macroscopic momentum q,, and the macroscopic energy F,
of particles « at point x € Z can be defined from the fluence ¥,

Na(x) . 1
qu(7) :/ /2 Pa(€, Q) | Ya(e, x,Q)dQde. (1.10)
Ea(x) €min S €

Mathematical modelling for dose deposition in photontherapy 15
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The fluences of the transported photons and electrons in radiotherapy satisfy
the following system of equations (see e.g. [5, 7, 17])

Q'VQCwW(e? €, Q) = ,O(IL') (QW—W(wV) + Qe—w(%)) (67 Z, Q), (1'113‘)
Q-vaﬂ/}e(ea Zz, Q) = p(.’L‘) (Qe—w(d}e) + Qw—m(qbw)) (67 x, Q) (1-11b)

This system is composed of one equation for the photons and one for the electrons.
The left-hand side of those equations is a free transport term. It is time-independent
according to Assumption 1.4. The right-hand side is composed of collision operators.

Since only collision involving one transported particle and one particle of the
medium are considered, the quantity of collisions can be assumed to be proportional
to the quantity of particles of the medium. As only collisions with atoms and
bound electrons are considered, one can assume that this quantity of particles of
the medium is proportional to the relative density p of the medium compared to the
density of water (water is chosen as it is the main component of a human body).
In this study, the density p is chosen to be in the interval [1073,2]. This interval
includes the densities of liquid water (p = 1), main component of a human body, of
air (p = 1073), and of bones (p ~ 1.8), corresponding to the highest density in a
human body.

The collision operator Qq—3(%a) represents the variations of the fluence g
due to collisions involving incoming particles «. Similarily the quantity of those
collisions can be assumed to be proportional to t,. This implies that Q,—p is a
linear operator. Those collision operators are defined in the following subsections.

Remark 1.1 The system (1.11) represents only the motion of the transported
particles. For Compton and Mpgller collisions, the bound electron before scat-
tering is not transported. It receives sufficient energy to be transported after
collision. Therefore the kinetic model proposed in this section is not conserva-
tive because particles (i.e. density n, and also momentum q, and enerqy E,)
are created in the system.

The next subsection describes a collision operator representing interactions with
a fixed background medium. A special focus is made to translate the conservation
properties 1.1-1.3 from the molecular level (Section 1.3) to the kinetic level. Those
properties needs to be considered when constructing numerical method for dose
computaions.

1.4.2 Linear Boltzmann (LB) collision operator

As a first approach, the collisions can be modeled by linear Boltzmann gain G, (%)
and loss terms P, () (see e.g. the derivation of linear Boltzmann equations in [5]).
Loss term

A loss term P, (1)) represents the loss of particles of type a due to collisions involving
incoming particle . This loss corresponds to the particles that are removed from

16 T. Pichard
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the system during collision, i.e. the particles at precollisional state. It is given by

Pa(wa)(E,[B,Q) = UT,a(e)wa(vag)? (112)

where the total cross section o1, is a positive function which quantifies the inter-
actions of a particle «, i.e. the quantity

p(x)or,a(€)a(e, z, Q)dedxrd

is the quantity of particles a in a neighborhood (de, dx, dS2) around (e, x, Q) colliding
with the medium.

Gain term

A gain term G,—3(¥q)(€, z,§2) represents the gain of particles of type [ at state
(e, x,9) due to collisions involving a incoming particle 5. This gain term corresponds
to the particles that are created in the system during collision, i.e. the particles at
postcollisional state. It has the form

Gosp(ta)(e,2,Q) = / maX/QUa_hg(e',e,Q’.Q)wa(el,x,ﬁl)dQ’de'. (1.13)
€ S

This gain term is an integral over all possible precollisional state (¢’, ') of the fluence
o of the incident particles o multiplied by a differential cross section o,—3. The
differential cross section o,_,5(€’,€,'.Q) is a non-negative function such that the
following quantity

p(x)oasp(€, e, X Qo€ z,)de' dQY dQdx

is the quantity of particles 8 created in a neighborhood (de, dz, dQ)) around (e, z, Q)

by a collision involving a particles « in a precollisional state in the neighborhood
(de', dx,d)) around (¢, z, Q).

Remark 1.2 The density, the macroscopic momentum and the macroscopic
energy created, repsectively removed, in the system for each effect is defined by
replacing Yo by Ga—p(Va), respectively Po(1q), in (1.10), i.e. the quantity of
particles, the momentum and the energy of the particles a removed from the
system 1s

Graesz 1
/ / Pa(6,Q) | Pa(wha)(e, , Q)d2e,
€min 52

€

and the quantities of particles, momentum and energy of the particles 3 created
by collisions involving incoming particles of type « is

€max 1
/5 ] _/52 pﬁ(e’ Q) Ga-p (Ya)(€, z,Q2)dQAde.
min 6
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For Compton, Mott and Mgller interactions, the collision operators read

Q7—>7(¢7> = GW—W(ww) - P’y(ww) = GC,W(w'y) _PC(1/17)7 (1.14a)

Qroe(Vy) = Gyoelthy) = Geehy), (1.14Db)

Qesy(Ve) = Geosy(te) = 0, (1.14c¢)
Qese(Ve) = Gese(tbe) = Pe(Ye) = Grri(te) +Guara(te) + Gurore(e)
=P (Ye) — Prrott(e),

(1.14d)

where the subscript C refers to Compton scattering, M to Mgller and M ott to Mott.
Therefore the indices C,v and C,e refer respectively to the outgoing photon and
electron of Compton effect. Similarily, the indices M,1 and M, 2 refer respectively
to the primary (more energetic) and secondary electron of Mgller effect. Using these
notations, the cross sections can be rewritten

Oy—sy — O0Cq, 0T~y = O0T,C, Oy—e = O0Cle;

Ocse = OM1+ OM2T OMott OT,e = OT,M + OT,Mott-

The conservation properties 1.1-1.3 from the molecular description leads to im-
pose conditions on the cross sections at the kinetic level. Those conditions needs
to be fulfilled for the physics of the collision to be correctly modeled at the kinetic
level.

Compton scattering

Compton differential cross section for photons reads (see [11, 14, 18] and references
therein)

2
Te

ocn(€,6,pn) = 0 (6,>2 (6/ + 66/ (- MQ))

. <e - Hdzll—u)) : (1.16)

where r. is the radius of the electron. The Dirac distribution § in this formula
represents the fact that the energy e of the photon after collision is a given function
of its energy €' before collision and of the deflection cosangle .

The conservation of particles (Property 1.1(a) at the molecular) is described at
the kinetic level by

Proposition 1.1 The quantity of photons removed, created, and the quantity
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of electrons created by Compton effect are equal at the kinetic level iff
€ +1
orc(e) = 27r/ / oo (€ €, p)dude
eg J—1

€ +1
= 27r/ / ocele €, p)dude'. (1.17)
ep J—1

Proof According to Property 1.1, the total quantity of photons created, lost
and the total quantity of electrons created by Compton effect at point x simply
are equal. According to Remark 1.2, this reads

/ e / Gon (U0 (e, 2, Q)ded = / e / Goe(th)(e, 2, Q)ded
€EB 52 €EB 52
— / " Po() (e, v, Q) dedS.
B S2
Using Fubini theorem leads to
[ [ Geatvn) (e, 0)deas
€B S2
_ / e / / e / e (€ e, Q) (€, 2, ) de dSY dedS
€B 52 € 52
_ /"””” / / / 00 (e, €, QO )dE AV (e, 2, ) ded®,
B S22 Jeg JS?

Similar computations with G¢ . leads to

/ - / < / / Jcﬁ(e,e’,Q.Q’)de’dQ’> - (e, 2, Q) dedQ
B S2 ep 452

_ /’"‘” / ( / / qu(e,e',Q.Q’)de’dﬂ'> W (e, 2, Q) ded)
€n S2 ep /52

= [ [ onctens e, 0)deds,
€B S2

which is satisfied for all possible 1.,. Therefore one obtains the result in a weak
sense. Computations show that the functions defined in (1.17) are C*°([eg, €maz])-
Therefore this equality also holds in a strong sense. O

The conservation of momentum (Property 1.1(c) at the molecular level) is de-
scribed at the kinetic level by

Proposition 1.2 The macroscopic momentum in the system is preserved by
Compton effect at the kinetic level iff

pr(eQorc()) = [ [ b€ Doy (e,d.2.0) (118)
€B
+ py(¢,Y)oce(e, €,Q.0)] dQde = Ops.

The proof is identical to the one of Proposition 1.1.

Mathematical modelling for dose deposition in photontherapy 19
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The differential cross sections for photons and electrons are related to each oth-
ers. Indeed according to Property 1.1, there is as many photons 7 created at state
(€4, 2,€y) as electrons at state (e, z, ) from photons at state (¢/,z, '), i.e.

oon(€ 64, Q) de' de, dY dQ, dax
= 0ce(€,6,V.Q) deé de. dQ dQ. du. (1.19)

Therefore, the differential cross sections are related to each others. Using (1.4) and
(1.5), one finds that

/7Q/ - 7Q
€e = e’7 —e, —€p, .= p7(67 “;9) (:;7(67 7), (1.20a)
e e
,>Q/ - MPe eer
€&y=¢€ —€—€p, Q= Py(6 ) ~ Pelc ) (1.20Db)

py(€y)

Using (1.19) and (1.20) together leads to the following property.
Property 1.4 The differential cross section for electrons and photons satisfy

pyle) — pe(E)u>

/ _ o
O'C,e(eweenue) - JC,’Y <€’6_€_€B’p,y(e’—€—€B)

, Pl (1.21)

py(e€ —e—€B)
In this study, € > € > eg and one may verify that the deflection cosangle

p’y(el) —pv(e)u
Pe(€/ — € —€p)

in this formula is always in [—1,+1].

Remark 1.3 In practice, the differential and total cross sections are defined
such that the conservation properties (1.17) and (1.18) are satisfied (see e.g.
[11]). One may also verify that those propositions are always satisfied when the
differential cross section for electron is defined from (1.21).

In the litterature, it is often preferred to work with analytical formula of the
differential and total cross sections (see e.g. [17]). However, those properties
need to be kept in mind when constructing numerical schemes for (1.11).

Mott scattering

Since Mott effect is an elastic scattering effect, the energy of the electron before and
after scattering is the same. Therefore the differential cross section can be written

Inott (€, €, 11) = Garort (€ 1)3(€ — ), (1.22a)
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where G701 reads (see [17, 24] and references therein)

. B Zre(l+¢) 2
wanlest) = |y (3 B =) (1.220)
[1_6(64—2)1—#]
(1+e2 2 |’
027
nle) = €(€+Z2), (1.22¢)

Z is the equivalent atomic number of water, and o = ﬁ
Similarily as for Compton scattering, the conservation Properties 1.2 can be
translated at the kinetic level by

Proposition 1.3 The quantity of particles and the energy in the system is
preserved by Mott effect at the kinetic level iff

41
o Mott(€) = 271'/1 Mot (€, p1)dp. (1.23)

The proof is identical to the one of Proposition 1.1.

Mgller scattering

Mpgller differential cross section for primary electrons reads (see [18, 14] and refer-
ences therein)

U]\/[’l(g’7 € 1) = UM(6/7 €, u)l[E/,€B e’—eB](6)7 (1.24a)
B,
) re(€ + 1)>2 1 1
= 1.24b
wien = (55y) [weg t wowegr 02
2 + 1 1 1

TR W( ) (@ — W) T @12

* 0 (W(e/, €) — Q( ¢, w) .

with W the energy transfered to the bound electron and @ is the recoil energy

W, e)=¢ —e¢, (€' e, 1) \/pe 2+ pe(€)? — 2pe(€)pe(e)p +1 — 1.

The conservation of particles (Property 1.3(a) at the molecular) is described at
the kinetic level by

Proposition 1.4 The quantity of electrons remowved, and of primary and sec-
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1.4. Kinetic model

ondary electrons created by Mgller effect are equal at the kinetic level iff
€ +1
orm(e) = 27r/ / ona(e €, p)dude (1.25)
ep v —1

€ +1
- 277/ / om2(e €, p)dude.
ep J—1

The proof is identical to the one of Proposition 1.1.
The conservation of momentum (Property 1.3(c) at the molecular level) is de-
scribed at the kinetic level by

Proposition 1.5 The macroscopic momentum in the system is preserved by
Moller effect at the kinetic level iff

ORS = pe €, Q O'TM( ) (1.26)
/ / Pe(€, Q) (o1 + on2) (e, €, Q.0)dOY de'.

The proof is identical to the one of Proposition 1.1.

Similarily as for Compton effect, the differential cross section for primary and
secondary electrons are related to each others. Indeed according to Property 1.3,
there is as many primary electrons at state (e.1,,€2 1) as secondary electrons at
state (€e2,2, e 2) from electrons at state (¢/,z,Q), i.e.

oma(€,ee1, V' Qer) deé deey dY dQey dx
= O’M72(6/,6€72,Q/.Q€72) de/ dee’g dQ/ dQe72 dzx. (1.27)

Therefore, the differential cross section are related to each others. Using (1.7) and
(1.8), one finds that

pe(elm Q/e) - pe(ee,la Qe,l)

pe(on) (1.28)

/
€e,2 = €, — €e1 — €B, Qe,2 =

Using (1.27) and (1.28) together leads to the following property.

Property 1.5 The differential cross sections for Maller effect satisfy

Pe(€') — pe(é)u>

/ _ 0 & = —
oma(e,e,p) = oma (676 € 6B’pe(e’—e—63)

" pe(€)
p—e(e’—e—eB)' (1.29)

In this study, € > € > eg, one may verify that the deflection cosangle

Pe(€) — pe(€)p
Pe(€/ — € — €p)

in this formula is always in [—1,+1].

22 T. Pichard



1. Models

Remark 1.4 One may verify that

oma(e, e u) = on(e e )l

6/,SB](E).

leB,—5

According to the indifferentiation principle, one can not determine which of the
outgoing electrons was the incoming one. Originally a single differential cross
section was written for both primary and secondary electrons. Those differential
cross sections were afterward differentiated by defining the bounds of integration

/

/— .
{%, e’} for primary electrons and {eB, . ;B} for secondary electrons.

Some of the differential cross sections (Mgller and Mott collisions) present high
gradients. When constructing numerical schemes, such high gradients commonly
leads to stiff terms at the numerical level. The following two sections present meth-
ods to remove this stiffness directly at the continuous level.

1.4.3 Continuous slowing-down approximation (CSDA)

On the theoretical level, the linear Boltzmann collision operator described in the
previous subsection is appropriate. Although, for numerical applications, discretiz-
ing directly the linear Boltzmann gain terms can be difficult. In particular, Mgller
cross section o)y is known to be very peaked along the line € = € (see Fig. 1.4).
Typically, discretizations of the gain term require the energy grid to be fine enough
to capture this peak, which leads to requiring a significant numer of energy cells.

Instead it is often preferred to apply the continuous slowing-down approximation
(see e.g. [20]).

Suppose a linear Boltzmann collision term

Q) = (G = P)(¥),

with loss and gain terms of the form (1.12) and (1.13) characterized by a differential
cross section o peaked along the line € = ¢, and its associated total cross section
or.

Formally, the continuous slowing-down approximation consists in replacing the
peaked gain term and its associated loss term by an energy derivative and an elastic
linear Boltzmann term, i.e.

Q) = Qesp(¥) = 0(SY) + (Gea — Pa)(¥). (1.30)

where the stopping power S, the differential o.; and total cross section o7 of the
elastic collision operator (G¢ — Py;) are related to the original cross sections o and
o7 through

S(e) = / /(e—e/)a(e,e’,Q’.Q)dQ’da, (1.31)

€min S?
o, e, V.Q) = / o(e, e, Y. Q)de’ (¢ —e), (1.32)
orei(€) = /2061(6,6/,Q.Q,)d9/d6/. (1.33)

€min J S
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1.4. Kinetic model

Based on its definition (1.31), the stopping power S is a positive function of the
energy €. The e-derivative represents a continuous loss of energy of the particles.
Therefore, S characterizes the capacity of the system to slow particles down. The
deflection phenomenum is represented by an elastic linear Boltzmann operator.

Mgller cross section for primary electrons is peaked along the line ¢ = e. This
peak can be observed on Fig. 1.4 through the quantity

+1

RIGND :27T/1 o (€€ p)dp.

108
105

- 104

Moll |
[e] erloz__‘

10

10°2

Figure 1.4: Representation of of,; as a function of ¢ and e.

Using the CSDA (1.30) leads to write the following approximation

(Gmr — Par) (W) (6,2, Q2) = [0c(Smtbe) + (Gun,el — Parer) (Ye)] (€, 2, €2),

where Syr, Gu1,e1 and Py are respectively the stopping power, the elastic gain
term of primary electrons and the loss term after application of the CSDA (1.30) to
Mgller collision.

In practice, the angular deflection due to Mgller effect is negligible compared to
the one due to Mott effect. This leads to consider the linear Boltzmann continuous
slowing-down (LBCSD) operator

Qe—)e(@be) ~ QLBCSD(¢6)
QrBcsp(We) 1= 0c(SVe) + (G + Geg — Pep)(e), (1.34)
S = Sum, G =G, Ge = Gumott, Per = Ppott-
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1. Models

Remark 1.5 This approximation is convenient for numerical purposes. Al-
though, at the theoretical level, this approximation leads to violate the conserva-
tion of quantity of particles, momentum and energy (Property 1.5 and Proposi-
tions 1.4 and 1.5). Indeed, the approzimation (1.34) consists in approximating
the distribution

oma ~ Sy(e)d (€ —e),

without modifying the distribution o . Since the term 0.(Sv) corresponds now
to both terms of loss and gain of primary electrons, one can now only deduce,
at the kinetic level, the equality of quantity of primary electrons created and of
electrons removed

/emaz / 8€(S¢6)(67 z, Q)deQ = / [S(emax) we(emaza Z, Q)
c 52 52
- S(EB) ¢e(€B,$7Q)] dQ7

where Ye(€maz, T, Q) is assumed to be zero. This corresponds to requiring that
the particles have a energy bounded by €max. The other term in Y.(ep,z, Q)
corresponds to the quantity of particles leaving the system, i.e. particles of
energy below the threshold eg are absorbed by the medium and are therefore
not transported anymore.

Remark 1.6 By considering € as a "numerical time", the CSDA (1.30) makes
the following operator appear out of the collision operator (1.34)

_86(Sw€) + Q-waa

which can be studied similarily as an hyperbolic operator.

1.4.4 Fokker-Planck (FP) approximation

Similarily to Mgller cross section, Mott cross section is forward-peaked, i.e. peaked
along the line '.Q = 1. This peak is represented on Fig. 1.5 through the & o1t (€, 11).

The Fokker-Planck approximation for forward-peaked collisions with small en-
ergy losses was rigourously derivated in [29] through the following theorem.

Theorem 1.1 ([29]) Consider the linear Boltzmann operator

QW) = [ [0, 9 (e, 2, ) ~ or(eYi e, ),

1 "—e 1-—
O'(EI,E,,U,) — =5 (6/ € € #) ’

s
2T
s

)
m
€

e 9

+1 —€ 1-
/ / 6(6,6 € ,“) dude’,
€min 4 —1 € m
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1.4. Kinetic model

Figure 1.5: Representation of &,/ as a function of € and p.

where s, e and m are asymptotic parameters characterizing the "peakness' of
the cross section and tending to 0.

If 6 = O(1) then

QW2 = @rr) +0 () +0 (™) w0 ().

S

where the Fokker-Planck (FP) operator reads

QFP(w) = 8€(S(e)w)(6a Zz, Q) + T(f)Aﬂw(G, z, Q), (1.35&)
S(e) =/e _ /52(6 —ole, €, .Q)dY de (1.35Db)
T(e) = / B /S (1 Q)o(e, ¢ 2. Q)dYde (1.35¢)
1
Aaihle,z,9) = {au (- 13,0) + 1_—Mza;¢} (€.2,9),  (1.35d)

and the variable p and ¢ are such that
Q = (u,\/1 — p2cos ¢, /1 — u2sin )T

The function T is called "transport coefficient'. Based on the positivity of the
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differential cross sections o, the transport coefficient 1" is a positive function of e.
Applying Theorem 1.1 leads to write the following approximation

(GMott + GM,l - PMOtt - PM)(we)(€7x7 Q) ~ (86(Swe) + TAQ"%)(G:% Q)7
S%SM, T%TMOtt.

In practice, Sarorr = 0. This leads to approximate the LBCSD operator by a Fokker-
Planck with a linear Boltzmann gain term (LBFP) operator

Qe—e(Ve) = Qrprp(Ye)
QrLBrP(VYe) := 0c(Sve) + TAqve + G(1e), (1.36)
S = S, T = Thott, G =Gumpa.

In the rest of the manuscript, S = Sy; and T = Thsott-

Remark 1.7 By considering € as a "numerical time", the Fokker-Planck op-
erator (1.35a) is backward parabolic in Q. Therefore a kinetic equation with
such a collision operator can be well-posed only if the € derivative is read in the
"backward" direction, from a mazximum energy €maqz t0 @ Minimum one €min. In
this manuscript, the considered kinetic equation are always studied so.
Physically, it is sensefull to study the system in the backward direction in
enerqgy since the particles (and the system) only lose energy in the medium.

If the approximation of LB operator into a LBCSD operator (previous section)
is commonly accepted in the litterature, the accuracy of the LBFP approximation
is more discussable (see e.g. comparison in [27, 26]).

Remark 1.8 For the numerical applications, of the Part 11, the stopping power
S and the cross sections 0., Oce are obtained from tabulations of the ones
used in the Monte Carlo code PENELOPE ([1/, 2, 3]) that were obtained by E.
Olbrant ([26]). The total cross sections sigmar, and or,e and Compton’s cross
section for electrons are obtained from the formulae (1.17), (1.23), (1.25) and
(1.21).

1.5 Well-posedness of the kinetic equations

Consider the system (1.11) where the spatial domain Z C R3 is compact. First,
initial and boundary conditions for (1.11) are defined. Then the well-posedness of
the resulting problem is studied.

1.5.1 Initial-boundary conditions

According to Remark 1.7, the natural initial condition consists in fixing the value
of 1. and 1, at energy € = €pqs. The considered particles are assumed to have
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1.5. Well-posedness of the kinetic equations

a bounded energy € below €pax. Therefore in this manuscript, the following initial
condition is always fixed

Ury(€maz, T, Q) = Yel€mar, 2,Q) =0, V(z,Q) € Z x S2. (1.37)

In order to formulate boundary conditions, one needs to define in- and outgoing
boundaries '™ and '™

I~ = {(x9€dzZxSs st Qn)<0 (1.38a)

(1.38Db)

%
rt = {(ZL‘,Q) €0Z xS? st Qn(z)> O}.

A natural boundary condition for (1.11) consists in fixing the flux of particles coming
inside the medium (see e.g. [5, 10]), i.e.

¢’7(€"'L" Q) ( Q)

— b
we(e,x,Q) = wz(::.i:Q) } \V/(G,:ZI,Q) € [Eminvfmax] x I (139)

1.5.2 Preliminaries
The following notations will be used in this chapter and in Chapter 6.

Notation 1.1 Choose a positive weight function 0 < h € C([émin, €max]) and
define the following weighted inner product

W, = /eiiax/zfg2h(e)w(e,x,Q))\(e,x,Q)dﬂdxde,

(Y, b = / h(€)(e, z, QN(e, z, Q)dQdz,
Z JS2

@b = [ [ hon@et ez, Dn(e 2, Q)d0dade,
€min -

@k, = [ [ M@ ez, Wnle 2, 2)ddade,
€min JIT

@ = @ + @),

and, by extension, write the inner product with the weight function h = 1 and
the norms associated to these inner products

fors=1i, b_, by, b,
W, Ns =, N5 Wl =@, 0k 0l = (¥, 9)s.

The following proofs of well-posedness are widely inspired of those proposed in
[31] (see also [10, 15, 16, 1]). Those proofs are written here as they provide (slightly)
different constraints on the physical parameters compared to [31] and they provide
an understanding of the considered kinetic equations that will be exploited for dose
optimization in Chapter 6.
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1.5.3 Non scattered particles

Non-zero boundary conditions introduce difficulties when proving the existence and
uniqueness of a solution to (1.11). One method to circumvent such difficulties con-
sists in exploiting the linearity of the kinetic equations. First, the equation satisfied
by the fluence of the particles that have never scattered is studied. Secondly, the
equation satisfied by the secondary particles, i.e. those that have scattered at least
one, is studied. Such equations have zero incoming fluxes.

The following two lemmas prove the existence of solutions to kinetic equa-
tions with non-zero boundary conditions corresponding to the non-scattered par-
ticles.

Lemma 1.1 ([31]) Consider the equation

QVzw = pP(¢) = (g in [6min7 Emax] X Z % SQ’
"MF* - 1/1b on [eminy 6maX] X F_’ (1'40)
w(emaxyxa Q) = 0 i Z X 52’

where P is a generic Boltzmann loss term of the form (1.12) characterized by
a total cross section 0 < op € L*([€min, €max])-
Suppose

0< wb S Lz([emimfmax] X Fi)y 0< qc Lz([eminvemax] X Z X 52)
then (1.40) has a unique solution 1 satisfying

0< Q/) S L2([€min7€max] X Z X 52)’ Qv:ﬂ/} € L2([€mina€max] X Z X 52),
0 < Yl jemimemar]xT+ € L’ ([€min, €max] X TT).

Proof Fix Q € S? and choose a point zq € 0Z. Along the line zq directed by Q,
the problem (1.40) turns into a first order linear ordinary differential equation
(ODE) which is therefore well-posed. The unique solution to Problem (1.40) is

L(z,z0(z,02)) b
Yole,z,Q) = exp —/0 p(x + Qs)dsor(e) | ¥ (e, xo(z, ), Q)

L(SE,.Z‘()(Z’,Q)) L(I,y)
+ / exp 7/ plx + Qs)dsor(e) | q(e,y, Q)dy,
0 0

L(z,y) = |z —yl,

where xo(x, ) is the point of intersection between the boundary 0Z and the
line passing through = and directed by . See further discussion on (1.40) in
[31]. O

One obtains a similar result with the following equation.
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1.5. Well-posedness of the kinetic equations

Lemma 1.2 ([31]) Consider the equation

—p0c(SY) + Q.V 90 + pP(¢) q in  [€min, €max) X Z X S2,
Ylp- = WP on [€min, €max] X '™, (1.41)
Y(€max, z,2) = 0 in  Zx5S2,

where P is a generic Boltzmann loss term of the form (1.12) characterized
by a total cross section 0 < op € L*®°([€min, €max|) and the stopping power
0< S € CY[emin, €maz))-

Suppose

0< wb S LZ([Gminyemax] X Pi)a 0< qc LZ([Gminyemax] X Z X S2)7
then (1.41) has a unique solution v satisfying

0<ye L2([€min7€max] X Z X 52)7
—p0(SY) + Q.V,b € L*([emin, €max] X Z x 5?),
0 S wl[eminyemax]xr+ € L2([€min7€max] X F+)a 0 S w(emin’ o9 ) € LQ(Z X SQ)

Proof This result can be obtained by adapting the proof of the Lemma 1.1 and
using the method of characteristics. The reader is referred to [31] for further

discussion on the problems (1.40) and (1.41) with non-zero boundary conditions.
U

1.5.4 Well-posedness of scalar kinetic equations

In the following, the well-posedness of the kinetic system (1.11) with a zero inital
condition (1.37) and a given boundary condition of the form (1.39) is proven when
considering a LB collision term (1.14d), a LBCSD collision term (1.34) or a LBFP
collision term (1.36) for the electron collisions. For this purpose, the following three
lemmas are given. Each provides the well-posed of a kinetic equation with one of
those collision operators.

Those propositions are proven using variational approaches. For this purpose,
the following generalization of Lax-Milgram theorem is recalled.

Theorem 1.2 (Lions-Lax-Milgram)

Let Hy be two Hilbert spaces and Ho a mormed space. Consider a bilinear
form B on H1 X Hs and a linear form | on Hs.

Suppose the operator | is bounded, B is bounded and coercive in the sense

Boundedness of 1 L) < C1 | M| H,, (1.42)

Boundedness of B |IB(¥,\)| < Co ||[¥]|m, 1My, (1.43)

Coercivity of B VA € Hy, sup |B(¢,\)| > Cs || A||lm,, (1.44)
%1, <1
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for some scalars C7; < oo, Cy < o0 and C3 > 0.
Then there exists a (potentially non-unique) solution ¢ € Hy to the problem

VA€ Hy,  B(,A) =1\ (1.45)

The first equation considered is a linear Boltzmann equation.

Proposition 1.6 (Well-posedness of a linear Boltzmann equation)
Consider the problem

AV +p(P-G)(¢Y) = ¢ in  [€min, €max] X Z X S2,
Ylp- = P on  [emin, €max] X '™, (1.46)
Y(€max, T,2) = 0 for (z,Q) e Z x S

where G and P are linear Boltzmann gain and loss terms of the form (1.13)
and (1.12).
Suppose that there exists a positive weight function

0 < hmin <he€ CO([emin’ Emax])a
such that, together with density p and the cross sections o and or, it satisfies

0 < po < 400, 0<a<por <400 (1.47a)
0<a<p ( /m/ (e, ¢ QQ’dee> (1.47b)
0<a<p(x) ( / / €, Q.0 asy de) (1.47¢)
for some positive scalar o > 0. Suppose furthermore that
¥’ € L*([emin, €max] X T7), q € L*([émin, €max] X Z x §2),
then the problem (1.46) has a unique solution v satsifying

¥ € L?([€min, €max] X Z x §2), Q.V,1h € L*([emin, €max] X Z x S?),

w|[emin,emax]><1‘+ € L2([€mina 6max] X F+)-

Proof First, we exploit the linearity of the kinetic equation (1.46).
Consider the two problems

va’gbo + pP(TrZJO) q in [eminaemax] X Z X 52,
wU‘F* - ¢b on [Eminv 6max] x I'7, (148)
w(emaXaqu) =0 in Z X 82.
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and

Q.Vxﬂ)s + p(P — G)(¢s) = GWJO) in [Emin, Emax} X Z % 52,
wsh‘* =0 on [ﬁmin’ 6max] X Fi, (149)
ws(emaxafL‘pQ) =0 in ZxS82

As Problem (1.46) is linear, proving the existence of a unique solution to (1.48)
and to (1.49) provides the existence of a unique solution to (1.46) which has the
form

¢=¢0+¢s

where 1) solves (1.48) and s solves (1.49). This decomposition corresponds to
the first order expansion in order of scattering ([19, 9, 17]), ¢y is the fluence of
the particles that have never scattered and s the fluence of the other particles.

The well-posedness of (1.48) follows from Lemma 1.1. Due to hypoth-
esis (1.47), G sends L?([emin, €max] X Z x S?) into itself, therefore G(i) €
L?([€min, €max] X Z x S?).

Well-posedness of (1.49): Choose a regular positive weight function 0 <
h € C°([€émin, €max)). In the spirit of [31], define the following inner products

(VN g, = (W,A); + (QVa, V), + (¥, A),, (1.50a)
(L/Ja)‘)HQ = (wa )z (1/}’ )b+? (150b)
and the spaces
H = {1/1 € LQ([EmimEmaX] X Z X S2)7 s.t. |¢][a, < oo and [[¢9fly. = 0}7
Hy = {v € L*([emin, €max] ¥ Z x $?), st [, < 00 and [[¢]l,_ =0} .

The set H; with the inner product (, ), is a Hilbert space, see [31] for a proof
of completeness of Hj.
Define the bilinear form B and the linear form [ as

B, N) = (Ve N} + @], + (p(P = G)(w), V)]
V) = (¢}
Firstly, the operator [ is bounded using Cauchy-Schwartz inequalities

L] < llgllil[Alli < Crl[All e,

and is therefore continuous in the sense (1.42).
Secondly, the operator B is proven to be bounded in the sense (1.43). Using
Cauchy-Schwartz inequality leads to

12V [FIME < [ Pllool9 11, 1M 122,
allpllallMlli < el [ Al #,

| (Q.V,0, A
[(p(P — G) (), A)!

| <
| <
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for some positive scalar

> h
o max p(z) ( e (€)or(e)

4+  max max< /max/ 6 €, .Q dee

EE[Emin:emax
/ h(e)o(e, €, Q.Q’)dQ'de’) ).
€min S2
Therefore one obtains

1B, M) < Cal[]| a1, [[All o

with 0 < Cy < o0.

Thirdly, B is proven to be coercive in the sense (1.44). One remarks that
Hy C Hi, and therefore one may use ¢ € H; as a test function. Using an
integration by parts and Green theorem, one obtains

(.Y ), )P //S/m SIAA <w2>dd§2d (Mb+).

Using Fubini theorem leads to

:// /m/ /m (€, e, QL Q(e, 2, )
Z JS? Jemin /452 Je

Y(e, z, Q)de'dQ dedQdx,

then a Cauchy-Schwartz inequality provides

(/Z /GZ:X o fl(E)w(e,x,Q)Qdedexf (1.51)

. ( / / B fg(e)zp(e,a:,Q)Qazedszdx)é ,

file) = /SQ/ (€,6,Q .Q)de dY, (1.52)

fale) = /52 h(€")a(e, €, Q.0 )de d. (1.53)

IN

(G(¥), )

Together with hypothesis (1.47), this leads to

B(,9) > Cs]|¢ I3, (1.54)

for some constant C3 satisfying

0<C3 < min (, min  op(e) — fi(e), min  op(e) — f2(€)> .

Ee[ﬁmin:fmaz] CE[Emimﬁmaz
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Therefore (1.44) holds. Thus Lions-Lax-Milgram theorem 1.2 provides the ex-
istence of a solution ¢ € Hj.

Suppose 1 € H; and ¢’ € H; are two solutions to (1.46), then

B(1, A) =1(A) = B(y/, A),

and therefore, by bilinearity of B, one has

B — ', A) = 0. (1.55)

According to the definition of Hy and Hs, and Sobolev embedding theorem, one
has Hy; C Ha, and therefore ¢ — ¢’ € Hy. Replacing A = 1) — )/ in (1.55) reads
to

B -y ¢ —y)=0.

According to (1.54), this leads to ||t — 9|, = 0 which is enough to provide
the uniqueness of the solution in Hi. O

Remark 1.9 o An alternative proof was written using the theory of evolu-

tion equation (semi-groups theory, see e.g. [32, 4]) in [10, 31, 15] under
the condition (1.47) with h = 1. Such a condition is too constraining for
the present application. However, this method provides the non-negativity
of the solution 0 < 1 under the additional non-negativity conditions on
the sources

0<9’,  0<q

e The physical meaning of condition (1.47c) is that the medium absorbes the
quantity h, i.e. if (1.47c) is satisfied with h(e) = 1 the medium absorbes
particles. In practice, due to Compton and Myller effects, there is creation
of particles and therefore those conditions are not satisfied. However,
some quantities are absorbed by the medium. Indeed, according to the
physics described by the model (1.11), a part of the energy of the particles
is absorbed by the medium, and none is created. This idea will be used in
the following and it corresponds to choosing h(e) = € in (1.47c).

o The condition (1.47) can be sharpened by the studying the equation satis-
fied by the quantity ho(€) for some positive weight function 0 < hg €
CO([€min, €max])- This idea was used in [31] with the choice ha(e) =
exp(Ce) with some constant C. Remark that, when chosing ha(e) = e,
the quantity e corresponds to the specific intensity in the field of radia-
tive transfer (see e.g. [28, 23]), and one may rewrite (1.11) with this
quantity for unknown.

Similarily, the following lemma provides the well-posedness of the kinetic equa-

tion for the electons when using the CSDA.
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Proposition 1.7 (Well-posedness of a LBCSD equation)
Consider the problem

—pae(5¢) + Q.Vy +p(Pel —Ge — G)(W =49
N [€min, €Emax) X Z X 52,
w’I‘— = Uy on [emina 6max] x '™,
Y(€max, 2, 2) = 0 for  (z,Q) € Z x S2,

(1.56)

where Py and G are linear Boltzmann loss and gain terms of the form (1.12)
and (1.13) with cross sections of the form (1.32) and (1.33) and G is a linear
Boltzmann gain term of the form (1.13).

Suppose that there exists a positive function 0 < h € Cl([emin,emax]) such
that together with the density p, the cross sections oe, o7 ¢, 0 and the stopping
power S, it satisfies

0 < pog < +o0, 0<a<pore < +oo, 0 < po < 4o0, (1.57a)
0<a< S € C ([€min, €max]) (1.57b)
/ = €max
0<a< pS(e)h () 2 he)S / / (€,6,Q2.Q)dQ'de’, (1.57c)
/ €max
0<a< pS( G ) / h(€)a(e, € ,Q.Q2)dQYde’, (1.57d)
5’2

for some positive scalar 0 < a.. Suppose furthermore that
¢b S L2([€min76max] X F_), q < L2([€min7€max] X Z X 52)3
then the problem (1.56) has a unique solution v satisfying

¥ € L*([emin, €max] X Z x S?),
—p0:(SY) + Q. V100 € L?([emin, €max] X Z x S?),
Y feminemax] xT+ € L*([€miny €max] X T, ¥(€min, -, ) € L*(Z x 5?).

Proof One obtains this results by adapting the proof of Proposition 1.6 to the
present equation.
Using the expansion

¢:¢0+¢s

Mathematical modelling for dose deposition in photontherapy
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where g and s solve the following problems

_pae(Sd)O) + Q-vx¢0 + pPel(w) = q, in [emina 6max] X 7 x S?
Yo = wb on [Emina 6max] xI'™, (158&)
VYo(emax, 7, Q) = 0  for (2,Q) € Z x S?,
—p86(5¢5> + vaws

+  p(Pa— Gea — G)(¥s) = q + p(Ga(tho) + G(¢o))
in [€min, €max] X Z x S? (1.58b)
1/15 = 0 on [Emimﬁmax] X F_,
VYs(€max, ,Q2) = 0 for (z,Q) e Z x 5%

Using Lemma 1.2, there exists a unique solution 1y to the problem (1.58a) in
L?([€min, €max] X Z x S?).
As in the previous proof, one rewrites the inner products

(¢7 )‘)Hl = (¢7 >\)’L + (¢7 )\)b+ =+ (Q/)a )\)Emin

(¢’ )‘)H2 = (¢’ )‘)Z + (¢’ )‘)b+ + (wv )\)Emina

and the Hilbert spaces

Hy = {9 € L ([emms emax] X Z x §%), st |[¢llm, < oo, 95 =0
a’nd ||¢||€max = O}’
Hy = {0 € L([emm, emax] x Z x $%), st |[¢llm, < o0, [¢]s. =0

a'nd Hw”emax = O} .

Choose the bilinear form
B, A) = (—p0e(S) + L.V + p(Pey — Gt — G) (1), M) .

Adapting the computations of the proof of Proposition 1.6 leads to

(—p2e(SY), NI < alldep|lil|A ]2,
QY N < [BlloollQVatp[lil| A3,
(Pu— G — G)(@), N < BlIwllillAll,
1B, M) < Clle ) a [ M s
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with

Cq

Q

B

min(1, «, (),
max p(z) max |h(e)S(e)l,

TeZ Ee[ﬁminyemax]

max p(z) max [|h(e)S'(e)| + max(fi(e), f2(e))],

r€EZ €€ [€min,€max
fi(e) / | ot e 2 adas,

fale) = /52 - h(e)a(e, €, Q. )de d.

Y

v

For the coercivity of B, using a product rule and an integration by part
leads to write

(—pOc(SY), ) = (=S hp?); + (—0c(1), hiSV);,
(—pOc(SP), )} = (—0(Shv?))i + (St, Oe(he)));
(—0(Shep?))i + (S¥2, B); + (Shap, De(¥))s,

and therefore

[(=P(ShY))epar = (=P(ShY))

+(, p(SH' = hS"))i)
1

= 5 [(p(ShY) ey, + (W7 p(SH — hS"))i] . (1.59)

N | =

(—pO(SY), )} =

Using a Cauchy-Schwartz inequality as in (1.51) leads to

(pG(¥), / /52 /:max max (f1(€), fa(€))h? (e, z, Q)dedQdz. (1.60)

Writig together (1.59) and (1.60) leads to the coercivity of B under the condition
(1.57). The rest of the proof is identical to the one of Proposition 1.6. O

Finally this can also be proven when using the Fokker-Planck equation with
linear Boltzmann gain term.

Proposition 1.8 (Well-posedness of a LBFP equation)
Consider the problem

—p0c(SY) + QVzp —pTAgy — pG(Y) =g¢
in  [€min, €max) X Z X S2,

wh‘_ = Py on [6m1n,6max] xI'™,

Y(€max,,2) = 0 for (z,9) € Z x 52,

(1.61)

where G is a linear Boltzmann gain term of the form (1.13).
Suppose that the density p, the cross section o, the stopping power S satisfy
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(1.57) and furthermore that the transport coefficient T' satisfy
0 < T € C%[emin, €max))s (1.62)
and that
¥° € L?([emin, €max] X T'7), q € L?([emin, €max] X Z x S?),
then the problem (1.61) has a unique solution v satisfying

¥ € L?([€min, €max] X Z X 52,
—p0c(8Y) + Q.V 0 — pT A € L*([emin, €max] X Z X S2),
Y feminemax] xT+ € L?([€min, €max] X T, ¥(€emin, -»-) € L*(Z x 5?).

Proof This result can be obtained by adapting the proof of Propositions 1.6
and 1.7 . O

Using the theory of evolution equations, i.e. here the Hille-Yosida theorem (see
e.g. [32,4]), one may obtain a better regularity of the solution and its non-negativity
under the conditions

0<y’,  0<gq.

In the rest of the manuscript, the non-negativity of the solution is always assumed.

1.5.5 Well-posedness of the system of transport equa-
tions

Those three lemma lead to the existence of a solution to the problem (1.11).

Theorem 1.3 Consider the problem (1.11) with the initial-boundary conditions

w‘* =, >0, Qpe|,:¢e > (),
{ w'y(emaxa«fg, ?2) = ¢Z€€maX7$7Q) :FO b (163)

and where the electrons collision operator Qe—e is the LB collision term (1.14d)
or the LBCSD one (1.34) or the LBFP one (1.36).
Then this problem has a unique solution (-, .) satisfying

(%5, ¥e)

Q.Vathy = pQy—y(1hy)

Q-Vzwe - P(Qe—m("v/}e) + Q7—>e('¢'y))
(¢’ya ¢e) ‘ Eastim Emmess| I

Ve (Emaxs +» -)

(L*([€min, €max] X Z x S%))?,
L2([emin,emax] X Z X 52),
L2<[6mina€max] X 7 X 5’2),
(L?([emin; €max] X TT))?,
L*(Z x S%).

mM M M M M
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Proof One first remarks that the equations for photons and electrons are de-
coupled. One can first solve the equation for the photons to obtain 1), and
then use it to compute Gy—.¢(1)y) which is simply a source term in the electron
equation.

The equation for the photons has the form (1.46) and under the constraints
(1.47) on the cross sections 0., and o7, one obtains the existence of a unique
solution 1, € L?([€min, €max] X Z x S?) from Proposition 1.6.

One verifies that Gy_.e(¥y) € L?([€min, €max] X Z x S?) as long as Py €
L?([emin, €max] X Z x S?).

When using a LB collision term (1.14d), under the constraints (1.47) on the
cross sections, one may use Proposition 1.6 to obtain the result.

When using a LBCSD collision term (1.34), under the constraints (1.57a)
and (1.57b) on the cross sections and the stopping power satisfy, one may use
Proposition 1.7 to obtain the result.

When using a LBFP collision term (1.36), under the constraints (1.57a),
(1.57b) and (1.62) on the cross sections, the stopping power and the transport
coefficient, one may use proposition 1.8 to obtain the result. O

1.5.6 Deposited dose

The function of interest in medical physics is the quantity of energy deposited per
unit of mass, locally in space, by the system of transported particles, so-called
dose D(x). The biological impact, e.g. for the linear-quadratic model ([30]) the
proportion of cells surviving to the treatement, is assumed to be a known function
of this dose. This quantity of energy transfered to the medium is the quantity of
energy lost by the system of particles. Based on the collision operators, one can
obtain the dose by computing a global balance of energy. It reads

o) = [ e Q) + Qo)
+Qesy (V) + Qemse(Ve)] (€, 2,Q)dQde.

When using a linear Boltzmann collision operator for the collisions e — e, using
(1.17) and (1.25) leads to simplify the dose into

/;m:/sv U /52 e — €)ooy (e, ¢, Q.0) (1.64)

€oce(e e, Q.0) dYVde' |y (e, 2, Q)

[/ / e—€)ona(e €,0.9)

€onale, e, Q.Q) dVde e (e, z, Q)dQe.

In the formula (1.64), one can identify the stopping power S defined in (1.35b), and,
therefore, when considering a LBCSD operator (1.34) or LBFP operator (1.35a),
the formula for the dose is the same.

Another method to compute the dose consists in computing the energetic balance
in a spatial cell C}, centered in = of radius A. Then having h tends to zero provides
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another definition of the quantity of energy deposited at point . The flux of energy
on the boundary 9C}, is €Q21), then using the divergence theorem leads to

. 1 €mazx
D) = Jim s /mm }gc}le(Q.n)q/J(Le,Q)dS(m)dee

— 1 - Q. 0)dzdQ
hlg%)MassCh/e /52/Ch€ V(e x, Q)dxdQde

min

- [ V(e 2, Q)dQde,
/E_ /52 p(x) ( )

min

where n(z) is the outgoing normal to 9C}, at point x, dS(z) is the Lebesgue measure
on the boundary of the cell 9C}, (i.e. on rectangles) and Mass(C}) is the mass of
particles of the medium contained in Cy, i.e.

Mass(Cp) = /Ch p(x)dx.

Remark that both definitions of the dose are equivalent according to (1.11).

In order to compare the dose obtained with different methods, it is often con-
venient to normalize the dose with the maximum dose, so-called Percentage Depth
Dose (PDD)

D(z)
PDD(x) = ——.
(=) max (D)

1.5.7 Reduction to 1D problems

As a first approach, it is often easier and more convenient to start studying one
dimensional problems instead of three dimensional ones. One dimensional problems
correspond here to the transport of particles in slab geometry. In 1D, (1.11) turns
into
1Oxthy (€, 1) = p(x) (Qyoy(1hy) + Qesy(Ye)) (€, @, 1), (1.65a)
10xve(€,x, 1) = p(x) (Qese(Ve) + Qyme(ihy)) (€, 2, 1), (1.65b)

with the collision operator in (1.14) and where the gain terms proposed in (1.13) in
1D are replaced by

€max +1
Ga—wwa)(@ﬂ%#) = / / . O-clxgﬂ(elv€7MI’M>¢(X(€/7$’/“L,)dlu’/del,
€ _

0&25(6’, e, ) = /(156[0 ) ]Ua_w(e', €, ' p+ \/1 — ,u’Q\/l — p? cos ¢)d(cos @),

the loss term are unchanged (i.e. given by (1.12)). The differential and total cross
sections are defined in Subsections 1.4.2. The approximations of the linear Boltz-
mann operator in 1D leads to write the LBCSD (1.34) and the LBFP (1.35a) oper-

ators

QLBC’SD(#»(E, T,p) = [a€<5¢) + (Gel - Pel)(w)] (67 €, :U’)v (1'650)
Quarr(@)(ex, 1) = [0(S¥) + 0, (1= 12)0u0)| (e, ).  (1.65d)
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1.6 Conclusion

The aim of the present thesis is to propose a numerical approach for computing the
dose (1.64) and eventually to optimize this dose.

The model (1.11) with the different collision operators is the fundation of the
numerical methods for dose computation and optimization in this manuscript.

However, discretizing directly such an equation leads to numerical methods (typ-
ically discrete ordinate methods, see e.g. [22]) that require very large computational
ressources due to the high dimensionality of (1.11).

In order to reduce these computational costs, the method of moments is intro-
duced in the next part. This method provides lower dimensional models. Part III
presents numerical methods adapted to such moment models which are shown to
require less computational power than some reference methods.
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Angular moments

47







Chapter 2
Moment models

2.1 Introduction

The method of moments is used in a very large of physics. It was first used for
linear transport equations in astrophysics ([10, 11]) and in radiative transfer ([12],
see also e.g. [35, 14, 30, 24, 8, 6] for more recent applications). It has been afterwhile
applied in a large range of fields of physics, such as in fluid dynamics, particularily
for rarefied gas dynamics (see e.g. [20, 31, 28, 34, 21]), in quantum mechanics with
application to the study of the semi-conductors (see e.g. [3, 36, 25]) and in plasma
physics with application for the inertial or magnetic confinement fusion (see e.g.
[32, 33, 22, 23, 16]).

The method of moments is a type of model reduction of kinetic equations. The
purpose of this method is to reduce of the number of degrees of freedom, i.e. the
number of variables. In practice, it consists in studying some integrals, afterward
called moments, of the unknowns v, and . instead of the fluences themselves.
As those moments depend on less variables than the fluences, their computation
typically requires less numerical efforts. However the method of moments can also
be used as a numerical method to discretize the angular dependencies €2, i.e. when
studying high order moments (see e.g. [9, 27, 2, 1, 26, 7]).

Moment models are applied in such a diverse range of physical problems because
they preserve the major properties of the underlying kinetic models. In particu-
lar; the derivation of the moment models described in this manuscript focuses on
hyperbolicity, positivity and entropy dissipation.

Although, several issues emerge when deriving those models. In this chapter, the
derivation of the angular moment models is presented and illustrated through the
extraction of the moments of the kinetic equation (1.11). In the next two chapters,
two of the problems emerging from the moment extraction are studied.

In order to simplify some notations and to exhibit properties of the moment
method in this chapter, the following kinetic equations and their moments are also
studied

in 1D: Op+0, F(¢)
in 3D: Op+V 4. F ()

Cl),  F@)=wp (2.1a)
Cl),  Fp) =2 (2.1b)

and C(v) is a collision operator which satisfies certain properties that will be spec-
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ified later.

2.2 Angular moment extraction

First, the following notations are defined.

221 In1D

In order to simplify the writing and/or the computations, 1D problems are often
studied.

Notation 2.1 The integral of a function ¢ over all cosangles u € [—1,+1] is
denoted

+1
W= [ vlw)dy.

Moments, in 1D, are defined by

Definition 2.1 (a) Moment of order i:
The angular moment 1 of order i of a function v is given by

vo= (uiy).

(b) Vector of moments:
Suppose an independent family of polynomials of the components of u €
[—1,+1] ranged into a vector m(u). The vector ¥ of moments of a func-
tion Y according to m is

Y = (my).

The vectors, and especially the moments vectors are written in bold.

Example 2.1 Consider ¢ € L'([~1,1]), then

+1 +1 +1
0 = Y(p)dp, P = / pb(p)dp, P = / 12 (w)dy.
1 —1 -1

Chose for instance m(pu) = (1, p, p?) then

v= [ muudn = @0, ¥, 9?)

2.2.2 In 3D

For 3D problems, the following notations are used.
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Notation 2.2 For convenience, the integral of a function ¢ over all directions
0 € S? is denoted

() = | $(Q)dQ,
52

as in 1D. In case of ambiguity, the integral notation is used.

In 3D, moments are commonly ranged into tensors or vectors.

Definition 2.2 (a) Moment of order i (tensorial form):
The angular moment ' of order i of a function v is given by

W= <Q®iw>’ 0 =000,

i times

where ® refers to the tensor product, and Q% is the i-th power of §)
according to the tensor product. The moments under tensorial form are
always written with a superscript. The components of a moment ' is
denoted by adding subscripts, e.g.

PP = () .

(b) Vector of moments:
Suppose an independent family of polynomials of the components of €} €
S? ranged into a vector m(Q)). The vector 1 of moments of a function 1)

according to m is

Y = (my).

When m is a vector composed of all monomials of degree i, one can pass from
one notation to the other by simply reodering the components of 1 into tensorial

form.

Example 2.2 Consider 1) € L'(S?), then
0 = [e@de, o= [ ow@d ¥ = [ 0@ =
S2 S2 ’ S2 ’

v'o= [ ou@ade= (v, vk )

) Vi1 Yia Pis
W o= [, 0e0u@de= 1/;;2 1@2 wg,g
Yis Y33 Y3

Chose for instance

m(Q) = (Q1, Q2, 3, O, U, O3, U3, W03, Q3F),
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then

v = [ m@u@d =@ v} v v, vla v v vEs ).

Both notations have advantages that are exploited in the next chapters.

The tensorial notation typically provides a physical meaning to the moments,
e.g.. by analogy with fluid model, 1" corresponds to a density of particles and ' to
a flux. Although this notation is redundant, because the components of a moment
tensor are not independent, e.g. the matrix 1?2 is symmetric %2, = @bJQl

The vectorial notation is typically more compact and does not present redun-
dancy as long as the vector m is composed of independent polynomials.

The purpose of the use of moments in this manuscript is to reduce the compu-
tational costs compared to direct discretization of a kinetic equation. This can be
illustrated by the following simple computation.

Example 2.3 Suppose that a fluence (e, x,8) is discretized with Ne = 100
cells in energy, N, = 500 cells in position and Nq = 128 cells in direction. As
a comparison, consider a system of four moments (corresponding e.g. to M
model in 3D, see below Chapter J Section 4.5) with the same number of cells
in energy and position. Comparing the degrees of freedom for the kinetic and
moment systems reads

Niinetiec = Ne X Np X Ng =6.4 X 106>

N kinetic

Nmoments = 4 X NeX Ny =2xX 10° = 39

The kinetic system has more degrees of freedom than the moment system when
the number of moments studied is lower than Nq.

2.3 Moment equations

One obtains equations for the moments v’ by extracting the moments of a kinetic
equation. Those equations are computed here for 3D problems. The 1D moment
equations can easily be computed using the same method. First the moments of the
kinetic equations are computed (in Subsections 2.3.1 and 2.3.2), then the moments
of the different parts of the collision operators are computed in Subsections 2.3.3 to
2.3.5 and gathered in Subsection 2.3.6.

2.3.1 Moments of the toy kinetic equation

Extracting the moments of (2.1) reads
under tensorial form

ot + Vgt = (2.2a)
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or under vectorial form

Onp + Vu.F=C, (2.2b)
F = (Q@m(Q)(e,z,Q).

Here C* and C are the moments of the collision operator C(/) under tensorial and
vectorial form.

2.3.2 Moments of the electron and photon tranport equa-
tions

Extracting the moments of (1.11) reads
under tensorial form

Vet (e,e) = p(a) Qs () + Qi (8D)] (2,0), (2.32)
Ve @e) = ple) [Qe(wl) + Q)] (@), (2.3D)

or under vectorial form

Vx.Fy(x, e = p(x) [Q7—>7(1/’7) + Qe—w(we)] (z,¢€), (2-30)
Vi Fe(z,e) = p(a) [Qese(tPe) + Qyoe(Py)] (2, €). (2.3d)

In the next subsections, the moments of each part of the collision operators Q,—z
are exhibited.

2.3.3 Moments of a linear Boltzmann loss term

Generically, the moments of a generic linear Boltzmann loss term P (1.12) based on
a total cross section o read

P'(y')(e,x) = or(y'(ex), P()(ex)=or(e)(e ). (2.4)

2.3.4 Moments of a linear Boltzmann gain term

Here the moments of a generic linear Boltzmann gain term (1.13) for inelastic and
elastic scattering, i.e. based on generic cross sections o and o, are computed.
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2.3. Moment equations

Inelastic gain term

Similarily, the moments of a generic linear Boltzmann gain term G based on a
differential cross section o read

GO(W0) (e, ) = / " G0 (e, ) e, (2.52)
G (W) (e, 1) = / " Gl (¢ x)de (2.5b)
€mazx 0'0_0'2
CWen = | [ T a1
2 0
T W ) | e (2.50)
GW)ea) = [ st pla. e, (254)
where ¢! are moments of ¢ according to the last variable
. +1
o) =2r [ ol e mdn, (2.5¢)
—1

and s is a matrix the components of which are linear combinations of the moments
o*. See Appendix 2.A.1 for the computation of the matrix s.
Elastic gain term

For elastic effects (e.g. for the present problem, Mott effect (1.22) is elastic), the
moments of an elastic linear Boltzmann gain term based on a generic cross section

o Tead
Gle]l(wo)(evx> = Ugl(€)¢0(€7x)7 (2'63‘)
L en) = ol () (2.60)
o0 _ o2 02 — o0
Ger) = T T (0, 1d+ T (2 (r,0),  (260)
Gub)(e.2) = sale)ap(r.o). (264)

2.3.5 Moments of a Fokker-Planck operator

The moments of a Fokker-Planck operator (1.35a) read

br)(ex) = B(SYO)(e ), (27a)
Fr@N(e2) = 0(S¥h)(e7) - 2T()P' (6, 2), (2.7)
EpA)(en) = 0(SY?)(e,x) +20T(e) [tr(¥?)Id — 302 (e,z),  (2.7c)
Qrr()(ex) = A(SY?)(e,2) + T()(Aat) (e, z), (2.7d)
Qrp(Y)(e,z) = I(SY)(e,x) + T(e)Mpptp(e, x), (2.7¢)

where the matrix Mpp is computed in Appendix 2.A.2.
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2.3.6 Moments of the full collision operator

The moments of the collision operators (1.14) for photon and electron transport
described in Chapter 1 can be computed by gathering the moments of the collision
operators defined in the previous subsections.

In tensorial form

The moments of the collision operators (1.14) under tensorial form read

ww;) = [Goy — PENWY), (2.82)
Se(¥) Ce(¥)), (2.8b)
,yw;) 0, (2.8¢)

He(wé) = | 2M,l + G71;\4,2 + G§\40tt - PJZQ - Pf%tt] (1/’2)7 2.8d)

(
Wherg Gia,y, .iae, GZM1 and GMQ have the form (2.5), G, the form (2.6), and
Pt, Py, and Pj,,, have the form (2.4).
At the moment level, the CSDA leads to

ere(V0) = QLposp(¥e) = 0:(SUe) + (Ghya + Ghyon — Phaon) (We)- (2.9)

At the moment level, the FP approximation leads to
e (VD) ~ Qprp(Ul) = 0c(SYY) + (T(Aatke) + Giyz) (VD). (2.10)

In vectorial form

The moments of the collision operators (1.14) under vectorial form read

Qv () (Gey — Pcl(wy), (2.11a)
Qy—e(¥y) = Geel(dy) (2.11Db)
Qe (Pe) = 0, (2.11c)
Qese(e) = [Gm1+ Gm2+ Gumott — PM — Pmott](¢e),  (2.11d)

where Ggcy, Gees Gy and G2 have the form (2.5), Guote the form (2.6),
and Pc, Py and Pyjott have the form (2.4).
At the moment level, the CSDA leads to

Qe—e(e) = QLBCSD (Ve) = 0c(S9e) + (G 2 + GMott — PMott) (Pe).  (2.12)

At the moment level, the FP approximation leads to

Qe—e(Ve) = QLBFP(Ve) = 0:(S%e) + (QFp + G, 2) (Ye)- (2.13)

The moments of a 1D function ( ,u%> can be seen as the first component of a moment
of a 3D function (Q%%), and can be easily computed from (2.8) and (2.11).
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Remark 2.1 The moments of the LBCSD and the LBFP operators are iden-
tical up to order 1. Indeed, according to the definition (1.35c) of the transport
coefficient T and the definition (2.5e) of the moments of the differential cross
section o', one has

0 = ormon(e) — Tiz0t(€);
2T(e) = ormo(€) = Thson(€)-
Injecting it in (2.10) reads
Qierp(¥d) = 9e(SY2) +Ghya(v?)
De(S2) + (UMott o1, Mot )0 + Glra(Wd) = Q2 posp (WD),
(S¢e) —
(Sve)

m

Qlprp(¥e) = 0c(Swe) — 2T + Ghra(¥2)
= 0c(SY) + (Thron — o Mott)VT + G 2(¥2) = QLpesp(We)-
The moments of order higher than one of the LBCSD and the LBFP operators

differ. Therefore moment models of order one can not differentiate a CSD
operator from a FP one.

In the field of radiotherapy, the dose (1.64) is the function of interest. This dose
can be obtained from the moments of 1. and 1. Indeed, the equation (1.64) can
be rewritten

D(x) :/:W.M {/6 (e — 6/)0'2v77(6, €)+ elag’e(e, €) de'] wg(e, x) (2.14)

€B

| [ (e obiated) + €olaled) deu(e, )

€B

Therefore, the angular moment models can be used to compute the dose.

2.4 Conservation properties at the moment level

Based on the Properties and Propositions 1.1 to 1.5 of Section 1.4.2 obtained at the
kinetic level from the conservation properties of the underlying molecular model,
one can easily deduce their equivalent after moment extraction.

2.4.1 Compton scattering
After moment extraction, Property 1.1 turns into the following proposition.

Proposition 2.1 The quantity of photons remowved, created, and the quantity
of electrons created by Compton effect are equal at the moment level iff

or.c(€) :/ agwﬂ(e, e')de':/ cr&e(e, € )de'. (2.15)

€B €B

56 T. Pichard



2. Moment models

This follows from Proposition 1.1 (by extracting moments from (1.17)) and can also
be obtained by reproducing the proof of Proposition 1.1.

Similarily the conservation of momentum (i.e. Proposition 1.2) at the moment
level leads to:

Proposition 2.2 The macroscopic momentum in the system is preserved by
Compton effect at the moment level iff

€

2290100 = [ 12V (6€) + pel€)otole €)]de =Oga. (2.16)

€B

This follows from Proposition 1.2.
After moment extraction, Property 1.4 turns into the following property

Property 2.1 The moments of the differential cross sections for photons and
electrons are related to each other through the following formulae
0%76(6/, €) = Ugw (€, —e—epB), (2.17a)
1 p’Y(G/) 0 ro
oc(€,€) = o €,6 —€—€p
C,e( ) pe(e) Cyy ( )
pw(el—e—GB) 1 ’or
——Y—— 0 €, —e—e€p), 2.17b
pe(f) Cyy ( ) ( )
i g NN J
: i\ (Py(€)
ob (€,e) = . ( 7 ) 2.17c
C,e( ) JZO ( j ) Pe(ﬁ) ( )
(i=3)
pw(f'—6—63)> i—j (1
T e — o €, —e—e€p
< pe(e) i ( )

The first equality can also be interpreted as having equal quantity of outgoing pho-
tons of energy € as of outgoing electrons of energy ¢ — € — eg. The second and last
equations are obtained from (1.21), by doing a change of variable

” p7(€/> _Mpe(el_€_63>

e P~ (€) ’

and then writing ;7% as a function of .

2.4.2 Mott scattering

Similarily as for Compton scattering, the conservation Properties 1.2 can be inter-
preted at the moment level by the following proposition.

Proposition 2.3 The quantity of particles and the energy in the system is
preserved by Mott effect at the moment level iff

UT,Mott(e) = 5'9\/107575(6)- (2.18)

This follows from Proposition 1.3 or by rewriting the proof of Proposition 1.3 at the
moment level.
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2.4.3 Mgller scattering

As for Compton effect, at the moment level, Property 1.5 turns into the following
property.

Property 2.2 The moments of the differential cross sections for primary and
secondary electrons are related to each other through the following formulae

0?\4,2(6/7 6) = 0—8471 (6/7 6/ — €= 6B) (219&)
1 / pe(el) 0 ot
o €,€) = o €,6 —€—€RB
M,Z( ) Pe(€) M,1 ( )
/ —_ J—
_MU% ol ccm), (2.19b)

Pe(€)

ohra(€,e) = :O< ; ) ( pe((i)) )j (2.19¢)

j
(i—3)
_ pe(€ —G—GB)> i

M,2 (617 6/ —€— 6B) )

The conservation Properties 1.3(a) and 1.3(b) can be translated at the moment
level by

Proposition 2.4 The quantity of electrons removed, and of primary and sec-
ondary electrons created by Mgller effect are equal at the moment level iff

orm(e) = /0’?\471(6,61)(%/:/ 0'9\/[,2(6,6/)616/. (2.20)

€B €B

The proof is identical to the one of Proposition 2.1.

Proposition 2.5 The macroscopic momentum in the system is preserved by
Mgller effect at the moment level iff

Oms = pelora(©) = [ pele)(ohiy +olie ). (221

€B

The proof is identical to the one of Proposition 2.1.

2.5 Issues with moment models

The method of moments reduces the dimension of the space of the variables for the
problem. Although several problems emerge from the moment extraction. Among
the most important ones, the realizability and the closure problem are presented in
the following subsections and are studied in detail in the next chapters.
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2.5.1 Realizability property

In order to relate more closely the moment model to the associated kinetic model,
one may want to reconstruct a fluence ¥ (€2) based on the solution t of a moment
equation. At the kinetic level, a fluence v is necessarily non-negative because it
corresponds to a density of particles in a certain variable space (see Definition (1.9)).
Then, based on Definitions 2.2(a) and 2.2(b) of the moments, physically relevant
solutions to moment equations such as (2.2) or (2.3) need to be the moments of a
non-negative function 1 according to the €2 variable (or p in 1D). This imposes a
condition on the vector of moment afterward called realizability condition.

A vector 1 (or a set of tensors (¢, 4!, ...,4?")) is called realizable if there exists
at least one non-negative distribution ¥ (2) such that 1 is composed of moments
of 1. This theoretical definition is complicated to use for practical applications.
Therefore practical characterization of the realizability property are seeked. The
next chapter is devoted to this problem.

2.5.2 Closure problem

The moment system (2.3) does not have a unique solution. This can easily be
observed because it has more unknowns (4,9, ...,4") and "V *! (or ¢ and F in
vectorial notation) than equations. Especially, the moments of the solution to the
kinetic equation (1.11) are in the set of the solutions of the moment system (2.3).

In order to have a unique solution to the moment problem (2.3), one needs to
close the system. This closure consists in adding relations in order to have as many
unknowns as equations. Commonly, this closure consists in expressing ¥V ! as a
function of the other moments (¢, ...,4"). This problem is commonly solved by
reconstructing an ansatz 1p having (1°,...,4") as moments of order 0 to N and
then the closure relation is chosen to be

PN+ = <Q®N+1wR>'

In order to relate the moment model to the underlying kinetic model, one may
chose ©¥g to be non-negative, and therefore the closure problem is related to the
realizability problem through the construction of this representing ansatz. Chapter
4 is devoted to this problem.

2.5.3 Boundary conditions

The moment extraction procedure of Section 2.2 is well-understood in the interior
x € int(Z). However, defining properly boundary conditions for moment models
corresponding to the underlying kinetic ones remains an open problem.

The kinetic boundary conditions impose incoming fluxes (see Section 1.5), i.e.
1 is fixed to 9® only on I'". As moment extraction is an integration over the whole
unit sphere S2, this does not provide enough information to defined the whole flux
F on the boundary for moment equations.

According to the theory of hyperbolic equations (see e.g. [13, 4, 15]), not all
the flux F needs to be imposed on the boundary and one may define boundary
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conditions for moment equations based on this theory. However, it remains unclear
how to relate such boundary conditions to the underlying kinetic ones in the general
case.

Several approaches are based on the study of the half space problem (see e.g.
[19, 5]). This problem was also adressed e.g. [29, 37, 18] in the particular case of
linear closures (see the Py closures in Subsection 4.7.1 below). Other methods, such
as the partial moment method [38, 17], circumvent this issue.

The problem of boundary conditions for moment equations is not dealt with in
this manuscript. In Part III, boundary conditions for the moment equations are
imposed at the discrete level. They are assumed to approximate the underlying
kinetic boundary conditions accurately enough for the present applications.
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Appendix

2.A Moments of the collision operators

Integrating the collision operators over the angular variable € is not trivial. Com-
putations are summarized here. Only the 3D computations are shown, the 1D ones
can be deduced from them.

2.A.1 Moments of a linear Boltzmann gain term

Generically, a kinetic linear Boltzmann gain term can be written

GO = [ ol Q@)

where the z and € variables are removed because they can be seen as parameters in
this equation.

Moment tensors

By using the change of variable Q7 = RT(Q where the rotation R is such that
YR = e1, the moments of order 0 and 1 of G(¢)) in tensorial notation reads

G'()(Q) = /S i /S (. Q)i (Q)d dQ
= / / o (V. Q)dw(Q)dQY = o%4°,
SQ 52
Gl(y)(Q) = /S i SQQU(Q/.Q)@Z)(Q’)dQ’dQ
-~ / / Qo (€Y. Q) () dY
52 J82
= / R / Qo (7e)dQ () dSY
S2 S2
— / Re1o ' (Q)dSY = / Volp()dY = o',
S2 S2
where

) +1
o' = 277/ who(p)du.
~1

61



2.A. Moments of the collision operators

The computation of the moment of order two in tensorial form of this gain term
is presented (corresponding to (2.5¢)). Then the computation in vectorial form is
presented, and one can obtains the moment of any order 4 in tensorial form from it.

Multiplying G(1/)(2) by Q ® © and integrating it over all Q € S? yields

G2()(Q) = / Q00 [ o(@.Q)p(Q)dYd0
S2 S2

_ / 0 @ Qo (€.0)dQ(€)dY.
S2 /52

By using the change of variable Q” = RT() where a rotation R is such that 'R = ey,
the moments of order 0 and 1 of G(%) in tensorial notation reads

Qe Qo (.Q)dQ = Z(RTQ”) ® (RTQ)o(e1.027)dQ”
S S

— RT / Q7@ Q70(e1.Q7)dR
S

MnQ /’L” /1 — N”Zc Iun /1 — /’L”ZS
— RT/2 N’,mc (1 _ M??Q)CQ (1 _ [L”2)CS U(/L”)dQ”R,
S Mnms (1 _ M??Z)CS (1 _ M772)82
. /J'”2 0 0
= 27RT / 0 =2 0 |o()duR
= 5 w)dp
—1 0 0 1_5772

where ¢ = cos ¢” and s = sin ¢”. This leads to (2.5¢c).

Moment vector
Multiplying G(¢)(£2) by a vector m(2) and integrating it over Q € S? yields
) = [ m@ / o Q)u(S)ddn
s s
- / / m(Q)o (€.Q)dQu(Q)dY
52 Js2

Now using the change of variable 2”7 = R{2 leads to

m(Qo(.Q)de = | m(RTQ)o(e.07)d".
S S

Suppose m({2) is a linearily independent family generating the set of polynomials of
degree N over the unit sphere S2, then the vector m(RTQ”) can be written

m(R'Q") = A(Q")m(),
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where the components of the matrix A(Q2”) are linear combinations of the compo-
nents of m(Q”). This matrix can be computed for particular choices of m(f2), but
there is, a priori, no simple formula general to any degree N.

Therefore one obtains

G)(Q) = sp(Q),

s = [ AQ)o(er.07)a0
S

The components of the moment of order ¢ (in tensorial form) of a linear Boltz-
mann gain term are the same as the one of a moment vector. One can obtain the
moments of this gain term from those computations.

Example 2.4 For the moments according to m(2) = (1,), the matriz s reads

ORB O'IId
For the moments according to
m(Q) = (Ql7 927 Q37 QQ-; Q%? QQ-) QIQ% QIQ37 9293)7

the matrixz s reads

O'lld O]Rsx?s 0R3><3

0_ 2 3 2_ 0
s — | Omsxs g 5 7 Mpsxs + %Id Ogsx3 ,
3 2 _ 0
Trese Ops s %Id
where

1 1 1
Mpsxs = 1 11
1 1 1

2.A.2 Moments of a Fokker-Planck diffusion operator

Similarily the computation of the moments of the Fokker-Planck agular diffusion
term is shown for moments under vectorial form and in the tensorial form for mo-
ments of order two.

The Fokker-Planck diffusion term reads

1
1 — p?

Aot () = 0, (1 = 12)00()) + D2 (%). (2.22)
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2.A. Moments of the collision operators

Moment vector
Multiplying (2.22) by m(€2), integrating it over all Q € S? and using an integration
by parts leads
1
_ 2 2
[ m@aav@an = [ m(@ [0, (- w2)0,0(2) + 15030 d

_ /S 2 [aﬂ (1= 12)8m(@) + 1_11u28£m(§2)} H(Q)dE.

Suppose m({2) is a linearily independent family generating the set of polynomials of
degree N over the unit sphere S2. By exhibiting the value of

@Qyjﬁ@mmﬂ+ljwﬁmmx

one can easily show that this vector is only composed of linear combinations of
m($2). This leads to the matrix formulation

{%«L#ﬂ%mm0+ljmﬁmm42Mﬁmm%

where the matrix Mprp can be computed for any choice of m(€2), e.g. when m(2) =
(1,9)

0 Op:
MHMMD:<OM _§d>mm»

and when m(Q) = (Ql, QQ, Qg, Q%, Q%, 92, 9192, Qng, QQQg)

—21d Op3xs Ogrsx3
Mppm(Q)) = Opsxs 2Mpsxs — 6Id Osxs | m(Q),
Ogsxs Or3x3 —61d
111
Mpsxs = 111
111

Again the moments under tensorial form can be deduced from this notation.

Moment tensor

In the special case N = 0 and N = 1, the moment of (2.22) under tensorial notation
reads

/52 Ay()d = 0,
/52 QAp(Q)dQ = /52 {aﬂ (- 1)9,0) + 1_1M26;Q] BH(Q)dO,

_ /—QQw(Q)dQ,
SQ
= -2y
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In the special case N = 2, the moment of (2.22) under tensorial notation reads

/SQ Q® QAGH(Q)dQ = /S [au (- m)9,080) + 1_1MQ(‘)§)Q 2 0| ¥(Q)d0,

- /52 (21d - 6Q ® Q) ¥(Q)dQ,

_ /S (2tr(Q ® Q)Id — 60 ® Q) (Q)dS,
= 2tr(y?)Id — 6>
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Chapter 3

Realizability

3.1 Introduction

In order to provide deeper physical meaning to the solution of moment equation,
one aims to relate the solution 1) of moment equation such as (2.3) to an underlying
kinetic fluence .

Among the properties that satisfy a kinetic fluence 1), this chapter focuses on the
positivity. Indeed, since 1 is a density in the space Z X [emin, €max] X S2, a negative
value of v is non-sense as it corresponds to a negative quantity of particles.

The necessity for a density to be positive is well understood. However it becomes
more complicated, after extraction of moments, to determine whether a vector
is the moment vector of a non-negative function . A vector is called realizable
if it is the moment vector of a non-negative function ¥ (€2). The definition of the
realizability property being difficult to use for practical applications, one typically
seeks characterizations.

The study of the realizability property originally emerged in the end of the
nineteenth century. This problem was mentioned by P. L. Chebyshev in 1873 ([8])
and was pushed forward by A. Markov ([21, 22]). However, it is T.-J. Stieltjes
who gave the name "the Moment Problem" ([34]) to the problem of characterizing
whether a vector V is realizable. This field of study was widely developed (see e.g.
with [1, 2, 17, 9, 19] and references therein) after E. Artin solved the 17-th Hilbert
problem ([3, 13])

Nowadays, the "moment problem" refers to the problem of characterizing the
realizability of a vector V when the domain S of integration (for our purpose, S =
[~1,1] in 1D, and S = S? in 3D) can be identified to a subset of R. Among
the moment problems, the problems of Hamburger (S = R), Hausdorff (S = [a, b]),
Stieltjes (S = R*) and Toeplitz (S = S!) were solved and practical characterizations
are available (see e.g. Subsection 3.3.2 and [1, 9, 18]).

Commonly when the number of moments is finite, i.e. the vector ¥ € RV with
N < oo, the problem is called "truncated moment problem". When the set of inte-
gration S is not restricted to one dimension, such as in the present 3D problem, the
problem is called "the generalized moment problem"'. No practical characterization
of the realizability property were provided in the general case where the set of inte-
gration S is not one dimensional and for arbitrarily large order N of moments. The
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moment problem on compact algebraic varieties (and semi-algebraic varieties), com-
monly called K-moment problem is widely studied ([12, 10, 20, 4]), but only partial
results were obtained for moments on S2. Some of them are recalled in this chapter
and will be used in the next one to study the realizability of moment closures.

3.2 Preliminaries

The truncated moment problem, i.e. the problem of characterizing whether a vector
V is a moment vector of a positive function 1 presents much more difficulties in 3D
as 1D. Although similar methods are used for both problems. A generic workframe
is given for both 1D and 3D problems. The generic variable of integration is written
x and it belongs to a set .S, i.e. when studying 1D problems

r=pe[-1,1=S5
and for 3D problems
r=0€e€85*=8.

The set of polynomials of degree less or equal to K is denoted RX [X] in 1D, or
RK[Xl, XQ, Xg] in 3D.

3.2.1 The realizability domain

For writing purposes, the definition of the realizability property given here is slightly

different compared to the one given in the introduction, 7.e. the underlying function

1 is chosen to be strictly positive instead of non-negative. However, one can prove

that those two problems are equivalent, e.g. with the work of [23, 5, 6, 7, 15, 31, 14].
The following notations and definitions are used

Notation 3.1 The set of strictly positive L' functions over a set S is denoted
LY(S)*, i.e. fe LY(S)T iff

feLYS) and essinff>0.
S

The realizability property is commonly studied for moments under vectorial form
(or under matricial form, see Subsection 3.2.2).

The truncated moment problem yields

Does there exist a function 1 € LY(S)T,  such that V = (my)? (3.1

Remark that in 1D or 3D, only moments on the compact sets [—1,1] and S? are
studied. Then having ¢ € L'(S) is sufficient for the existence of the moment ac-
cording to any polynomial p. Indeed, on a compact S the polynomial p is bounded
by min(p) € R and max(p) € R and so

min(p) (¢) < (py) < max(p) (¥).
Therefore (py) exists.
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3. Realizability

Definition 3.1 The realizability domain Rpy associated to a vector of polyno-
mials m over S is the set of all realizable moment vectors

Rom i= {<m¢> . e L1(5)+}. (3.2)

We first prove the following proposition.

Proposition 3.1 If m is a linearily independent family of polynomials over S,
then the realizability domain Ry, is open.

Proof Suppose V = (my)) € Ry, and define

e:=ess infy > 0.
S

Let us exhbibit a neighborhood of V included in Ryy,.
Define
Simple computations show that the matrix (m ® m) is symmetric positive defi-

nite, and therefore non-singular. Therefore the family (Vi){izl,...,c’ard(m)} of its

column is a basis of RCard(m),
Therefore for all a > 0, the set

V:{V+aZAivi, A €] —1,1], izl,...,Card(m)} (3.3)

is a neighborhood of V in RC@rd(m)

Choose e.g.
€

= 2Card(m)

With this choice of «, one can easily show that

> 0.

aZ)\imi(az) >—€, Vres, Ve -11, i=1,..,Card(m).

Therefore, with this choice of «, each vector of the set (3.3) is represented
by a function

b=1v+ad \m;e L)
such that ess infi) > e — § > 0. Therefore Y € L'(S)T and each point of V

S
is included in Ry,. For each point V € Ry, there exists a neighborhood of V
included in Rupm. O

In order to study the geometry of the realizability domain, and especially its
boundary ORy,, one generally study at a slightly more general problem. By consid-
ering that L'(S)" is a subset of M(S), the set of the Borel measures on S, one can
generalize the notion of moments.
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Example 3.1 Suppose S = [—1,1] and m(u) = (1, wu). Consider the sequence
(Yr)ken defined by

1 pw—1 )2
g ex S e o
Yrlp) = T—o—exp < ( NoT )
One can verify that ¥y is bounded in L*(S) norm by 1. However the sequence
Y does not converge in L*(S), while the sequence of its moments

+1
[ wedi — @

does converge in R?.
In the sense of measures, ¥y converges to a Dirac measure in =1

Yr(p) — o(p—1),

k—o00

and therefore the sequence of moments converges to the moments according to
this measure

[mitnan — [ w1 =, .

k—oo J_1

This examples is a motivation to extend the notion of moments according to L'
functions to moments according to measures.

Therefore one can generalize the truncated moment problem by looking for a
representing measure v instead of a positive function ¢ € L1(9)*.

The truncated moment problem (according to measures) yields

Does there exist a measure vy such that V = / mdy(x)? (3.4)
S

This notion of moments according to a measure is required in order to characterize
the boundary of the realizability domain Ryy,.
In the next sections, the following set is studied.

Definition 3.2 The set R} associated to a vector of polynomials m is defined
by

R™ {v e RO, 5y V= lim (myy) (3.5)
—00

for some bounded sequence vy in LI(S)+} :

Remark that each vector of R} is represented by some measure 7
VeERy, = V= /Sm(x)d’y(x).

According to Definition 3.2 and to Proposition 3.1, the following relations hold
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R =Ry NRETI™) R — int(R7), (3.6)

where the superscript E refers to the closure of a set E and int(E) refers to the
interior of a set E.

Definition 3.1 of the realizability domain Ry, (and the definition of the set RJ%) is
difficult to apply to practical problems. Instead, one typically aims to characterize
the realizability property by some numerical conditions easier to check. For this
purpose, the following definition is introduced.

Definition 3.3 A convex cone C is a set stable by positive combinations, i.e.
if
V(Vl,VQ) S 02 V(Oél,OéQ) € (R*+)2, a1V +as Ve e C.

The following property offers a first characterization of realizability property.

Property 3.1 The realizability domain Rm and the set R} are convex cones.

Proof Using Definition 3.1 of the realizability property, there exists
Y1 € LY(S)T and vy € LY(S)T such that

Vi = (myy), Vi = (my)o) .
Therefore one obtains
a1Vi +a2Va = (m (a1 + azi)),

where a1t + agy € LY(S)*.
Similar computations hold for R}}. O

Remark 3.1 This property is commonly used when constructing numerical schemes
for moment equations in order to prove that such schemes preserve the realiz-
ability property from one step to another.

This characterization is convenient to construct realizable vector. However, in
order to exhibit the realizability property of a vector V, one still requires the knowl-
edge of two realizable vectors V1 and Vo, which is a priori not a simpler problem
than the original one (3.1).

Strategy: In order to find practical characterization of the realizability property,
first a necessary condition for a vector to be realizable (Subsection 3.2.2) is seeked.
Then, under this condition, the existence of a representing measure (Sections 3.3
and 3.4) is proven by exhibiting one representing measure.
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3.2.2 The Riesz functional

In the following, we seek necessary conditions for a vector to be realizable. Those
are commonly easy to find. For numerical puprposes, we seek numerical inequality
conditions (because they are easy to check), i.e. we seek a set of N functions
(fi)i:l,...,N such that

VeERm = Vi=1,.,N, fi(V)>0.

For notation purposes, the Riesz functional ([27, 19, 12]) is used. This operator
rearranges the terms of a vector V.

Definition 3.4 (Riesz functional)

Consider a vector m € (R[X])N of N polynomials of x, and a vector V €
RN,

The Riesz functional Ry associated to V sends any polynomial p = Am onto

Rv(p) = AV. (3.7)

Remark that the Riesz functional associated to V is a linear map from Span(m) to
R.

If the vector V = (m)) is the vector of moments of a function ¢ € L1(S)", then
the Riesz functional of p is the moment of ¢ according to p

Rv(p) = (p¥) .

In the next sections, the Riesz functional is also applied to matrices of polyno-
mials. The Riesz functional is simply applied to each component of such a matrix

Rv(M); ; = Rv(M, ;).

Example 3.2 In 1D, consider the vector ¢ = (¢¥°, 9!, %) € R3, and the
vector of monomials m(pu) = (1,p, u?). The Riesz function according to the
vector ¥ of the polynomial

p(p) =14 3p — p?

reads

Ry(p) = Ry(l) + 3Ry(n) — Ry’
. + 39 _ g2

In 3D, consider the vector

0 1 1 1 2 2 2 2 2 2 10
11b = (w ) d)la 7/127 ¢3a le? ¢1,2, 1/}2727 17[)1,37 7/)2,3» 7113,3) eR )

and choose the vector of monomials m(Q2) = (1,Q4,Q,Q3). The Riesz func-
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tional according to 1 of the matriz m @ m reads

1 QO
Q02 M0 U0 _ g1 o
Q M0 Q% 003 -

Q3 Q3 Q3 Q3
WO Pt vy
Ui vi Yla Yis _ ¥ ()T
Wy Yig ¥iy Yis - '
vy Vig Pis Ui

Ry(m®m) = Ry

One can easily observe the following necessary condition.

Proposition 3.2 A vector V is realizable only if the Riesz functional preserves
positivity, i.e.

VERm = (Vp€ Span(m), st p>0, then Ry(p)>0). (3.8)

Proof Based on the definition of the realizability property
VERMm = (Gpel'(S)", st. V= (my)).

Suppose p = Am > 0 is a positive polynomial, then the product pyp > 0 is
positive and therefore the integral

Rv(p) = (¢p) > 0.

O

In Sections 3.3 and 3.4, the condition (3.8) is studied when S = [~1,1] and S = S2.

3.3 Moment realizability in 1D

This section is devoted to prove Theorems 3.1 and 3.2. This theorem was proven
e.g. in [16, 1, 9] in a slightly different way than presented here. The present proof
is devoted to introduce the 3D problem of the next section and the basics of the
atomic closure presented in [24, 30, 29] and recalled in Chapter 4 Section 4.7.2.
The vector of polynomials m(u) is chosen to generate all the polynomials of
degree less or equal to N. The vector of monomials of degree up to K is denoted
my () = (1, ..o, :U’K)'
The vector my is composed of linearily indepent polynomials generating R [X].
For simplicity, the following choice of m is made

m=my.
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3.3.1 Positive polynomials on the interval [—1,1]

This subsection is devoted to motivate the use of moment matrices.

The condition (3.8) requires knowledge about the set of positive polynomials on
[—1,1] as the condition Ry (p) > 0 needs to be satisfied for all positive polynomials
p of degree less or equal to N.

First the following subset of positive polynomials of degree 2K on [—1,1] is
defined.

Definition 3.5 A polynomial p € R*K[X] of degree 2K is a sum of squares if
it has the form

J
p= Zp?, for some J € N and some  (pi)fi=1,.,J} € RE[X])”.
i=1

The set of sum of squares of polynomials of degree K is denoted ¥25[X].

RCard(m)

Remark that a square of a polynomial ¢ = Am for some A € can be

written

¢ = (Om)? = AT (m @m)A.

Example 3.3 Choose m(u) = (1, u). The polynomial
p(p) = 6 + 64+ 2u

is a sum of squares, because it can be written e.g.

3
pp) = T+ p)*+12+ 2+p)° = D AT (m(p) @ m(u) A,
=1

where the coefficients \; read

A=(1,1), A=(1,0), Az=(2 1)

Obviously sums of squares are non-negative, and the following characterizations
are a motivation to study moment matrices Ry (m ® m).

Proposition 3.3 ([26, 28]) Even case:
All polynomials p € R*6[X] of degree 2K, strictly positive on [—1,1] have
the form

p(p) = pr(p) + (1 — p?)pa(p), (3.9)

where p1 € 2K [X] and py € X2K2[X] are sums of squares.
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Proposition 3.4 ([26, 28]) Odd case:
All polynomials p € R25H1[X] of degree 2K + 1, strictly positive on [—1,1]
have the form

p(p) = (1 — wp1(p) + (1 + p)p2(p), (3.10)

where py € Y2 [X] and py € X*K[X] are sums of squares.

The even and odd cases are subcases of both Putinar [26] and Schmiidgen [28]
Positivstellensitze for univariate polynomials.
Propositions 3.3 and 3.4 can be rewritten under matricial form.

FEven case:
A polynomial p € R?*K[X] is strictly positive on [—1,1] iff there exists coefficients
(ALi)giz1,.0y € RE and (Aoy) iz, gy € RETY such that

p =) [Al,iT (mg @mg)A1; + A2’ ((1 — P mg_1 ® mK—1> )\2,4 :
=1

=

0Odd case:

A polynomial p € R25H1[X] is strictly positive on [—1,1] iff there exists coeffi-
cients

(Al,i){izl,...,J} € RE*7 and ()\271'){,':1’.“’{]} € RE*J such that

I
.M“

P\l,iT (1 — pmg @mp)Ar; + A2’ (14 p)myg @ my) Az,i} .

=1

Using Proposition 3.2, this leads to writing the following necessary conditions
for a vector to be realizable.

Even case:
A vector V € R, s realizable only if

Ry (mg @mg) > 0, Rv ((1 — MZ)mK71 ® mel) > 0.

0Odd case:

A vector V € Ry, is realizable only if

Rv ((1—p)mg @mg) > 0, Rv (1+ p)mg @ mg) > 0.

In the next subsections, those conditions are shown to be sufficient for V to be
realizable.

3.3.2 The truncated Hausdorff moment problem

The aim of this subsection is to exhibit the solution of the truncated Hausdorf mo-
ment problem in theorem 3.1 and 3.2, i.e. to give a necessary and sufficient condition
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on matrices to be realizable moment matrices. This results was proven e.g. in [9].
A proof of this theorem is provided in order to exhibit the particular representing
measure (3.30) to realizable vector. This proof provides some understanding on po-
tential representing measures for a moment vector V, especially when V € R7? is on
the boundary of the realizability domain. Some of the ideas presented in this section
will be generalized for the multi-D problem and will be used in the next chapter to
construct a realizable closure. Furthermore, the representing measure exhibited in
this subsection can be used to construct an atomic based closure which differs from
the Kershaw closure as described in [16, 24, 30, 29].

The principle of the method consists in exhibiting a measure representing any
vector V satisfying particular constraints. This measure is decomposed into a regular
part, ¢.e the Lesbesgues measure multiplied by a positive scalar, and a discrete
measure, i.e. a sum of Dirac measures. One also observes that the regular part
vanishes on the boundary of the realizability domain and vectors on the boundary
of the realizability domain can only be represented by a unique measure which is a
sum of Dirac measures.

First the following lemmas characterize potential singularities of the moment
matrices.

Lemma 3.1 (Even case) Suppose V € R*X such that

Rv (mK & mK) 0, (313&)
Ry ((1 —mg_ ® mK_l) > 0, (3.13b)

Y

and at least one of those matrices is singular.
FEven case 1: In the case when

rank (Rv (mg @ mg)) < rank (RV ((1 — ,u2)mK,1 ® mK,1>) , (3.14)

there exists a polynomial p € RY[X] of degree J < K with distinct real roots
included in | — 1,1[, such that

Rv(p*) = o. (3.15)
Fven case 2: In the case when

rank (RV (mK & mK)) > rank (RV ((1 = /J,Z)mK_l X mK_1>) , (3.16)

there exists a polynomial p € R7[X] of degree J < K — 1 with distinct real roots
included in | — 1, 1[, such that

Rv((1—p)p?) = 0. (3.17)

80 T. Pichard



3. Realizability

Lemma 3.2 (Odd case) Suppose V € R2E+! such that

0, (3.18a)
0, (3.18b)

Ry ((1+ p)mg ® mg)
Ry ((1 — p)mg ® mg)

ARV,

and at least one of those matrices is singular.
Odd case 1: In the case when

rank(Rv (1 + p)mg @ mg)) > rank(Rv ((1 — p)mg @ mg)),  (3.19)

there exists a polynomial p € RY[X] of degree J < K with distinct real roots
included in | — 1, 1[, such that

Ry((1—pp’) = 0O (3.20)
Odd case 2: In the case when
rank(Rv (1 + p)mg @ mg)) < rank(Rv ((1 — p)mg @ mg)),  (3.21)

there exists a polynomial p € RY[X] of degree J < K with distinct real roots
included in | — 1, 1[, such that

Ry((1+pp’) = O (3.22)

Proof For the sake of brevity, the proof is written for the Even case 1. The
result in the other cases can be obtained by similar computations.

According to the hypothesis of the lemma and to (3.14), the matrix (3.13a)
is singular. Then there exists A € R¥\{0gx } such that

N Ry (mi © mg) A = Ry ((Amg)?) =0. (3.23)

Define the polynomial p = Amy € RE[X]. If several A € R¥ satisfy (3.23), we
choose the one that provides a polynomial p = Ampg of lowest degree. In the
following p is proven to have real distinct roots in [—1,1].

p is real rooted: By contradiction, suppose p has a pair of complex roots,
i.e. it has the form

p= (2 +2bp+c*)g with ¢eRE2[X], (be)cR? st. bV <ec
Computing the Riesz functional of p? reads
2
0 = Ry (02 + 2+ 0Pe?) = Ry ([ 0P+ (e )] )
= Ry ((u +b)* q2) + k1 Ry ((u +b)? q2) 4 koRv (qz) : (3.24)

K1 = 2<c—bQ>>0, 52:(6—b2)2>0.
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Remark that each polynomial (i + b)*¢?, (u + b)?¢* and ¢? is the square of
a polynomial. Thus, according to (3.13a) each term in (3.24) is non-negative.
Since their sum is zero, each term is zero. In particular Ry (q2) = 0 which
violates the hypothesis that p is the polynomial of lowest degree satisfying (3.23).

p has distinct roots: By contradiction, suppose that one of the roots of p

is a double root, 7.e. p has the form

p=Amg = (u—m)’q € R7[X].

The matrix Ry (mg ®mg ) is real symmetric positive semi-definite and therefore
diagonalizable. If A € RX is such that

)\TRv(mK ® mK)A =0,

then one actually has

Rv(mK ® mK))\ = ORK. (3.25)

Multiplying (3.25) by the vector Ay € RX such that Aesmp = ¢ leads to write
that

Ry ((mkA2)(mkA)) = Ry (qz(u - Ml)z) = 0.

Therefore the polynomial pa = ¢q(u — p1) satisfy (3.23) which violates the hy-
pothesis that p is the polynomial of lowest degree satisfying (3.23)

The roots of p are included in [—1,1]: By contradiction, suppose that

one of the root u; of p is bigger than 1, i.e. p has the form

(1 — p1)q

with ¢ € RE=1[X] and p1 €] + 1, +oco[. Computing the Riesz functional of p?
reads

Rv ((M - M1)2q2> = ri1Rv <q2) + Ko Rv ((1 - NZ)QQ)
+r3 Ry ((1 - u)2q2) + K4Rv ((1 + u)2q2) ;

k1 = (1—pm)*>0, Ky=|1—pml|>0,
s — lmlfjmzo, M_lul;fﬂzo,

which leads again to Rv (qQ) = 0 and violates the hypothesis that p is the
polynomial of lowest degree satisfying (3.23). O

Under the hypothesis of Lemmas 3.1 and 3.2, one can prove the existence of a

representing measure for V.
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Lemma 3.3 (Even case) If V € R?K satisfies
Ry(mg ® mg) > 0, Ry ((1 —mg 1 ® mK,l) >0,

and such that one of those matrices is singular, then there exists a representing
measure for V.

Lemma 3.4 (Odd case) If V € R2+! sqtisfies
Ry (1 = p)mg @ mg) > 0, Rv (14 p)mg @ mg) > 0,

and such that one of those matrices is singular, then there exists a representing
measure for V.

Proof The proof is again written for the even case when
rank (Rv(mg ® mg)) < rank (RV ((1 — M2)mK—1 ® mK_1)> ,

and the other cases can be obtained by reproducing those computations.
Lemma 3.1 provides the existence of a polynomial p € R/[X] of degree
J < K having J distinct roots (u;)(—1,.. s} in the interval [-1,1] such that
Ry (p?) = 0. Among the possible p, we choose one of lowest degree.
Suppose there exists a measure v which moments are V, then

+o
/1 p~(w)dy(p) = 0.
Since p? is non-negative, if such a measure +y exists, its support Supp(), i.e. the
intersection of all closed set the measure of which complements is zero, needs
to be included in the set Z(p) of zeros of p

Supp(y) C Z(p). (3.26)

The only measures having a union of a finite number of singletons u; for
support have the form

J
= ib(p— pa). (3.27)
=1

Therefore, the rest of the proof consists in proving that there exists a unique
set of coefficients a; > 0 such that the measure (3.26) has V for moments.
The moments according to 7 of the form (3.27) read

+1 J
mg (1) @ mi (p)dy(p) =Y cim (1) © mx (p1;).

-1 i=1
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Then 7 is a representing measure for V if non-negative scalars «; can be found
such that

J
Ry(mg ® mg) = > oymg (p;) © mi (p1;).
i=1
Write V; the truncation of the vector V up to the J-th component. By
rearranging the terms composing the matrices mg (p;) ® mg(p;) into vector
and removing the redundant terms, one can rewrite this problem

Ma:VJ,

where M is a Vandermonde matrix, i.e. M;; = ,u{ ! and a € RY is the desired
vector of scalars. Vandermonde matrices are known to be invertible as long as
the p; are distinct which is verified here according to Lemma 3.1. It remains to
verify that the coefficients a; > 0 are positive.

Let us define the Lagrange polynomials

J
ai(n) = [T (1 — ny),
j=1
i
then computing the moment of v according to ¢? reads
Rv(q}) = cuiqi(pi)?,

which is strictly positive according to the hypothesis that p is the polynomial
of lowest degree such that Ry (p?) = 0. Since the zeros of p are distinct, g;(j;)?

are strictly positive. Therefore the coefficients «; > 0, which leads to the result.
O

This proof provides several information on the representing measure on the boundary
of the realizability domain.

Definition 3.6 Suppose V € R7 is represented by a measure
= oub(p— i)
i

composed only of Dirac measures. Then ~y is called atomic representing measure
for V. Each Dirac measure §(p — p;) is called an atom.

A atomic representing measure composed of v atoms is called r-atomic rep-
resenting measure.

Remark 3.2 The proof of Lemma 3.3 and 3.4 provides the uniqueness of the
representing measure, which is atomic, under the hypothesis of Lemmas 3.3 and
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3. Realizability

3.4 which can be interpreted as requiring that V.€ ORY is on the boundary of
the realizability domain.

With those lemmas, one obtains the following characterization of R}} in 1D.

Theorem 3.1 (Truncated Hausdorff moment problem [1, 9]) Even
case:

Consider V € R?K. The vector V € Rinox
Ry(mg @mg) >0, Ry ((1—pA)mg 1 ®@mg 1) >0.  (3.28)
Theorem 3.2 (Truncated Hausdorff moment problem [1, 9]) Odd
case:
: 2K +1 :
Consider V. € R*" 1. The vector V € Rivows, W

Ry ((1-pmg®mg) >0,  Rv((1+p)mg®@mg) >0 (3.29)

Proof Necessary condition: Using Propositions 3.2 and 3.3, if V. € R} then
(3.28) and (3.29) are satisfied.

Sufficient condition: The sufficiency part is proven by exhibiting one pos-
sible representing measure, i.e. a positive constant multiplied by the Lesbegues
measure plus a sum of Dirac measures.

The proof is again given for the even case. The result for the odd case can
be obtained by adapting the computations.

If one of the matrices (3.28) is singular, the existence of a representing
measure is given by Lemma 3.3.

Suppose that the matrices (3.28) are non-singular, they are therefore strictly
positive according to the hypothesis.

Define V( the moments according to the Lebesgues measure

+1
VO = / 1 m(ﬂ)dﬂy
and define the functions
W(z) = Vy—2zV,
Mi(z) = Rw)(mg @ mg)

= Ry,(mg ®mg) —zRv(mg ® mg),
M(z) = Rw) ((1 —pPmg 1 ® mK71>

= Ry, ((1 — P mg_1 ® mK—l) — 2Ry, ((1 —pmg 1 ® mK—l) .

Remark that M; and My are matrices of linear functions of « € R, in particular
their components are C'°° functions of x. Furthermore, based on the hypothesis
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3.3. Moment realizability in 1D

and on the definition of Vj, they satisfy

det(M7(0)) > 0, ET det(My(x)) < 0,
det(M2(0)) > 0, EIJIrl det(Ma(x)) < 0.

Using the intermediate value theorem, there exists positive scalars x > 0 such
that det(M;p(x)) = 0 and/or det(Mz(z)) = 0. Write y the minimum of those
values. At that point, one has

Mi(y) >0, Ma(y) > 0,

and one of those matrices is singular. According to Lemma 3.3, there exists a
unique representing measure vy for W (y) which has the form

dy(p) = Z id(p — pi),

where the scalars p; are the zeros of the characteristic polynomial of M;(y) or
M5 (y) (the one of minimal dimension or M (y) if they have the same dimension)
and the coefficients «; are the unique (positive) scalars such that this measure
has W (y) for moments.

Finally one verifies that the following measure

dy(p) + ydp (3.30)

is positive and has V for moments. O

The idea of this atomic decomposition follows from the form of the unique rep-
resenting measure on the boundary 0R}} and from the work of R. Curto and L.
Fialkow ([9, 11, 12, 10]). This representing measure could be used to construct
closure of 1D moment equations.

3.3.3 The realizability condition in 1D

The existence of a representing measure «y for a vector V € int(R}%) in the interior
implies the existence of a positive L'([—1,1])T representing function 1) according
(3.6). This leads to

Corollary 3.1 Even case:
Consider V € R?E. The vector V € R, is realizable iff

Rv(my @ my) > 0, R~ ((1 — M2)m1\]71 & mel) > 0. (3.31)

Corollary 3.2 Odd case:
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Consider V € R25+1. The vector VER is realizable iff

moxK 41

Rv (1 — p)my @ my) > 0, Rv (1+p)my @ my) > 0. (3.32)

The next chapter is devoted to the closure problem. Commonly one aims to
define a closure ) such that the vector (¢, ..., ™, V1) € Ry, is realizable.
Corollaries 3.1 and 3.2 leads to the following requirements.

Corollary 3.3 ([16, 1]) Even case:
Consider the vector V.= (¢, ..., > =1 2K) € R2K gnd write

V = (1:[)0, "'7¢2K_15 0)

the vector V with the last component replaced by 0.
The vector V € Runy,,, is realizable iff

1. The truncated vector (¥°,...,90*5=1) € Rn,,_, is realizable

2. The last component Y*X is bounded by

det ( Ry( mg ® mg ) ) -
“det( Bvmpaemey) ) =Y (3.33a)

ak—z , det ( Rg((1—p*)mg 1 @mg 1) ) 2K
¥ dot( Rv((l—Dmx_o0mra) )~ ¥ (3.33Db)

Corollary 3.4 ([16, 1]) Odd case:
Consider the vector V := (10, ..., K 2E+1) ¢ R2E+L gnd write

V= @0, ..., v, 0)

the vector V with the last component replaced by 0.
The vector V € Ry, is realizable iff

1. The truncated vector (¥, ...,10*%) € Ry, is realizable

w2K+1

2. The last component is bounded by

_ 2K_det( Ry((1+p) mg ® mg ) ) —_— .

v det( RV((1+M)mK—1®mK_1) ) <9 5 (3 34 )
ok det ( Rg((l—p) mg ® mg ) ) K1

Y e ( Rv((1— pmg_®@mg_1) ) > 2K+ (3.34b)

The conditions (3.33a-3.33b) and (3.34a-3.34b) for the moment of order up to
3 have the following form ([16, 24]). By extension, one also observes the following
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condition for scalars to be a moment of order 0 of a positive function.

N=0: 0 < Y, (3.35a)

N=1: — 0 < b < 9O, (3.35b)
112

N=2: %0‘ < P2 < O (3.35¢)
1 2\2 1 .12\2

N=3: —¢2+(1ZOTZI) < Y < wQ—(ZO _12]1) . (3.35d)

Finally the realizability domain for the first order moments in 1D is characterized

Raw = {@%¢")  eR% st |9 <y}, (3.36a)
112
Rupey = (000107 € B3, st o] <, '120' <7 <40},
(3.36b)

The convex cones (3.36a) and (3.36b) are represented on Fig. 3.1 and 3.2. The first
set is represented in the plan (¢°,%!) € R2, the second is represented in the plan

YO I

R

1/}1

1
—_
Y i —

Figure 3.1: Realizability domain
R, for moments of order up to 1
in the space (¢°,¢!) € R2,

Figure 3.2: Realizability domain
R (1,2 for moments of order up to

2 in the space (Z—(l), %) € R2

3.4 Moment realizability in 3D

This section is devoted to introduce results about the realizability domain in 3D
which are used in the next chapter. Here the truncated moment problem on the
unit sphere S2 is focused on.
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3.4.1 Polynomials on S?

Before studying the truncated moment problem, one needs to choose a set of poly-
nomials m defined on S2. Choosing S? as the set of integration (and as the set of
definition of the polynomials) leads to the following major differences compared to
the 1D case:

1. Choosing Q € S? C R3 forces us to study multivariate polynomials m(S).
Such multivariate polynomials can not be factorized as a product of polyno-
mials of degree one or two.

2. The set of integration S? is a compact algebraic variety defined by
$?={0eR’ st 1-(0F+03+03) =0} CR®.

Similarily to the 1D case, one typically aim to choose the vector of polynomials
m such that it is composed of linearily independent polynomials and it generates all
the polynomials of degree less or equal to N. Although, the meaning of "indepen-
dent" and of "generating" is ambiguous for multivariate polynomials on S2. For this
purpose, the following set is defined.

Definition 3.7 Define the polynomial
pO(X17X25X3) =1- (X12 + X22 + X??)a

which is zero on S2.
The set IN is the set of polynomials of degree N generated by po

IV = poRN [ X1, X, X3] = {p po, PE€E RN_2[X1,X2,X3]}« (3.37)

First the following proposition provides an additional constraint on vectors to be
realizable.

Proposition 3.5 Consider a vector V € R}, then

Rv(I) = {0}.

Proof Consider V € Ry, then V is composed of moments of a function ¢ €
L'(S%)*. All the polynomials of p € IV are zero on S2. Therefore the integral
of their product

[ p@u(@ie =0

is zero. By continuity, it also holds on the boundary of the realizability domain.
O

This result is illustrated through the following example that will be used in the next
chapter.
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3.4. Moment realizability in 3D

Example 3.4 Consider a vector V € R}, then
Ry (1- (0} +93+03)) =o0. (3.38)

Write
¢’ =Ry(1), ¥*=Rv(Q2Q).

Equation (3.38) provides the following relation between ¢° and 1>

¥ — (V11 + 32+ vds)) =v° —tr(¥?) = 0.

The vector m is chosen to be linearily independent in the sense
Span(m) N IY = {0}, (3.39a)
and such that it generates RV[X7, X2, X3] in the following sense
Span(m) U IV = RV[X1, Xy, X3]. (3.39b)

i.e. m is a linearily independent and generating family modulo I%.
The vector mg is defined to be composed of all monomials of degree K is written

me = (Of, ', of ey, of 203 L of),
and the vector of all monomials of degree K — 1 and K is written
my = (mg_1, Mg).
The following choice of m is made

m=mypy.

Example 3.5 For the first orders N =1 and N = 2, one has

ml(Q) = (1, Ql, QQ, 93),
my(Q) = (Qu, %, B, 9, U, 0F, 2, B0, OF).

No polynomial of Span(m) can be factorized by pg, therefore this choice of m
satisfy (3.39a). One shows that (3.39b) is satisfied by comparing the dimensions of
Span(m), IV and RY[X1, Xo, X3].

Notation 3.2 After computations, the number of components of the vector my
is (N +1)2. It is afterward written

en := Card(my) = (N +1)%
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For the problem of moments on S2, positive polynomials are also used. Propositions
3.3 and 3.4 can be generalized into Putinar ([26]) or Schmudgen ([28]) (see also
Stengle [33]) Positivstellensitze in order to write a positive polynomial p on S? as a
sum of squares

0<p onS? & p:Zqiz. (3.40)
i

Although for multivariate polynomials, the degree of such a sum of squares repre-
sentation is not bounded by the degree of p, i.e. in (3.40) a priori 2deg(q;) < deg(p)
does not hold ([32, 25]).

Sum of squares are still positive on S?, but there might be some positive poly-
nomials of degree 2K which are not sum of squares of polynomials of degree K.
Remark that Proposition 3.3 was not used in Subsection 3.3.2 and 3.3.3 but only
motivated the use of moment matrices.

3.4.2 Realizability of first orders moments

Some explicit conditions were found for moments on the unit sphere of order up to
one and to two. They recalled here because they will be used in the next chapter.
Realizability condition for moments of order up to one

The realizability condition for moments of order up to one on the unit sphere is
characterized by the following proposition.

Proposition 3.6 ([16]) Consider the vector V. € R and write
' =Ry(1), ¥'=Rv(Q).
The vector V. € Ry, iff
[yt < . (3.41)

Furthermore, in the equality case, there exists a unique representing measure,
which has the form

1
() = 4% (9 - ZO> ,

One can easily see that the condition (3.41) is necessary for V to be in R} . This
condition was also proven to be sufficient in [16] by exhibiting the existence of the
following positive representing measure for V

1 1
0= (s +161)3 (- 5 )+ (001940 (a4 57).

Here 7 is a positive measure as long as (3.41) is satisfied.
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3.4. Moment realizability in 3D

This result leads to the following characterization of the realizability domain
Rm,

Ry = {00, 0") e RX R, st [p!] <} (3.42)

This condition can be interpreted at the physical level by the boundedness of the
fluxes. Remark the similarilty with the 1D condition (3.35b).

Realizability condition for moments of order up to two

The realizability condition for moments of order up to two on the unit sphere is
characterized by the following proposition.

Proposition 3.7 ([16]) Consider the vector V. € R® and write
P! =Rv(Q), ¢°=Rv(QeQ).
The vector V € Ry, iff

Y = tr(y?)
¥y’ — gl @y

> 0, (3.43a)
> (3.43b)
Furthermore, if one of the eigenvalues of (3.43b) is zero, i.e.

IW € RS, st W(ww?—zpl@wl)wzo,

then the support of any representing measure v for V is in the set of zeros of
the polynomial p := (2 — YW, i.e.

Supp(vy) C Z(p). (3.44)

One verifies that the condition (3.43) is necessary for V to be in Ry, . This condition
was also proven to be sufficient in [16] by exhibiting the existence of one representing
measure for V positive as long as V satisfies (3.43).

This result leads to the following characterization of the realizability domain
Rmo

Ry = {VER?, st 9% —yley! >0}, (3.45)

Remark the similarilty with the 1D condition (3.35c).

3.4.3 Partial results for higher order moments

No practical characterization of the realizability condition for high order moments on
the unit sphere S? is known. This subsection is devoted to (partially) complete the
description of the realizability domain in multi-D and to provide few more results.
Those results do not provide a practical characterization of the realizability property
in the general case but they provide .
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The necessary conditions for a vector V to be realizable proposed in (3.8) can
be completed.

For instance, one can first remark that any realizable vector V € R
the following conditions.

m

moy verifies

Proposition 3.8 If V € R _ then

mox
Rv(IzK) = {0}, Ry(mg @ mg) > 0.

Suppose furthermore that there exists a polynomial 0 < p € RQK[Xl,XQ,Xg]
non-negative over S? such that

Rv(p) =0.

Then the support of v is included in the zero set of p

Supp(y) C Z(p).

Proof If Ve R™

moy then it has a positive representing measure 7, i.e.

V= /S Mo (Q)dy ().

Based on the definition of the Riesz functional, for a non-negative polynomial
p € R*K[X), Xy, X3]

Rv(2) = [ p(@dr(@) =0

implies that Supp(v) C Z(p).

The equality Ry (I?%) = {0} is provided by Proposition 3.5. Any square
of a polynomial is non-negative, and -y is a positive measure. This leads to the
inequality. O

A 1D version of this result was also used in the proof of Lemmas 3.3 and 3.4.

One method to characterize the realizability for arbitrary high order moments
over S? consists in exhibiting a representing measure having the form of a sum
of Dirac measures. The following method aims to exhibit an atomic representing
measure for a vector V2K € Rk composed of 2K + 2 atoms instead of 2K and,
contrarily to the method used to exhibit the measure (3.30) in 1D, this representing
measure is composed only of atoms and has no regular part df). For this purpose,
the following notations are introduced.

Definition 3.8 Consider V2K € R2K and write
ME .= Rv2K(mK &® mK).

The vector V2K (and the associated matriz M ) admits a flat extension V*E+2 ¢
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Re2x+2 (gssociated to METL € Rex+1XCr+1) jff

Ryexs2(myg) = V2K, rank (MKH) = rank (MK> .

Example 3.6 Choose
m(Q) =my(Q) =1,

and a vector ¥ and its associated matriz M defined by
P =1¢€R?, M = Ry(mp ® mg) =1 € RO*,

The vector 1 and its associated matriz M defined by

= 3 4 9 12 16
= 1=, — = — (), 0
'llb (75’57’25’257257 ) ) >7
1 £ 2 ¢
_ 4 & ﬁ 0
M = Rgmoem)=|3 # %
5 25 25
0O 0 0 O

are a flat extension of ¥ and M. Indeed one can verify that

rank(M) = rank(M) = 1, Ryz(mo) = = (1).

In order to characterize the realizability of a vector V2K € R%  one may look for
an extension V2£+2 the realizability of which can be proven, e.g. by exhibiting one
representing measure. Typically one seeks an extension that is represented by a sum
of Dirac measures.

Definition 3.9 A r-atomic representing measure for V.€ R} is a representing
measure v for V of the form

r

() =D aid(Q - ),

=1

with (ai){izl,..,,r} € (R**)" and (Qi){izl,...,r} € (82).

The notion of flat extension is implicitly related to the existence of an atomic rep-
resenting measure. The following theorem characterizes the part of the realizability
domain, which is represented by r-atomic measures.

Theorem 3.3 ([12]) Consider V£ € R%2K and define

r:= rank (Ryex (Mg @ mg)) .
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There exists a r-atomic representing measure for VK iff

Ryex(mg @ mg) >0

and V2K admits a flat extension V2E+2 satisfying
Ryjorct2 (12K+2) = {0}, (3.46a)
Ryorxte(mygiq @ myyg) > 0. (3.46Db)

Furthermore, this flat extension V2EX+2 admits a unique representing measure,
which is r-atomic.

This theorem can be illustrated through Example 3.6. One can verifiy in this ex-

ample that & (Q(%, %, 0) — 1) is a representing measure for 1) and the unique rep-

resenting measure for .

Remark 3.3 This theorem provides a method to characterize the realizability
property for even order moments. It can also be used for odd order moments in
the following way.

Consider V2E+1 ¢ R2k+1 gnd write its restriction to the 2K -th order

V2K = Rv2K+1 (mQK).

There exists a r-atomic representing measure for V2E+1 ¢ R%mﬂ

exists a flat extension V2E+2 of V2K satisfying (3.46) and such that

iff there

RV2K+2 (m2K+1) = V2K+1.

3.5 Discussion

Due to the positivity of the solution 1 of kinetic equation of the form (2.1) (or (1.11)
with the different collision operators (1.14), (1.34) or (1.36) for electron collisions),
the solution % of the moment equations (2.2) (or (2.3) with the different collision
operators (2.11), (2.12) or (2.13) for electron collisions) is expected to be in the
realizability domain Ry,.

In this chapter, link were made between the realizability domain and the set of
positive measures over the domain of integration S. However no practical character-
izations were found for arbitrarily large order moments on the unit sphere, and only
partial results were provided, i.e. necessary but a priori not sufficient conditions for
a vector to be realizable.

In practice, for every point of the realizability domain, one can reconstruct a
representing measure on S. This is one common idea to construct the closure of
moment equations, e.g. to compute the flux function F' in (2.1). However, as
described in this chapter, reconstructing such a measure (or a L'(S)™ function) is
not an easy task. Especially, the method presented in this chapter is not general
enough and can not be applied to construct representing measure for moments on
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52 of order more than 2. For practical applications, the closure is often preferred
to be written as an analytical smooth function from R? to R3*Card(m) jn 3D, In
the next chapter, the characterization of the realizability domain in Theorems 3.1
and 3.2 in 1D and in Propositions (3.6) and (3.7) in 3D are exploited in order to
construct analytical approximations of the entropy-based M; and My closures.
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Chapter 4
Moment closure

4.1 Introduction

In this chapter, both vectorial and tensorial notations for the moments are used.

As a continuity, the moment problem consists in studying the existence of a
representing measure for a vector V, the closure problem consists in chosing one
of those representing measures. Indeed, in the last chapter, it was shown that the
representing measures (or representing L!(S)* functions) for a vector V was not
unique except for particular vectors V on the boundary of the realizability domain
ORm-

The choice of the closure has a significant influence on the properties of the re-
sulting moment model. Among the desired properties one expects from a moment
model and that the choice of the closure influence, one can specify hyperbolicity,
realizability preservation, entropy dissipation and the accuracy of modelling the
physical phenomena presented in Chapter 1, especially the ability of modelling ac-
curately beams of particles is non-trivial. Each of those properties are to be kept in
mind when constructing the closure of a moment system of equations.

This chapter is organized as follow. In the next section, some preliminar nota-
tions are given and the closure problem is presented. Then the major properties
expected from the closure are presented. In the following sections, several choices
of closures are shown with their characteristics. The last section is devoted to con-
cluding remarks.

4.2 The closure problem

For convenience, and to exhibit several properties of the closure, the system of
moments of the equation (2.1) is studied. This equation is recalled here.

in 1D: o + p 0z = C (), (4.1a)
in 3D: Y + OV = C(v), (4.1b)

where C(1) is a collision operator which satisfies certain properties that will be
specified in the next section in order to illustrate certain requirement on the closure.
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The system of moments extracted from this equation reads (2.2). For conve-
nience, this system is recalled here.

oy +9,F = C,

in 1D: {&:W + ot = O (4.2a)
.o faw +V.F = C,
in 3D: {&ﬂﬁi bVt = O (4.2b)

The system (4.2) requires a closure (both in 1D or 3D), because it has more
unknowns than equations. In practice, the closure is commonly defined by recon-
structing an ansatz ¥r from the first moments (¢, ..., YN), i.e. such that

in 1D: { <(1’H’7MN)Q’Z)R> = WO,---,T/JN)a (43&)
(m(p)yr) = P,
in 3D: { <(17Q7...7Q®N)¢R> — (w07m71/}N), (4 3b)
' (m@Qur) = ¥, |

and then computing the other terms using this ansatz, 7.e. the higher order moment
and the moments of the collision operator

{ PN, N) e (W yR)
in 1D: C'W0 W)~ (WC(YR)) (4.4a)
{ F() ~ (umyp),
C(y) ~ (mC(Yr)),
{ GNFL0, L pN) <Q®N+1¢R>7
in 3D: CH0 )~ (QFCWR)), (4.4D)
{ F() ~ (Q®@myg),
C(¥) ~ (mC(yr)),

This method corresponds to approximate the kinetic fluence ¢ by an ansatz ¥g.
The first problem when defining a closure for angular moment models is the
construction of such an ansatz ¢p.

in 1D:
find g e L'(=L1), st ((LpnMor) = @0 8N),
n 3D:

ﬁnd YR € Ll(sz)v s.1. <(1a97 ---,Q®N>¢R> = (woa 7¢N)

The second problem is the computation of the integrals (4.4) which may be non-
analytical, depending on the obtained ansatz ¥y.

The next section describes the main desired properties that one typically expects
to obtain from the moment model and that are direct consequences of the choice of
the closure. The following Sections 4.4, 4.5, 4.6 and 4.7 describe possible choices of
g with consideration to those desired properties.
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4.3 Properties of the closure

This section describes how the properties of hyperbolicity, positivity and entropy
dissipation, described in Chapter 2 Section 2.1 at the kinetic level, can be interpreted
after moment extraction and how the choice of the closure affects those properties.

4.3.1 Hyperbolicity

A partial differential equation of the form
oY + 0, F(¢) =0, (4.5)
is called hyperbolic if the Jacobian of the flux
J = 0yF () (4.6)

is diagonalizable with real eigenvalues, for all possible values of 9. Those possible
values may be restrained to all realizable vectors ¥ € Ry, depending on the chosen
closure, if this property needs to be satisfied by the solution of moment system. This
is the case when choosing e.g. the My closure (see Section 4.4 below), but not when
chosing e.g. the Py closure (see Subsection 4.7.1 below).

The left-hand side of the kinetic equation (4.1) and its associated moment system
(4.2) are of the form (4.5). The kinetic equation is hyperbolic (see Section 2.1). The
flux term of the moment system (4.2) is defined by the closure relation. One typically
aims to define a closure such that the moment system is hyperbolic, i.e. find a flux
function F' such that

J := 0yF(¢) is diagonalizable with real eigenvalues.

This property may not be easy to check a posteriori, because the Jacobian J is a
function of the unknown @ and computing its eigenvalue for all values of 9 may not
be possible. The following theorem proposes a characterization of the hyperbolicity
when the closure has a certain form.

Theorem 4.1 ([17]) Suppose that the unknown v is defined as a function of
a vector X € RC@dm) jppo RCard(m) G o sych that (4.5) has the form

Op(A(t, w)) + 0 F(p(A(t,x))) = 0.
If the matrices

O\ and ONF(v) are symmetric,
o\ 18 positive definite,

then the system (4.2) is hyperbolic. Such a system is called symmetric hyper-
bolic.
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In 3D, the flux function has three directions, i.e. the value of the flux function
F(¢) = (F1(2), Fa(1),F3(¢))) is a matrix in R3*Cedm)  One generally requires
the hyperbolicity property (4.6) to be fulfilled by the Jacobians

Fn(v¥) = niF1(¥) + naFa(v) + n3F3(1)) (4.7)

according to all directions n = (ny,n2,n3) € S2. Theorem 4.1 also holds in 3D, it
was originally written in [17] in N dimension.

Corollary 4.1 ([17]) Suppose that the unknown ) is defined as a function of
a vector A € RCadm) jnto REerd(m) i o sych that (4.5) has the form

OPp(A(t,z)) + Vo F((A(t, 7)) = 0.
If the matrices

o\ and fori =1,2,3, ONF;(Y) are symmetric,
o\ 18 positive definite,

then the system (4.2) is hyperbolic.

One observes that if the matrix 0 \F;(v) is symmetric for all ¢ then the matrix
Z n;OxF;(1)) is also symmetric and the results follow from the 1D result in Theorem

(2
4.1.

4.3.2 Positivity

Typically the solution v of a kinetic equation of the form (4.1) is positive (see e.g.
[15] for linear collision operator, or [9, 10]).

The positivity of a function v is translated at the moment level by the realizabil-
ity of the unknown ¥ € R, that was studied in the previous chapter. Therefore
one typically expects the solution of the moment system (4.2) to be realizable.

As described in the introduction, the closure is tyically chosen by computing
the moment of order N + 1 of an ansatz ¥ reconstructed from the first moments
w. If this ansatz is constructed as a positive L!(S)* function of 9 € Ry, then the
solution %) is directly related to some underlying kinetic fluence, i.e. the constructed
ansatz ¥gr. Therefore, by constructing a realizable closure, one relates the solution
of the moment system to a positive kinetic fluence.

4.3.3 Entropy dissipation
The kinetic equation (4.1) dissipates an convex entropy 7 if

(' ()C¥)) <0 (4.8)

for all possible 1 € L'(S) such that C(¢) € L'(S). The entropy 7 may potentially
be defined only on a part of L!(S), e.g. the Boltzmann entropy below is defined on
LY(S)*.
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Similarily as for the positivity property, when the closure of the moment system
(4.2) is defined from a reconstructed ansatz 1), one may expect the underling kinetic
system to dissipate the entropy 7, 7.e. one may expect

(' (¥r)C(¢Yr)) < 0.

Based on the derivation of the linear transport equation of photons and electrons
(1.11) from a (qudratic) Boltzmann operator (see e.g. [9]), one may expect the
Boltzmann entropy

n) =H() =Plogy — ¢ (4.9)

for the photons and the electron to be dissipated by this system of equation, i.e. the
function H (1) + H(1e). The entropy-based closure described in the next section is
based on Boltzmann entropy.

In the next three sections, some closures are proposed. For each of these clo-
sures, the hyperbolicity, the realizability and the entropy-dissipation properties are
considered.

4.4 The entropy-based (My) closure

The entropy-based closure, also called My closure (the "M" refers to G. Minerbo [30,
31]), is based on a entropy minimization procedure. It is obtained by reconstructing
an ansatz ¥r = v, . This ansatz is chosen such that it minimizes an entropy
function 7 under positivity and moment constraints.

Suppose ¥ € Rm. The ansatz 1, is chosen such that it is non-negative and
satisfies the moment constraints (4.3). Therefore, it is chosen in the set

F() = {zp e LY(S)", st. (my)= ¢} . (4.10)

Among the possible candidates in F (), the My ansatz is the one that minimizes
the entropy 7

Yy = argmin  n(1). (4.11)
YeF ()

The following theorem provides the existence and uniqueness of such an ansatz and
its form.

Theorem 4.2 ([29, 4, 5, 6, 37, 22, 20]) Consider
a realizable vector ¢ € Ry, and a convex entropy function n the deriveative of
which n' > 0 is strictly positive.

Then the My ansatz defined in (4.11) exists and is unique. Furthermore it
has the form

Uary =0 (ATm). (4.12)
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where the superscript * refers to the Legendre dual (especially, it satisfies n'~! =

n*), and A € RE¥ ™) gre Lagrange multipliers for the problem (4.11).

A first verion of this result was proposed in [29] in 1D. Then it was proven in
the serie [4, 5, 6] for the more general case where S is non-necessarily compact and
non necessarily in 1D, that the optimization problem (4.11) a unique solution (under
condition that can be simplified into the condition 1 € Ry, for the present problem).
It was also proven that if the derivatice of the entropy is not necessarily positive
then the problem (4.11) still has a unique solution solution which takes the form

Vary = (04 Tg)*' (ATm). (4.13)

This result was afterward completed and applied to moment closure problems in
[37, 22, 20, 26].

In the rest of the manuscript, n is always chosen to be Boltzmann entropy. How-
ever, other choices of entropy are also possible, especially more physically relevant
ones such as bosons and fermions entropy (see e.g. [25]).

Example 4.1 When chosing n to be the Boltzmann entropy function

n(y) = H(Y) = Plog(v) — ¢,

this leads to writing the My ansatz

HL =y = exp = Yy = exp()\Tm). (4.14)

This type of closure is commonly chosen because it offers several mathematical
and physical properties.

Advantages

On the physical level, the entropy minimization procedure corresponds to chosing
the most physically probable ansatz having the moments % ([21]).

On the mathematical level, based on its construction, the My model (i.e. the
moment model with the My closure) is hyperbolic, realizable and entropy dissipa-
tive.

Hyperbolicity: With the My closure, one has

P = <rn exp()\Tm)> , O\ is symmetric positive definite
F() <,um exp()\Tm)> , Oy F (1) is symmetric.

Therefore one can apply Theorem 4.1 and the My model is symmetric hyperbolic.
Realizability: According to (4.14), the My ansatz has the form exp(ATm) which
is obviously positive.

Entropy dissipation: Similarily, one can replace ¢ by the ansatz 1, in (4.8).
If (4.8) holds for all possible v it especially holds for tps,. And therefore the
underlying kinetic model dissipates an entropy.
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Drawbacks

Non-linearity: The original kinetic equations studied in this manuscript are all
linear equations of 1. Closing the moment equations using the entropy-based method
leads to non-linear equations. Indeed the flux term F'(¢)) is not a linear function of
.

Additionally to the difficulties introduced by non linear terms, such a non-
linearity is also responsible for a non-physical effect appearing when studying mul-
tiple beam crossing each others. Indeed, consider 1) is the solution of the (linear)
kinetic equation (1.11) with a boundary condition chosen to be a sum of incoming
beams 1|p- = S 9? then ¢ = Y"1 is the sum of the solutions 1); of (1.11) with

K3 (]

boundary condition @bf . This property does not hold for non-linear equations such
as the My equations.

Computational costs: The My closure is commonly computed by solving numer-
ically (see e.g. [19, 2, 1]) the following optimization problem

AMy = )‘2&%212&) (<m17*/()\Tm)> — Q,ZJT)\) , (4.15)

and then computing numerically the integral
F() = (0" (A, m)). (4.16)

Typically, the optimization problem (4.15) is solved with an iterative method
which requires the computation of integrals at each step. Typically a quadrature
formula is used to compute such integrals, and to compute the integral (4.16). Both
the iterative method and the quadrature rule introduce computational costs and
numerical errors.

Alternative methods reducing these numerical costs and errors can be found in
[2, 1]. The next section describes approximated closures for the closures of the first
two order angular moment models.

4.5 The M, closure

This section is devoted to the computation of an approximation of the M; closure.
This approximation requires low computational costs and retains some characteris-
tics of the exact closure.

For convenience the following notation is introduced.

Notation 4.1 The i-th order moment normalized by the zeroth order moment
1s denoted
. e

Ni = ik (4.17)
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4.5.1 The approximated M; closure

The M; model is the first order entropy-based moment model. This model is com-
monly used in various fields of physics because it is accurate for a large range of
physical phenomena and it is simple of implementation.

In 1D:

For convenience in this paragraph, we only focus on the moments according to
Q) = p and therefore the subscript are dropped from the moments, i.e. N* = N}

and N? = N12,1~
First, we focus on the M7 model in 1D. The vector of polynomials m is
m() = (1, ).
The 1D M; ansatz reads
Yar () = exp(Ao + Aip), (4.18)

where (Mg, A1) € R? are the unique coefficients such that v, has the moments

<¢M1 (:U’)> = ¢07 </“;Z)M1 (H)> = Q;Z)I‘

The M; closure is typically computed through the Eddington factor y» = N2, be-
cause 2 is a scalar function of only one scalar N (see e.g. [25, 16]) which can easily
be approximated. Indeed 2 is a function of the scalar A\

2 — 2\jcoth(Ay) + M2
X2 = )\% )

and computations show that N! €] — 1,1[ is in bijection with A\; € R

)\10013}1()\1) -1

N' =
A1

One observes from these computations that xs is an even function of A\; and N is
an odd function (bijection) of A, therefore y2 is an even function of N*.

There is no analytical formula for y2(N1), except for particular choices of entropy
n (see e.g. [25, 16]). It can be computed e.g. by solving numerically (4.15) and
computing (4.16). In order to reduce computational costs compared to this methods,
one can compute an (analytical) approximation of the Eddington factor.

We aim to construct an approximation of the Eddington factor that provides a
closure 12 = )%y realizable and hyperbolic.

Property 4.1 Realizability: Using (3.35c), the realizability condition on ?
equivals to the following condition on xo

INY? < x2(NY) < 1, VN e] - 1,1]. (4.19)

For this purpose, x2(N') is rewritten as a convex combination of the bounds
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|IN1|? and 1
xe(NY) = 6(NY) NP + (1-6(NY) 1, (4.20)

therefore we need only to approximate the function 01 from [0, 1] to ]0,1].
Hyperbolicity: The Jacobian of the flux (in 1D) reads

JZ@“W”:<xxNUJQwaNUxMEU)' <4m>

Computations show that J is diagonalizable with real eigenvalues iff

(X;(Nl))2 +4 (NN - NIxp(NY] >0, YN el -1,1] (4.22)

For the approximation of x2 to provide an hyperbolic and realizable closure, it needs
to interpolate the exact value and the exact derivative of x2 on the boundary of the
realizability domain (for M; in 1D this corresponds to N! = 41). Indeed having a
wrong value of x2(1) or of x4(1) leads to violate (4.19) or (4.22) or both.
Furthermore, we force the approximation to interpolate the value of x2(0) and
x5(0) when N = 0. This corresponds to the case where 1), is isotropic.
In order to compute the values x2(0), x2(1), x4(0) and x5(1), the Eddington

factor and its derivative can be written

2 ex 1
- AR,

_dh d (pPexp(M(N)p)
~dNYdA (exp(AM(NYp))

—1
d\i _ (dN?!
where h = ( d/\1> . Then one remarks that

N'A\ =0)=0, lim N'=1,

A1 —+400
and since N! is a bijection of A, this implies that

MNY=0)=0, lim A\ = +oo,
Nl 1

then computing 2 and its derivative at those values using the symbolic computation
software MAPLE ([27]) leads to

1
() =1 x2(0) =2, xa(1) =2, x3(0)=0. (4.23)
In the end, we propose the following approximation of 6,

2
O(NY) ~ NP+ (1= N

+ NP = IN'P) (o + e[ N' 24 o NUY), (4.24)

where the coefficients ¢g = —0.0954823981432433, ¢; = 0.229069986304953
and co = —0.0344846229504588 are computed with MAPLE ([27]) such that the
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approximated y2 given in (4.20) fit the exact o for 10® values of N! equally dis-
tributed in [0, 1], i.e. it minimizes the discrete L? error compared to the values
obtained by solving (4.15) and computing numerically (4.16).

One verifies a posteriori that this approximation of #; is in |0, 1[, i.e. it provides
a realizable closure, and that the condition (4.22) is satisfied, i.e. it provides a
hyperbolic closure.

In 3D:

For the M; model in 3D, the vector m reads
m(Q) = (1,921, Q9,Q3).
Define the vector A1 = (A1, A2, A\3) € R3. The M; ansatz reads
Ui, () = exp(Ao + A12), (4.25)
where Ao € R and A; € R? are the unique coefficients such that v, has the moments

<1/}M1 (Q)> = w07 <Q¢M1 (Q)> = ¢1‘

Proposition 4.1 ([25]) Define the vector

1
ot
|41
The M, closure has the form
1— -1
W = g ( 2X21d+ 3X22 ne® n> . (4.26)

Proof One observes that the ansatz i), is invariant by rotation around the
axis A1. Define a rotation matrix R € R3*3 along the axis Aq, i.e. such that

A1 = RA;.
Using the change of variable 27 = RQ in the computation of ¥° read

0 = (ar () = (exp(ho+ M)
= <exp(/\0 + R)\lﬁ»
(exp(Xg + A107)) = ¢°

and for !

U= QU (Q)) = (Qexp(Ao + A1)
(Qexp(Ao + RA192))
= RT(Qexp(Mg+A1Q”)) = RTyl.
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Since 9 is invariant by rotation around the axis A1, its moment are too, which
means that ¢! = a); for some o € R. Similarily computing the moment of
order 2 leads to write that

i.e. 1? is also invariant around the axis A;. Therefore 1)? can only have the
form

? = ald + Byt @ !, for some scalarsa, 3.
Finally, remarking that
¥ = () = (10P%s ) = (tr(Q © Qoar) = tr(v?)

leads to the write ¥? under the form (4.26). O

Using the approximation of yo proposed in the previous paragraph leads to a hy-
perbolic and realizable closure approximating the M; closure.

4.5.2 The advantages of the M; model

Before describing the approximated My closure, such a work is motivated here.

Despite improving the accuracy of the model, due to the better flexibility of the
My ansatz compared to the M; ansatz s, , the M model is also able to model a
larger range of physical phenomena than the M; model.

This improvement can be illustrated by two problems emerging in the field of
radiotherapy. First the physics of the angular diffusion is better modeled with the
M5 model than with the M7 model. Second the M; model is not able to model
multiple beams of particles crossing each others.

Angular diffusion modelling

Suppose an elastic linear Boltzmann operator G¢;— P.; characterized by a differential
cross section o¢;. Decomposing o.; into polynomials reads

oo
calen) = ol
=0

Then extracting the N first moments of the collisional operator is equivalent to
truncating this expansion at degree N. Clearly the collisions are better modelled
as N increases. This phenomenon is illustrated through the test cases in Part III
Chapter 5 Subsections 5.3.1 and 5.3.3.
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Multiple beams

Consider two perfect beams of opposite direction +eq crossing each other. This is
modelled by a sum of two Dirac peaks

P = 5(9.61 — 1) + (5(9.(—61) — 1)
Extracting the moments of such a measure reads

W= (y) =2
1/}1 = <Q¢> = O]R37
P? = (QR0) =2e; Rej.

Remark that the first two moments (1%, ') are identical to the first two moments
of an isotropic distribution 1) = 1/2m. Since only (¢°,4!) are considered in the
M7 model, then the M; model is unable to distinguish two beams from a isotropic
distribution.

In the My model, the moment 1?2 is also considered and therefore the My is able
to distinguish two beams from an isotropic distribution. This is illustrated through
the test case of Part III Chapter 5 Subsection 5.3.2.

This problem also appears in multi-D when the two beams are not along the
same direction. Consider a distribution of two beams of respective directions e; and
€2

P = 5(9.61 — 1) + (5(9.62 — 1)
The moments of such a measure are

W= () =2
1/’1 = Q) =e1 + e,
1/12: <Q®Q¢> =e1®e1 + e es.

Using the rotational invariance 1y, (see proof of Proposition 4.1), the M; ansatz
computed from the moment ()%, ') of such a distribution has the form

Uar, () = exp(No + aer + e2)R2),

and is therefore a single imperfect beam of direction (e; + e2). This is illustrated
through the test case of Part III Chapter 5 Subsection 5.3.4.
As for the previous case, the Ms model is able to distinguish those two beams.
This problem emerges from the form of the My ansatz ¢y, defined in (4.11).
One simply observes that the My model for a given N € N is able to distinguish
multiple beams at the points 2 = Qﬁ-’ if there exists A € REedm) guch that the My
ansatz Yy, = exp()\Tm) presents a local maxima in each of the points Qf

Remark 4.1 Typically, the multiple beam problem is solved by exploiting the
linearity of the underlying kinetic equation (2.1) (or (1.11)). Consider N bound-
ary conditions 1, modeling at most one entering beam and initial condition
i(e =0) = 0. Then the sum > 1; of the solutions v; to (2.1) with those initial-

(2
boundary conditions is the solution to the kinetic equation (2.1) with the bound-
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ary condition }loz =3 v, and initial condition ¢(e = 0) = 0. Each solution

7
Wi can be approzimated by solving the My system (2.2) (or (2.3)), and one may
obtain v by summing those contributions ;.

4.6 The approximated M, closure

The M; ansatz in 3D does not present such a rotational invariance as the M ansatz.
The method proposed in the last section does not lead to such a simplification of
the problem.

In this section, in 3D, the vector m is chosen to be

T
m(Q) = (Ql7 Q?a 937 Q%) Q%7 ng 91927 91935 9293) ’
which generates all polynomials on S? of degree 2, and the M, ansatz is denoted

¥, (2) = exp(Am(Q)), (4.27)

for X € RY.

4.6.1 An hierarchy of sets

The strategy to construct an approximation of the Ms closure consists in exploiting
the hierarchical character of the My models, i.e. the fact that the My_; is a subcase
of the My model. The hierarchical character of the My models can be illustrated
through the following example.

Example 4.2 The My ansatz is mor flexible than the My ansatz. Indeed one
observes that the My ansatz 1y, s a particular value of My ansatz

U () = exp(Ao+ A1 + A2 + A303)
= exp(AM + X + A3Q3 + X (2 + Q2 + 02)),

i.e. the My ansatz (4.25) is the My ansatz (4.27) where the coefficients X have
the form

A= ()\17 )\27 )\37 AOy )‘07 )‘01 Oa 07 0) o

The following hierarchy of subdomains of R? is considered

Lo =R, (4.28a)
Ly = {(Al,O,O,/\4,)\6,)\9,0,0,0), st (A1, Aa, Ae, No) € R4} C Lo, (4.28b)
L= {(A1,0,0,00,26,26,0,0,0), st (M, A, A) € RP} € £y, (4.28¢)
L5 = {(AM,0,0,A0,04,14,0,0,0), st (A1, \a) € R?} C L5, (4.28d)
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Choosing A in those sets in (4.27) leads to ansétze 1y, in the sets

= {exp(Am(Q)), A€ Lof C L'(SHT, (4.29a)
= {exp()\lﬂl F A2 4+ 262+ M02), (A1, A, he, Ao) € R4} C &, (4.29b)
= {exp(6 + M+ (= A6)2), (A1, M, d6) €RP} C &, (4.29¢)
= {exp(A+ M), (A, M) €R?} C & (4.29d)

Remark 4.2 One observes the following properties.
o The functions of the form (4.29d) are My ansdtze (4.25).

o The functions of the form (4.29¢) are 1D ansdtze, as they depend only on
one variable .

o Computations show that the moments ' and ¥? of functions of the form
(4.29b) are the moments such that ¥ is an eigenvector of 1.

The hierarchy of the sets of exponential functions (4.29) is illustrated on Fig.
4.1, 4.2, 4.3, 4.4, 4.5 and 4.6. On those plots, the unit sphere is colored by the value
of a possible function of the sets (4.29) (where blue corresponds to the lowest value
and red the highest). As & and & are sets of 1D distributions, those distributions
can be represented along the preferred axis, i.e. as a function of ;.

Figure 4.1: Unit sphere colored by Figure 4.2: Function in & as a func-
one possible function in &s. tion of £2;.
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N\

o

Figure 4.3: Unit sphere colored by Figure 4.4: Function in &\& as a
one possible function in &\&;. function of €.

Figure 4.5: Unit sphere colored by Figure 4.6: Unit sphere colored by
one possible function in £\ &s. one possible function in &\&;.

Extracting the moments of order up to 2 of these functions leads to define the
following hierarchy of subdomains of Ry

Ro = {(mv), ¢ €&}, (4.30a)
Ri:={{my), o €&} CRy, (4.30D)
Ry ={(my), €&} CRy, (4.30¢)
Rs:={(my), o €&} CRs. (4.30d)

Remark 4.3 According to Theorem 4.2 ([, 5, 6, 22, 37, 20]), each realizable
vector V. € Ry, are the moments of an exponential function of the form (4.29a),
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i.e.
Ro=Rm-

Furthermore the set Lo (resp. Li, Lo and L3) of Lagrange multipliers is in
bijection with the sets of realizable moments Ry (resp. R1, Ra and R3).

4.6.2 Transformation of the realizability domain

As for the M case (Section 4.5), one can use a rotation and a normalization on the
moments and write

¢ = ¢ Rot3(R, N?), (4.31)

where Rot3(R,N3) is the rotation of the tensor N3 of order 3 according to the
rotation R

3

3
ROtg(R, NS) = Z Z Z Ri,i’Rj,j’Rk,k’Ng’),j/,k"
i=1j=1k=1

Furthermore, by computing the moments ¥°, ¢!, ¢? and 13, and using again the
change of variable ' = R (see Subsection 4.5.1), one observes that the tensor
Rot3(R, N?) in (4.31) depends only on RN! and RN2R”,

Using (3.43) and (4.17), the moment N? can be rewritten

N? = N'®@ N' + (1 — [N'|*)RDiag(v1,72,1 = 71 — 32)R", (4.32)

where R is a rotation matrix and v; €0, 1] and 72 €]0,1 — 7].
For the purpose of the present approximation of the closure, the moments are
rotated according to a rotation R that diagonalizes the matrix

N2 - N'g N

If N' is an eigenvector of N2, then we additionally require that R sends N' onto
|Nt|e;. For convenience, the sets of normalized realizable vectors rotated by R are

written

Ro:={VeERy st. =1, N?-N'®@N' is diagonal}, (4.33a)
Ri:={VeRy st ¢'=1,

N'=|N'le;, N?—-N'®@N' is diagonal} C Ry, (4.33b)
Ry:i={VERy st =1,

N'=|N'e;, N?-N'®@N' is diagonal} C Ry, (4.33c)
R3:={VeERs st =1,

N!'=|N'le;, N?-N!'®@N' is diagonal} C Ro. (4.33d)
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Remark 4.4 Consider V. € Rq such that ! = Ry () is an eigenvector of
Y? = Rv(Q® Q). Rotating ¥ and ¥? with R reads

Ry = [¢ller, Ry*RT s diagonal. (4.34)
Using again Theorem 4.2 with m(Q)) = (Qq,02,Q32,Q3) leads to write that if
(1, 9?) satisfy (4.34) then there exists an exponential function ¢ € Ry such
that

R = [ Qu()do, Rz/PRT:/ Q © Q(Q)dS.
S2 S2

Computing the moments of order one and two of the functions (4.29) normalized
by 1° and rotated by R leads to

N' € B(0gs, 1)
€ &, = (e . 4.35a
veb {N2:[N1®N1—|—(1—|N1|2)Dmg(71,72,1—71—72)], ( )
N! = Nie;
€&, = L ‘
ve& { N?% = [|N{|?e1 @ e1 + (1 — |N{|?) Diag (v1,72,1 —v1 — 72)] ,
(4.35b)
N = Nleg,
&, = . L—vy 1-
v € { N = (|N1Per 9 e2 + (1= INIP) Diag (10, =574 =52
(4.35¢)
Nl —N1€17
3x2(N{) —1 1 — x2(N{ .
e, = {szle( 21) e1® eq + X22( 1)1(4’ (4.35d)

where x2 is the Eddington factor (see Subsection 4.5.1 or e.g. [25]). For convenience,
the following parametrizations of Rg, R1, R2 and Rs3

Po := B(Ogs,1)x]0,1[x]0,1 — ],
P o= {(le'yla’YQ)EPO s.t. Nl:Nfel}a
]_7
Py = {(Nla%,w)epl st. 7= 271}7
Nl _ N12
Py = {(N1,71772)€P2 st "Yl:XQ(‘ il) 1‘21| :
1 — [Ny

For a vector V to be in the set Ry, respectively R1, Ra, Rs, then the normal-
ized moments (N, N?) satisfy (4.35a) where the parameters (N',~1,72) are in Py,
respectively Py, Pa, Ps.

The hierarchy of sets P3 C Py C P; is represented on Fig. 4.7 in the space
(Ni,71,72) € R3. On Fig. 4.7, the red curve represents Ps in the space (Ni,v1,72) €
R3. This set is included into the green plane representing P» which is itself included
in the blue volume representing P; .
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1T71

/ 1
y

Figure 4.7: Representation of Ps (red line), P, (green plane) and P; (blue
volume) in the space (N{,71,72) € R3.

Y2 &

Similarly, computing the third order moment of the functions (4.29) normalized
by 1" reads

Yve&, = N3 =roligq+r3Tios+ (N} — ko —k3)T133, (4.36a)

]\f1 — K1
Y € &y, = N? =gyl + 1T(T1’2’2 +T133), (4.36D)
N{ — x3
Y € &, = N? = x3liig + ITX(TLQ,Q +T133), (4.36¢)
Tiji = lijg+ 15+ 155 Lijk =€ Qej @ eg,

where x3, k1, k2 and k3 are scalar coefficients depending on (N, ~1,72) in P3 for
X3, in P? for k1, and in P! for kg and k3, d.e. x3 is a function of |[N*1| € [0,1], x1
of [IN'| € [0,1] and 71 €]0,1[ and k2 and k3 of |[N1| € [0,1[, of 71 €]0,1[ and of
Y2 6]0, 1-— ")/1[.

Strategy of the approximation: The idea is to construct an approximation
of N3 for V € R3, using the same techniques as in Subsection 4.5.1 and to extend
progressively this approximation to Ra, to Ry and finally to Ro. This corresponds to
approximating progressively x3 as a function of N{ in (4.36¢), then 1 as a function
of (Ni,71) in (4.36b), then ks and k3 as a function of (N}, ~1,72) in (4.36a) and
finally N3 as a function of (N, ~1,72) € Po.

4.6.3 1In Rs, i.e. for M, ansitze

For convenience in this subsection and in the next one (in 1D), we only focus on
the moments according to 21 = u and therefore the subscript are dropped from the
moments, i.e. N = N}, N? = N1271 and N3 = Nfl,l.
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Reproducing the computations of Subsection 4.5.1 for the moment of order 3
reads (4.36¢). Therefore, after rotation and normalization, one only needs to study
the following 1D problem.

For the M, ansatz, the vector of polynomials m is

m() = (L, ).
For moments in R3, the associated ansatz 1/1713, i.e. a M, ansatz, reads
U, () = exp(Ao + A1p), (4.37)

where (Ao, A1) € R? are the unique coefficients such that vy, satisfies

(mi, () =", (nPvg, () = V%

Property 4.2 Realizability: Using (3.35c), the realizability condition on >
equivals to the following condition on N3

b_(N',N?) < N3 < b (N, N?), (4.38)

(Nl +N2)2 (Nl o N2)2

“@A+Nh) BB B = I = 1— N1

b_(N',N?):= —N? +

For this purpose, x3 = N® is rewritten as a convexr combination of b_ and b,

xs(NY) = b_(N',xa(N") 62(N) (4.39)
+ LW e®h)  (1-60h).

therefore  one  only needs to  approrimate  the  function 03
from (NY,v1) € [0,1[x]0, 1] to ]0,1].

Using the change of variable Q = —' in (4.36¢), one observes that N3 is an odd
function of A;. Similarily N! is odd and N? is even in A;. This leads to write that
X3 is an odd function of N'.

The coefficient 05 is approximated such that xs is odd and interpolates the values
of x3 and its derivative x4 for N! = 41 and for N! = 0. Those values read (using
the same method as for (4.23))

xs(1) =1, x3(0)=0, x5(1)=3, x5(0)=3.

In the end, the following approximation of 6, is proposed

02 (NY) =~ % + N? (—; + (1 = [NY?)(do + d1|NY? + d2|N1|4)> ,
where the coefficients dp = 0.386143553495150,  d; = 0.488034553677475
and da = —0.681343955348390 are computed with MAPLE ([27]) such that the ap-
proximated Y3 given in (4.40) approximates the exact y3 for 10% values of = equally
distributed in [0,1], 4.e. it minimizes the discrete L? error compared to the values
obtained by solving numerically (4.15) and computing (4.16).

One verifies a posteriori that this approximation of s is in |0, 1], 7.e. it provides
a realizable closure.
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4.6.4 In R,, i.e. for 1D ansiitze

Now, we focus on the Ms model in 1D. The vector of polynomials m is

m(p) = (1, 4, 1)

For moments in Ro, the associated ansatz Vg, i.e. a 1D My ansatz, reads
1/)712 () = exp(No + A1y + )\Q;LQ), (4.40)
where (A, A1, A2) € R? are the unique coefficients such that V5, satisfies

(V) =4 (mog,(w) =v',  (1Pr,(w) =¥

Property 4.3 Realizability: According to (4.38), the closure N3(N' ~1) is
realizable if it can be written as a convex combination of b_ and b

N3N y) = b (Nl,NQ(Nl,'yl)) 05(N, ) (4.41)
+ by (NLNA(NY 1)) (1= 65V, m)),

where the functions b_ and by are defined in (4.38), and N?(N',~1) is given by
(4.35¢).
Hyperbolicity: The Jacobian of the fluz (in 1D) reads

OyF (¢) =

Q@ O O
o = O

1
0
b
a=N3(N' N?) — N'9ON3(N', N?) — N29pN3(N', N?),
b=0N1N3(NLN?)  c= 0y N3 (N N?).

The Jacobian OyF (1p) has real eigenvalues iff the discriminant A of the char-
acteristic polynomial (here of degree 3) is non-negative

A = 18abc — 4ac® + b*c? — 4b* — 27a* > 0. (4.42)

Using again the change of variable = —Q' in (4.36b) leads to write that N3 is an
odd function of N!.

The coefficient 63 is approximated such that N3 is an odd function of N! and
such that it interpolates the following values of N3

xa(INT]) — [N{
1—|N{|?
N3 (N1>71:1) :Nla

N3(N', 1 =0) = (N)?, N? (Nl,%: >=X3(N1)

i.e. it retreives the exact N on the boundary of the realizbility domain (y; = 0 or
71 = 1) where the exact values of N3 are computed from (4.15) and it retreives the
previous approximation (4.36¢) in the My case (N1, v1,72) € Ps.
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Notation 4.2 The polynomial of degree two interpolating the values A, B and
C' at the points a, b and c is denoted E.
The polynomial of degree three which is zero in a, b and c is denoted Z.

B((4,0),(B,b),(C0) (@) = AZI2ZC 4 pPese
=
Z(a,b,c)(x) = (xz—a)(zx—"0)(z—c).

In the end, the following approximation of #3 is proposed

ar = 0, Ay = (N{, a1),
1 1)2 by —b-
x2(|N1]) = (N7) by — K1, 1
= Ay = N 4.43
a2 1—(N11)2 bl 2 b+_b_( 17a2)7 ( )
b, —
ag = 1, Az = b+ :1 (Nll,ag),
+ - —
03(N{,m) ~ E ((A1,a1), (A2,a2) , (A3, a3)) (11) (4.44)

+Z (a1, a2,a3) (v1)Q1(N{,m),

where Q1 is a polynomial of N{ and v; of degree sixteen.

The coefficients of the polynomial Q) are computed to minimize the discrete L?
distance between the approximation and the x; computed by solving (4.15) for 10*
values of (Ni,v1) € [0,1] x [0,1]. Those values are chosen from 100 values of Nj
equally distributed in [0, 1] and 100 of 7, equally distributed in [0, 1].

In this process, the minimization problem (4.15) is solved numerically using
the minimization routine HUMSL of MINPACK ([33]) which calls the quadrature
routine DQAGS of QUADPACK ([34]). Both those routines are iterative, and the
error tolerance for both routines was fixed at 1077,

In the next subsections, an approximation of the closure is proposed in Ry and
in Ry based on the approximation (4.41,4.44) and the error produced in the ap-
proximation (4.41,4.44) propagates and will be amplified in the next step of the
approximation. Therefore a high accuracy is required, which explains why the poly-
nomial ()1 was chosen to be of such a high degree.

The discrete L> error compared to the numerical solution of (4.15) for those
10* values of (N{,71) € [0,1] x [0,1] is 8.43 x 1073.

One verifies a posteriori that this approximation of N3 satisfies (4.42) and that
03 € [0,1] for all (Nt,~1) € [-1,1] x [0,1]. Therefore this approximation of the 1D
My closure is hyperbolic and realizable.

4.6.5 In R,

In R1, the vector of polynomials m is
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For moments in 7~21, the associated ansatz wﬁl € & reads
1/}7%1 (Q) = exp(/\lﬁl + )\QQ% -+ )\39% + A4Q%), (445)

where (A1, A2, A3, \4) € R* are the unique coefficients such that g, satisfies

(e, (@) =vl, (g, @) =14,
(B, (@) =32 (g, (@) = vis.

Similarily as in the previous subsections, an approximation of the scalars ks and
k3, defined in (4.36a), interpolating the exact values of N3 on the boundary of
the realizability domain and interpolating the previous approximation when vy, =
(1 —~1)/2. Here the boundary of the realizability domain corresponds to fixing
v =0 and 9 = 1 — 1. Using Proposition (3.7), those values reads

by = 0, by = 1_2%, b3 = 1-m,
Bi = me(Niybi) = (NP4 N1 =N ),
By = R?(Nllvf}/l?b?) = El(N11771)7
By = Re(Ni,m,bs) = (NP N{(1—|N{ P,
Cl - R3(N117’717b1) = 07
Cy = r3(Ni,y,b2) = 3(N] —ki(N{.m)),
Cs = m(Ni,mnbs) = (VD)2 NT(1 = [N{P)(A =)

Similarly as in the previous subsection, the following approximations of ko and k3
are proposed

E ((B1,b1), (Ba,b2), (Bs,b3)) (72)

Q

Ko (N, v1,72)

+Z (b1, ba, b3)(7y2) Q2(NT,71,72), (4.462)
k3(N'y1,72) &= E((C1,b1), (Ca,b2), (Cs,b3)) (72)
+Z<b17b27b3)(72) Q3(N11771772) (446b)

where Qy and Q3 are polynomials of N1, 41 and v, of degree eight. As in the previous
subsection, the coefficients of ()2 and @3 are computed so that they minimize the
discrete L? distance between the approximations and the coefficients ko and ks
computed by solving (4.15) for 8 x 10% values of (N{,v1,72) € P1. Those values are
chosen from 20 values of N{ equally distributed in [0, 1], 20 values of 71 in [0, 1] and
20 of y2 in [0,1 — ].

In this process, the minimization problem (4.15) is solved numerically using the
minimization routine HUMSL of MINPACK ([33]) which calls the cubature routine
DCUHRE from [3]. Both those routines are iterative, and the error tolerances for
both routines was fixed at 1077.

The discrete L error compared to the numerical solution of (4.15) for those
8 x 103 values of (N, ~1,72) € Py is 2.09.1072.

Studying the hyperbolicity and the realizability properties is no simpler for mo-
ments in R; than in Rg. Therefore, those properties are studied in the more general
case of moments in Ry in the next subsection.
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4.6.6 In the whole realizability domain R,

The approximation (4.36a-4.46) of the previous subsection provides a closure when
N' is along one of the Cartesian axes. One can also compute the closure when
|N'| = 1 through the equality case of Proposition 3.6. In that case, all the moments
of higher order read

Nt = (NH®", (4.47)

Now we aim to approximate N3 at any point P = (N',v1,72) € Po. Define the
following points (see Fig. 4.8 and 4.9)

P1 :(Nlleh’yl”}?)? PQ:(N21€277D72)7 P3:(N31€37’71772)-

Those points correspond to the projections of P onto each Cartesian axis at fixed
~1 and 2. At those points, N' is an eigenvalue of N? and therefore the previous
approximation can be used, i.e. use the appropriate rotation to turn ! onto the
axis e;. Now define the following lines and their intersection points with the unit
sphere (see Fig. 4.8 and 4.9)

Ll:(PlaP)7 LQZ(P27P)7 L3:(P37P)

2 1 1 1 1— N}
Pp=LiNS*=|N 4 (N — Njey) Wﬁh% )
2 3
2 1 1 1 1— [Ny
Ps=LyNS*= (N + (N"— Nyes) W7717% )
1 3
1—|N32
P6:L3052:<N1+(N1—N§63) W_Mﬁlﬁz)-
1 2

According to (4.47), the closure N3 at the points Py, Ps and Ps read

®3
N3(Py) = N1+ (N = Nlep)y [ L Vi
Nz 2+ N5 2 )

®3
N3(Ps) = | N' + (N — Nleg) LNQIP
NI+ INs[2 )

®3
N3(Ps) = [ N'+ (N' — Njes) LN
TUVINIR NG )

For P € Py, the different components of the closure N3 are approximated by dif-
ferent convex combinations. In particular, NE:M(P) is approximated by a convex
combination of Ni‘?:j,j (P;) and NE]-’J-(P;;H).

Similarly, the value of N}, 3 is known at the points

Py = (Ogs,71,72)s P, = (NY/INY,v,72),

AL\ &3
N3(P0) == 0R3><3><37 Ng(P7) - <|]V1|> .
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Ny

1—|NyP?

N}
P 1 N} P

Figure 4.9: Configuration at fixed ~;,
Figure 4.8: Configuration at fixed v, 9 and Ng}.
and 7s.

Therefore Nf’7273 can be approximated by a convex combination of N§’273(P0) and
Nf’,273(P7). In the end, for a point P € Py those approximations read

N13,1,1(P) ~ (1- al)Nig,Ll(Pl) + 01N§71,1(P4)a (4.48a)
N13,2,2(P) ~ (1- al)N13,2,2(P1) + alNiQ,Z(P4)7 (4.48Db)
Nig,3,3(P) ~ (1- al)N§,3,3(P1) + ale’7373(P4), (4.48c¢)
N13,1,2(P) ~ (1- 042)N13,1,2(P2) + a2Ni1,2(P5)7 (4.484)
N23,2,2(P) ~ (1- 042)N§,2,2(P2) + a2N§’7272(P5), (4.48e)
N23,3,3(P> ~ (1- 042>N§,3,3(P2) + 042N§’,3,3(P5)7 (4.48f)
Nig,1,3(P) ~ (1- QS)N%L:;(P?)) + 043N§,1,3(P6)a (4.48g)
N23,2,3(P) ~ (1- 043)N23,2,3(P3) + 0‘3N§,2,3(P6)7 (4.48h)
N§,3,3(P) ~ (1- QS)N§,3,3(P3) + 0‘3N3§,3,3(P6)7 (4.481)
N13,2,3(P> ~ (1- 044>Ni2,3(P0) + 044Nf’,2,3(P7)7 (4.48j)

o MPHME _ IMEEINP

1 = ——o1 2 = 15

+
o = Sioyme = VY

Remark that those linear combinations are only one choice, and several others were
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possible. However this choice was found to give the best approximation of the My
closure.

Precision and numerical cost

First the accuracy and the computational costs of the approximation (4.48) in Py
are compared to the ones of the minimization procedure (4.15).

The approximation is compared to the solution of (4.15) computed numerically
for 3.2 x 10% values of (N 1,71,72) € Py. Those values are obtained from 20 val-

ues of Ni equally distributed in [0,1], 20 of NJ in [0,1/1 —|N}|?], 20 of N3 in

[0, /1 [N}[2 — [N3[2], 20 of 7 in [0,1] and 20 of 72 in [0,1 — 7i].

In this process, the minimization problem (4.15) is solved numerically using the
minimization routine HUMSL of MINPACK ([33]) which calls the cubature routine
DCUHRE from [3] (see e.g. [19, 2, 1] for more robust methods). Both those routines
are iterative, and the error tolerance for both routines was fixed at 1077.

The discrete L error compared to the numerical solutions of the minimization
problem (4.15) for 3.2 x 10° values of P € Py is of 3.12 x 1072

In order to compare the computational costs between evaluating the value of the
approximation and the numerical methods for solving (4.15), the error tolerance in
this numerical method is fixed at 3 x 1072, i.e. such that both methods have the
same accuracy.

The computational time required for computing N3 for 3.2 x 105 values of P € Po
with both methods are summarized in Table 4.1.

Minimization solver Approximation
Computation times | 1654 sec = 27 min 34 sec 0.434 sec
L*° error <3x1072 3.12 x 1072

Table 4.1: Computation times and discrete L> error with the approximation
and the numerical method for solving (4.15) for 3.2 x 10° values of P € Py.

Hyperbolicity

For moments in R; or in Ry, the Jacobians J of the flux (defined in (4.6)) are
10 x 10 matrices. No analytical condition were found to verify that such matrices
were diagonalizable with real eigenvalues for all 9 € Ry,.

Instead, one can verify that those matrices are diagonalizable with real eigenval-
ues for a finite number of points in P € Py. This does not prove that the approxi-
mation is hyperbolic, but this provides a good indication that the approximation is
not non-hyperbolic.

For this purpose, consider 10° values of P € Py obtained from 10 values of N}

in [0,1], 10 of N3 in [0,4/1 — |[N{|2], 10 of N4 in [0, \/1 — |NE2 = [NJ 2], 10 of 77 in
[0,1] and 10 of 9 in [0, 1 — 71|, each equally distributed in their respective intervals.
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The Jacobians were found to be diagonalizable with real eigenvalues at each of those
10° points P € Py.

Remark that improper numerical methods for solving the minimization problem
(4.15) also introduces numerical errors which may result in losing the hyperbolicity

property.

Realizability

In multi-D, no sufficient conditions for a vector to be realizable were found. As the
closure proposed here is exact on the boundary of the realizability domain and ap-
proximates a realizable closure, one may expect the approximation to be realizable.

4.7 Other closures

The My closure was mainly studied in this thesis because it retains the major
characteristics of the underlying kinetic model. Although other closures for angular
moment models are available.

4.7.1 The polynomial (Py) closure

The Py (the "P" stands for polynomial) closure is often used in computational
physics because it is very simple of implementation and it offers several desirable
properties.

As for the My closure, the Py closure is obtained by reconstructing an ansatz
1 p, which is simply chosen to be a polynomial of degree N

Ypy = mA, (4.49)
where A is the unique vector such that
Y = (m(ml)) = (m@m) A,

which can simply be computed by inverting the matrix (m ® m). And the closure
is again computed from the ansatz 1)p, through

F(y)=(Qom®m)A.

Advantages

Linearity: Based on their definitions, both the Py ansatz ¥p, and the Py closure
are linear functions of .

The Py model can also be interpreted as a spectral method ([8], see also [7]), i.e.
as a truncated polynomial expansion of .

Hyperbolicity: The Jacobians of the fluxes do not depend on % and one verifies
a priori that they are diagonalizable with real eigenvalues.
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Entropic: The Py closure can be interpreted as an entropy-based method (see e.g.
[18]). Indeed, the Py ansatz is the function minimizing the quadratic entropy

over the set of L!(S) functions (here non-restricted to positive ones L!(S)") having
1) for moments

{veL’(9), st (my)=vp}. (4.50)
(S)

Drawbacks

Non-realizable: The Py ansatz ip, defined in (4.49) is simply a polynomial of
degree N. There are no constraints on the coefficients A to enforce the positivity of
Ypy. Therefore, for a realizable vector ¥ € Rp, the vector (¢, F\(1)) is not always
a vector of moments when F' is chosen to be the Py closure. This phenomenum
may lead to instabilities ([18, 28]) or to modelling issues. This problem can also be
adressed by choosing a positive ansatz 1 € L'(S)* in (4.50) (see [18]), although this
requires to use similar numerical methods to compute such an ansatz as to compute
a My ansatz.

Beam modelling issue: When considering a beam in the direction e;, i.e. a Dirac
measure, the Py ansatz fails to approximate such a measure. Indeed extracting the
moments 1 of such a Dirac measure and reconstructing the Py ansatz ip, from
those moments, one observes that the Py ansatz differs from the original Dirac
measure.

Example 4.3 Consider a 1D measure of the form

Yp=056(un—1).
Extracting the first two order moments reads
Y¥=1 9'=1

Computing the Py ansatz from those reads

_1+3u

wPN (M) = 9

Finally the closure differs from the only realizable closure in that case

+1

1
[ =5 # 1= [ a1,

This problem does not appear with the My closure. This is simply due to the fact
that the sum of IV Dirac measures are in the closure of the set of possible My ansatz
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(a Dirac is the limit of an exponential function, see Example 3.1), while they are
not in the set of possible Py ansatz

¥ € {exp(Am), A € RCardm)}, ¢ ¢ RCardm)[ X X, X3].

In external radiotherapy, modeling beams of particles is of major importance. In
order to obtain accurate results when considering beams with a Py model, one needs
to use a high order model (N large) which results in raising the numerical costs as
the size of 1 raises as (N + 1)2.

4.7.2 An atom-based (Ky) closure

The Kershaw closure, or Ky closure (the "K" stands for D. Kershaw [23]), is based
on an atomic decomposition ([23, 32, 35, 36, 11, 24]).

In 1D, the idea proposed in [32, 35, 36] consists in exploiting the knowledge of
the unique representing measure for a vector V. € R} on the boundary of the
realizability domain (see the proof of Theorem 3.1). From this unique representing
measure, one deduces the existence of a unique realizable closure on this boundary,
which can be computed numerically.

When the vector V € Ry, is in the interior of the realizability domain, it can be
written as a convex combination of vectors Vi and Vy on the boundary OR}: and
of an equilibrium point Vo = (m) (see [32, 35, 36] for details)

V =ayVy+ a1 Vi + axVs. (4.51)

Remark that a similar method was used to construct (3.30). At each of these points
a representing measure is known

+1 +1 +1
Vo= [ mudi. Vi= [ CmGdnGo, Ve [ m(nda),
where 71 and -5 are sums of Dirac measures.
Finally the Ky closure consists in writing the flux F(V) from this representing
measure

+1 +1 +1
F(V)=ao X pm(p)dp + oq / X pmdy; (p) + o X pn(ge)dya ().

Remark that such an atom-based closure is non unique because different sets of
coefficients ap, aq, ae and of vectors Vi and Vy satisfy (4.51). The ones proposed
and studied in [32, 36] are possible atom-based closure that were shown to have
certain properties. Although other choices of atom-based representing measures can
be proposed. The one proposed in (3.30) was shown to have the minimum number
of atoms in [11, 13, 14, 12].

Advantages

By construction this closure is realizable.
The 1D K; and K3 closures were found to be hyperbolic ([32, 36, 35]).
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Drawbacks

The main issue is the current lack of knowledge on the realizability property for
moments over S2. This closure is therefore restricted to 1D problems.
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Chapter 5 .
Numerical schemes

5.1 Introduction

This chapter is devoted to constructing numerical schemes adapted to the M; and
M5 model constructed in the previous chapters. In addition to the common stability
and consistency requirements, numerical schemes for My equations need to preserve
the realizability property. Indeed if this property is lost during the computations,
the My closure exists not and the computations break.

The numerical schemes constructed in this chapter are based on methods com-
monly used for hyperbolic systems of conservation laws, and some of them can
only be used when considering hyperbolic operators. However, not all the moment
equations studied possesses such operators, e.g. the moment equations for pho-
tons transport (2.3) do not. Therefore, numerical schemes are constructed for the
following three types of equations.

e For the sake of simplicity, the issues emerging when constructing numerical
schemes for moment equations are first described and solved on the following
toy problem

in 1D: O — j)arF(v,b) —0, (5.1a)
in 3D: O — ;va(zp) ~0, (5.1b)

and afterward apply to the particle transport equations.

e As an extension, the transport of electrons alone (without photons) is consid-
ered, when the collision operator is chosen to be either a LBCSD operator or
a LBFP operator. Such a transport equation contains an hyperbolic operator
(see Chapter 2). For simplicity, the gain term of Mgller’s secondary electrons
is also removed. Such an equation is rewritten

in1D:  0.(Sv) ;ammp) + M =0, (5.2a)
in 3D:  0.(Sv) ;vxF(@z;) + Mep =0, (5.2b)
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where 19 = 1), are the moments of the fluence of electrons and the matrix M
is defined by

M(e) = smoul(e) — ormort(€)Id (5.3a)
when considering a CSD operator,
M(e) = T(e)Mpp when considering a FP operator, (5.3b)

see Appendices 2.A.1 and 2.A.2 for the definitions of the matrices s and Mpp.

e Finally, the equations of transport of electrons and photons together are con-
sidered. Such a system contains no hyperbolic operator, they are rewritten

in 1D: 0. F(¢) — pQ(y) =0, (5.4a)
in 3D: V. F () — pQ(yp) =0, (5.4b)

where ¥ = (1., 1) are the moments of the fluences of photons and electrons
and Q is the associated collision operator. In the present work, the electron
collisions are chosen to be modeled by a LBCSD operator, so Q is chosen to
be

Qy) = (Gc,v(ipy)—Pc(U’y)a (5.5)

0.(590) + (Gara + M) + Goo(w,) ).

Remark 5.1 At the numerical level, the transport of electrons can not be mod-
eled by the original linear Boltzmann model. Indeed, in Subsections 1.4.3 and
1.4.4, the differential cross sections for electronic collisions were shown to be
very peaked along the line € = €. For such an equation to be accurately dis-
cretized, one would need the energy grid to be fine enough to capture such a
peak. For application to the present problem, using such a fine grid was found
to be numerically too costly.

Remark that even if the elastic cross section, i.e. oprort %S peaked in angle
along the line Q' .Q = 1, this peak appears not after integration when considering
moment models. Therefore the CSD approximation can be used at the numerical
level with moment models, but not with the kinetic model.

In all this chapter, the energy variable € is considered as a "numerical time".

As desribed in Remark 1.6, the equations of transport of electrons and photons
need to be solved backward in energy, i.e. from a maximum energy ¢ = €™ to a
minimum one e"max = ™" This direction is unusual and for the sake of simplicity
and in order to use the 'classical" notations and retreive some results from the
litterature, the toy problem (5.1) is solved forward in energy, while the transport
equations (5.2) and (5.4) are solved backward in energy.
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The superscript n to the cell [e”+%,e”_%] and the superscript n + % to the

interface €"*3 between ¢! and €. Remark that ¢” > ¢"+! and "3 > "3 when
the energy is considered in the backward direction.

Finite volume and finte differences schemes are used, and the spatial grid is
always chosen to be Cartesian. In 1D, the subscript [ refers to the cell [x;_ 1T ]

and the subscript [ 4+ % to the interface z; 1.
2

5.2 Approximate Riemann solver

Several numerical schemes adapted to angular moment equations such as (5.1) were
proposed in the litterature (see e.g. [10, 24, 17, 7]).

Such state-of-the-art methods are typically stable under a Courant-Friedrichs-
Lewy (CFL) condition depending on density p. Such stability conditions typically
become very restrictive when the medium contains low density region ([8, 22]), e.g.
in the field of medical physics when irradiating a lung (pjung ~ 0.3). This problem is
first presented through the following standard technique for the 1D equation (5.1a)
and addressed in Sections 5.4, 5.5 and 5.7.

The HLL approximate Riemann solver (named after A. Harten, P. D. Lax and B.
Van Leer [15]) is commonly used for My equations because it is known to preserve
realizability from one energy step to another (see e.g. [7]) and is easy to construct
even when considering non-linear fluxes (which is the case with My equations). This
scheme is obtained by approximating the solution of the Riemann problem at each
interface z; 1.

5.2.1 The Riemann problem in 1D

Consider that the relative density p(z) = p is homogeneous in a 1D medium and
¥ (z,€") is constant on each side of the interface x, 1 and denote

T/’(ﬁnvl’) = I[J s

{F<¢><en,x> _F, eyl (5.6a)
’l/)(én,x) - 'l/) y

{F(w)(e",x) = Ff: V€ [y 1, +00[. (5.6b)

The solution of the Riemann problem (5.1a) with the initial condition (5.6) is
composed of waves of different velocity which are the eigenvalues of 9yF/p. In the
case of the My system of equations, those velocities are bounded using the following
lemma.

Lemma 5.1 The eigenvalues of the Jacobian OyF (1) are bounded by 1 for all
realizable moments 9 € Ry, i.e.

Vi) € Rm, Sp(0ypF(v)) C]—1,1].
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5.2. Approximate Riemann solver

Proof Using the form of the 1D My closure (4.37), define the matrices

A = 0pF(Y),

+1
B = 8>\F(1[)):/_1 pm () @ m(p) exp(ATm())dp,
¢ = onp= [ m @ mlp) exp(X ()i

The Jacobian 0y F (1)) can be rewritten
OpF () = A= BC™.

One needs to check that the eigenvalues a; associated to the eigenvectors V; are
of norm inferior to 1

AV; = BCYW; =a;V; = BW; =aqCW;
where W; = C~1V;. Then one has

_ BW,.W;
- CW, W

67

Remark that the matrix C' is strictly positive as long as 1 is realizable, so here
CW;.W; > 0. Using a Poincaré inequality, one finds
i Tyi\2 T
BW.W, = [ ()W) exp(X m(u)dn

< L:l(m(ﬂ)TWiﬂ exp AT m(p))dp = CW;. W3,

which leads to the result. O

This result also holds in multi-D.
Define the cone C}', , (see Fig. 5.1) by
2

Cﬁ_% ::{(az,e)ERxR+, s.t. p|:1:l+%fx|§|e”f€]}.

Using Lemma 5.1, the velocities of the waves propagating from the interface z; 1 are
inferior in norm to 1/p. This implies that the solution 1 of the Riemann problem
is constant out of the cone Cﬁrl’ i.e. P(x,e) = ;' on the left of the cone (when
(x — xl+%)p < —(e — €")) and to v (x,e) = v}’ ; on the right of the cone (when
(x — xH_%)p > (e —€")).

In order to construct the approximate Riemann solver, the value of ¥ (z, €) inside

the cone Cl’; ., is approximated by its average value written 7,07 L1 which is given by
2

. 1 w1+ oF n
’l'bl+% = E/I *2 : ’(p(E +A€,.7J)d$
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Yy

Figure 5.1: Configuration for the approximate Riemann solver.

This average value can be computed by integrating (5.1a) over [z, 1 — %,xH; +
2 2

%] x [€" + A€, €"] (in red on Fig. 5.1). It reads

xH%Jr% e"+Ae 1
0 = / 0 — ~0,F ()| (e, 2)dedu
Ty e p
2
2Ae [, Y+ Ae n n
= Y- 5 |~ W (F(ry) —F(r)) -
This leads to write
* 1 n n n n
1/’”% =5 (Vi + 91 + (F(¥i) —Fyr))] (5.7)

One can prove that this intermediate state is realizable using the following proposi-
tion.

Proposition 5.1 Suppose ¥ € Ry and the flux F (1) is defined from a realiz-
able closure, i.e. such that

>0 st ¢=(my), F@)=(umy),

then
Y £ F () € Rn.

Proof Define V € R¥*! guch that

¥ = Ry (m), F(¢) = Rv(pum).
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If F is computed from a realizable closure such as My closure, then V € R,
is realizable, i.e.

Jp e LN[-1,1))", st. V= (my,0).
Then one has
Y F(¢) = ((1+p)my),

with (1 + u)y € LY([~1,1])* is positive. Therefore 1) + F(v)) are the moments
of a positive L!(S)T function. O

Using this result, if ¥;" € Rm, ¥}’ 1 € Rm and the fluxes F are defined from a My
closure, then the intermediate state reads

wz;% _ <TP? —§(¢7)> + <¢7+1 ‘1‘2F('¢7+1)

) <

This is a positive combination of realizable vector, it is therefore realizable according
to Property 3.1.

5.2.2 The fast characteristic problem

With those computations, one can approximate the value of 1,bl"+1 at new energy

step.
Consider that 1) is constant in each cell z € [z;_1,7, 1]. Approximate the
2 2
solution of the Riemann problems at each interface x;, 1 with (5.7). The value of
2

1#?“ is computed by the following integral over [l‘l_%, x;, 1] (in blue on Fig. 5.1)
2

1 (%4l
A / 2 (z, ) da,

?x Il 1
-2
where the value of v(z, ") is approximated by ¢;+ 1 in each cone ﬁr 1. This
2 2
leads to
1 [Ae” 2A€™
n+l1 * * n
P = Az {pwz; + TPH%) + (A%’ 0, ) P
_ {Aﬁn Yo —F(ily) n A" Yy + F(iy)
Ax | p 2 p 2
A n
+ (2022w, (5.8)
P
which can be written under the finite volume form
Ae”
n+l _ n n n
l - ’libl + pr <Fl+é - Fl_é) ) (593)
n 1 n n n n
T 3 [F(i') + () + (¥ — 7)) - (5.9b)
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Remark that such an approximation is only possible if the cones C" 1 emerging

from all interfaces x; +1 do not intersect each other, this means under the following

condition

Ae" < pAx. (5.10)

One observes through (5.8) that zp”“ is a positive combination of realizable vectors
under the condition (5.10). Therefore this scheme preserves the realizability property
from one energy step to another (see Property 3.1).

Remark 5.2 (Position of the problem) This stability condition can be very
restrictive when the density p has a very low value. In radiotherapy, very het-
erogeneous media are considered. Those media may contain very low density
media, e.g. the relative density of the lungs compared to is typically around
Plung =~ 0.3 and the relative density of air is 1073, Such low density regions
are less collisional, i.e. the particles collide less in it. However the numerical
scheme requires smaller energy steps Ae™. In the next subsections, alternatives
to this approach non-constrained by stability conditions are described.

5.2.3 Application to electrons transport equations

The approximate Riemann solver approach is only considered with an hyperbolic op-
erator, therefore only the transport of electrons (5.2) is considered and the collisions
are modeled by a CSD or a FP operator.

This method is now used for (5.2) which is considered backward in energy, i.e.
et < €. For this purpose, a splitting method is used. One first solves the equiation
without the term M1 and add its influence a posteriori. In multi-D, the equation
is solved explicitely in each direction of space and the influence of the term M4 is
added a posteriori.

The inhomogeneous density p is approximated by a constant p,, 1 in each dual

cell [z, z;41]. This choice is motivated by two reasons: it simplifies the computation
of the solution of the Riemann problem, and it leads to a conservative form of the
numerical scheme (see (5.11) below).

Applying the previous computations to the hyperbolic operator of (5.2a), i.e. to

pO.(St) — 0, F () = 0
leads to write

AG” F?+7 B Fn_%

Sn+1,¢n+2 = Syl — 5.11
l Az pl+§ pl_% ( )
n 1 n n n n
i T 3 [F(¥i1) + F7) — (Wi —¥1)]
where S™ = S(e"). The condition (5.10) turns into
-1
n n 1 1
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Now one needs to add the influence of the operator pM1)» which is chosen to be
discretized implicitly. In the end, the scheme reads

n Fn
(57 1d — A MM gt = S”w?—A6n< . l_;>’
Ax \ p1 01

2

where the matrix M™ = M (e"), and it can be rewritten

Aer (11
Ar— =5 + Sy
ST \p-y o Pyl

LA P+ F(l ) + Y + F(Ylq) '
2p, 2014

(S"“Id—Ae"M"“) o ﬁ

1
2

(5.13)

Proposition 5.2 If the condition (5.12) is satisfied, then the scheme (5.13)

preserves the realizability property from one enerqy step to another in the fol-
lowing sense.

If
Vi, vn'<n+1, 9] € Rm,
then
Vi, P € Ry,
Proof

With a CSD operator: Consider that M = (s} — U%j\} o1t) corresponds

to the CSD operator. The scheme (5.13) can be rewritten

(8™ d + A(oFhodd — sifu))i T = R, (5.14a)
R = 1 N P+ F( ) " Vi + F(lhy)
Az 2pl_% 2pl+%

Y N N R T RS
S"\per o Pyl

Using Proposition 5.1, one observes that the right-hand side R}' is a positive
combination of realizable vectors, and therefore, using Property 3.1, it is realiz-
able R}’ € Rm.

Define the function

Rn+A6n8n+1
J(’(ﬁ) _ 1 Mott

- +1 n+1
St 4+ A€o ot

The function J is a contraction because it is Lipschitz continuous with a Lips-
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chitz constant lower than 1. Indeed, one has

+1
A" s (D1 — o)
Sl 4 AEn("’.rﬁg\/lfott

J("/’l) - J(¢2) =

)

and since o;,,; < 0%,,;; = 0T Mott, the eigenvalues of the matrix

n . n+l1
A€ s

n+1 nntl
S + Ae 0T Mott

are of norm inferior to 1. Therefore, Banach fixed point theorem provides the
existence and uniqueness of a fixed point of J and the sequence

P = ()

converges to it.
Since R} € R, write R' = (mfg) with fr € L*([-1,1])", and initialize

P =R € R

Now, by induction, suppose w?ﬂ’(k) = <mf(k)> with f®) ¢ L'([-1,1))*, one
has
Rl + Acs T](/;roit",bn—i_l (k)

Sm+ Aenag—ij_\/llott

+1
< fr(p) + Ae® /_1 UMott(GnH,Mlvﬂ)f(k)(ﬂl)dﬂl>
m :

Sn+1 + AEnUT,Mott(GTH_l)

1,(k+1) .
4L (k1) is the moment vector

Since fr, f®, a?j@%t and o7 ]Vl[ott are positive, 1,
of a positive function.

Thus, at the limit, the fixed point /""" to (5.14a) is in the closure of the
realizability domain R7:. Moreover, by definition of this fixed point, 1,b"+1 =
J(]™) is a positive combination of a vector s"*14p7 ! in the closure R of
Rm and of a vector R}' in the interior Ry,. Therefore such a combination

"+1 € R is in the interior of the reahzablhty domain.

With a FP operator: Consider now that M = T'(e)Mpp corresponds to
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the FP operator. The scheme (5.13) can be rewritten

(S™1d — AT Mpp)ytt = R), (5.15a)
1 n F n n F n
R} — — |Ae Vi + (¢171)+¢z+1+ (Y1)
Az 2017% 2pl+%

Ae™ 1 1
+ Az - =5 + S|, (5.15b)
ST \p-y o Pyl

where the right-hand side R}’ € Ry, is realizable as it is a sum of realizable
vectors.
The equation (5.15a) is the moments of the following kinetic equation

0 — Sn+1qp?+1 — Ae"T”JFl]WFPWHl - R}
_ <m (Snuw — AT, ((1 — u2)0uw) - fR)> :

Consider the problem

{ Sn+1¢ — AG"T”'HaM ((1_N2)8M1/}) —Jr =0 (5.16)

dub(p=+1) =0

In the spirit of [12, 18, 19], define the function

H(z) = 0 otherwise °

{ 22 ifx <0
Multiplying (5.16) by H'(1) and integrating it over u € [—1,1], and using an
integration by part leads to

(SMTIH! () + AT (1= @) 0B (¥)) — (frH'(4)) = 0.

Based on the definition of H, one verifies that each of those three terms is non-
negative. Since their sum is zero, they are all zero. Especially, from the first
term, one deduces the positivity of .

Therefore, this positive function v which moments are ¢?+1. O

5.2.4 Application in multi-D

When considering the multi-D problem (5.1b), a splitting method is again used.
One writes a Riemann solver at each interface (in each direction) and approximates
its solution. Here, X = (x,y) and the index m refers to the second space variable
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y. In the end, in 2D the schemes reads

F" F"

(Sn—&—lld_AenMn—f—l),lp?;;l _ Snw?m— Aem ( l+%7m . l%,m)
’ ' Az \ p1 pr_1

l+35.m l—5.m

A (Fimer Frns (5.172)
— — , d7a
Ay \ Pmst Prm-i

where the fluxes read

_

?—i—%,m = 5 {F('ltbanrl,m)el + F(qum)el - (1.b?+17m - @bﬁm)} , (517b)
1
Zm—i—% = 5 [F(¢Zm+1)62 + F("/’Zm)eQ - ('l/);fm_ﬂ - 'I/sz)} s (5.17C)

and the matrix M is identical to the one of the previous subsection. This scheme
is stable and preserves the realizability property under the condition

—1
1 1 1 1 1 1
Ae” < S"min + + + :
Im |2Azx Plyim  Pl-im 2Ay Pim+it  Prm—1L

(5.18)

This method is efficient, although the problem emerging with the condition (5.12),
described in Remark 5.2, is too restrictive for our medical applications. In Sections
5.4, 5.5 and 5.7, alternatives are presented. In the next section, numerical test cases
are presented.

5.3 Tests on the method of moments

These first test cases are very basic test cases emerging in the field of radiation
dose computation. The studied medium, commonly called phantom in the field of
radiation therapy, is composed of homogeneous water, 7.e. the relative density is
fixed p(x) = 1, and one or two beams of electron are injected on the boundary of
the medium. This problem is studied first in 1D, then in 2D.

Through such basic test cases, we aim to study the accuracy of the method
of moments, and especially compare the M; and Ms models. Only the numerical
schemes (5.13) and (5.17) presented in the last section are used.

5.3.1 Single beam in 1D

In 1D, considering only the transport of electrons leads to considering the kinetic
equation

0(50) = £ o+ 79, (1~ 1)) =0 (5.19)
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Discretizing directly the 1D kinetic equation (5.19) was affordable. For this purpose,
the dose results obtained with the different numerical schemes for moment equations
were compared to the kinetic results obtained with the following scheme.

Using a first order explicit Euler energy discretization, an upwind scheme for the
z-derivative and a midpoint quadrature rule leads to write the following scheme for
the 1D kinetic equation (5.19)

n+1l n+1 non Ae” Fﬁ—%,p Fln—%,p Ae™Tm n .

" Ar \ L Py Ap bots
(5.20a)
iy = iy Uity + 1y Vi (5.20b)
o . = (1 . (up + upH)z) (VEper — 1) (5.200)
Lpts 2 Ap ’

where uF = (p+|u|)/2. Here the subscript p refers to the cosangle p. This scheme
is stable under the CFL condition

m\ —1
AengS”( 1 2T )

min pAx + Ap? (5.21)

The M; and My equations extracted from (5.19) have the form (5.2) and are dis-
cretized using the numerical scheme (5.13) where the energy step Ae” is fixed so
that

Acy = 0.955" Az, (5.22)

this corresponds to the CFL condition (5.12) , while the energy step for the kinetic
model is fixed by

! 2Tn>1 (5.23)

Aezjinetic — 095STL <A:L‘ + TIJ/Q

The 1D medium is 6 cm long meshed with 600 cells in position, and for the kinetic
model 128 cells were used for the pu variable.

A beam of ¢g = 10 MeV electrons is injected on the boundary of the medium,
this is imposed by a boundary condition

v, =10"exp <_ae (" — 60)2) exp (—a” (p — 1)2> , pp >0, (5.24a)
Vipa = 05 pp <0, (5.24b)

with o = 100 and o, = 1000 for the kinetic model. For the moment models, the
following condition is imposed on the boundary

P = 10" exp (—ae (e" — 60)2) <m(u) exp (—au (n— 1)2)> , (5.25a)
Ylhae = Ogcaraim)- (5.25b)

The initial energy is fixed at emax = 1.2¢p and the final one at e, = 1072 MeV.
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In order to compare, the dose results with the different methods are normalized
by the quantity of electrons N, injected in the medium defined for the kinetic model
by

Pmax Nmax
> Z [wOp 0,1 (p) + Vi1 1 p1=1,0] (Mp)} Ae"Ap,
p=1 n=1

and for the moment models by
Mmax 0 0
> (90" + i A,
n=1

where npax is the number of energy steps and ppax = 128 is the number of angle
cells.

The doses obtained with the kinetic, M; and My models are plotted on Fig. 5.3,
and the computational times are gathered in Table 5.1.

Kinetic
- |++ approximated M1
1 | xx approximated M2

0 L | L | L | L |
X (cm)

Figure 5.2: Doses obtained with the kinetic and approximated M; and M,
models.

Furthermore, in 1D, it was also affordable to solve numerically the optimization
problem (4.15) in order to construct the My closure. This optimization problem
was solved numerically using the minimization routine HUMSL of MINPACK ([20])
which is calling the quadrature routine DQAGS of QUADPACK ([23]). Those rou-
tines are based on iterative methods the maximum residual of which is fixed at

Mathematical modelling for dose deposition in photontherapy 149



5.3. Tests on the method of moments

’ Models H Kinetic \ approximated M, \ approximated My ‘
Computation times 32.17 sec 0.01885 sec 0.043063 sec
Number of energy steps 51294 634 634

Table 5.1: Computational times to obtain the dose results in the case of a 1D
beam of 10 MeV electrons in water with the different models.

10—, This method was used because of its simplicity of implementation. For more
evolved method adapted to this problem, the reader is referred e.g. to [16, 2, 1].
The results obtained with the approximated M; and Ms closures are compared
to those obtained with the closure computed by solving numerically the optimization
problem (4.15) on Fig. 5.3 and the computational times are gathered in Table 5.2.
Those computations were performed on one single processor.  This first case shows

5
o]

~++ optimization M2
%X approximated M1

~++ optimization M2
*x approximated M2

) L Il L Il L Il
0 1 2 3
X (cm)

0 i L 1 L Il L Il
1 2 3
X (cm)

NS

Figure 5.3: Doses obtained with the M; and M, models with the closures
obtained by approximation or numerical optimization.

’ Closure H approximated M, \ optimization M, ‘
’ Computation times H 0.01885 sec \ 4.107181 sec ‘
’ Closure H approximated M, \ optimization M, ‘
| Computation times | 0.043063 sec |  8.347469 sec |

Table 5.2: Computational times to obtains the dose results in the case of a 1D
beam of 10 MeV electrons in water with the different models.

that the My models have the right behaviour compared to the kinetic reference.
Each dose obtained with the method of moments slowly raises at the entry, reaches
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its maximum value and drops to zero. The reference kinetic dose curve has a similar
shape.

Although the dose obtained with the M; model is imprecise. The derivative of
the dose at the entry is too high. The doses obtained with the M5 and the kinetic
models have a lower derivative at the entry and a higher maximum and they decrease
faster after the maximum.

Such discrepancies are due to the approximation made when extracting the mo-
ments of the kinetic equation as described in Subsection 4.5.2. The Ms model
provides more accurate results than the M; model, the doses obtained with this
model follows precisely the one of the kinetic model.

When comparing the dose profiles obtained with the approximated M; or Ms
closures to the ones obtained with a closure computed by a numerical optimization
procedure, one observes very little discrepancies. Therefore, the approximations
of the closures are accurate and they are assumed to be accurate enough dor the
present applications.

Table 5.2 shows that the computations with the approximated My closures
require a significantly lower computational times than the computations with a clo-
sure computed from a numerical minimization procedure (around 200 times faster).
Those computations are themself faster than the kinetic computations (between 5
to 10 times faster).

5.3.2 Double beam in 1D

The non-linear effects emerging with the My models when stufying multiple beams
crossing each other, described in Subsection 4.5.2, is studied through this test case.
A beam of 10 MeV electrons is injected at both ends of a 8 cm long homogeneous
water phantom. This is modeled by the following boundary conditions for the kinetic
model

Uy = 10" exp (o (" — e0)?) exp (~au (p — 1)%) > 0,
Vlaep = 10'% exp (—aE (e" — 60)2> €xp (_au (1p + 1)2> ) pp <0,

with €9 = 10 MeV, o, = 100 and «a, = 1000 and for the moment models

wy = 10" exp (—a€ (e" — 60)2) <m(,u) exp (—ozu (u— 1)2>> ,
¥p. = 10%exp (—ac (" — e0)?) (m() exp (—ay (u+1)%)) .

The initial energy is fixed at enax = 1.2€¢9 and the final one at ey, = 1073 MeV.
The domain is meshed with 800 cells in position and the energy step sizes Ae™ are
fixed by the same conditions (5.22) and (5.23) as in the previous test case. The 8
cm long water phantom is meshed with 800 cells, and for the kinetic model 128 cells
are used for the p variable in [—1, 1].

The doses obtained with the kinetic, M; and My models are plotted on Fig. 5.4,
and the computational times are gathered in Table 5.3.

When using a non-linear moment model such as the My models on this problem,
an artificial bump is observed in the middle of the medium, i.e. a peak of dose for

Mathematical modelling for dose deposition in photontherapy 151



5.3. Tests on the method of moments

il | [ — Kinetic
— Kinetic 1 7 —++ optimization M2

e, | o bainamiu: |
. 1 . L

ol

0 2

4 4
X (cm) X (cm)

Figure 5.4: Doses obtained with the M; and M, models with the closures
obtained by approximation or numerical optimization.

’ Models H Kinetic ‘ approximated M; ‘ optimization M, ‘
Computation times 44.997 sec 0.0278 sec 6.064254 sec
Number of energy steps 51350 634 634
] Models H approximated M, \ optimization M, ‘
Computation times 0.051825 sec 15.39329 sec
Number of energy steps 634 634

Table 5.3: Computational times to obtains the dose results in the case of two
1D beams of 10 MeV electrons in water with the different models.

the M7 model and a drop for the Ms model. This artificial phenomenum has smaller
effect when the number of moments IV raises. This problem was also studied e.g. in
[16].

Although, as described in Subsection 4.5.2, the kinetic equation are linear while
the M models are not. This effect is due to the non-linearity of the moment closure.
By computing the dose created by each beam seperately and summing them, one
can get rid of this artificial effect of the My model (see Remark 4.1). This method
is afterward referred to as the double My models. The doses obtained using the
My and double My models are compared on Fig. 5.5.

As in the previous test case, the double M> model is very accurate while the dose
obtained with the double M7 model is overdiffused. One observes that the artificial
bump only appears in a small region in the center of the medium, i.e. in a 2 cm
long interval for the M; model and a 1 cm long interval for the My model. In the
rest of the meidum, the My and double My models gives approximately the same
dose.
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oL [ — Kinetic
| |++ approximated M2
1k | »x approximated double M2 4

- | — Kinetic :
2L |++ approximated M1 i

xx approximated double M1

ol

0 2

4 4
X (cm) X (cm)

Figure 5.5: Dose obtained with the M;, double M;, M5 and double M, models
with the approximated closures.

5.3.3 Single beam in 2D

In 2D, discretizing directly the kinetic electrons transport equation, 7.e. using a
discrete ordinate method, was found too costly for our applications. Instead, the
doses obtained with the moment models are compared to a reference given by the
Monte Carlo code PENELOPE ([14, 5, 6]). The physics of the collisions considered in
this code is more complete than the one presented in this manuscript, although in the
energy range considered here, the collisions considered in Chapter 1 are predominant.

In order to compare the dose results with the Monte Carlo results, the doses are
normalized by their maximum values. Such a normalized dose is commonly called
percentage depth dose (PDD).

The transport of electrons in this code is based on the the CSD operator (1.30),
therefore the moment equations solved here are (5.2b) where the matrix M is given
by (5.3a) and it corresponds to the CSD operator.

Similarily, computing the closure by solving numerically the optimization prob-
lem (4.15) was possible in 1D and for a finite number of points, but it was found
too costly for application in the numerical solver (5.13), so only the approximated
closures are used.

The medium is a square of dimension 6 cm x 6 cm composed of water. The
beam of 10 MeV electrons is injected on the boundary of the medium

V(X,e,Q) = 10" exp (—ozE (e — 60)2> exp (—au (Q — 1)2> 15(X),

B = {X—(az,y), x =0 cm, y € [2.5 cm, 3.5 cm]}

for all (X,€) € I'", with a. = 200 and o, = 1000 for the kinetic model. For the
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moment models, the following conditions are imposed on the boundary

Vom = 109 exp (—oze (e" — 60)2) <m(,u) exp (—04“ (n— 1)2)> 15(Xim),

’(/)ln;O = d;ﬁnax,m = 'l)b?,mmax = ORcard(m)a

where number of cells in the first and second spatial direction are l,,x = 600 and
Mmax = 600 and the energy step Ae™ is fixed based on the CFL condition (5.18)

Ae" = 0.955" <1+1>_1
e =0. Az T Ay .

The initial energy is fixed at enax = 1.2¢p and the final one at e, = 1073 MeV.
The doses obtained with the Monte Carlo solver and the M; and Ms solver
(5.17) are plotted on Fig. 5.6, and the computational times are gathered in Table

5.4. The solver for the moment models was parallelized and the computations were
performed on 4 processors.

Dose MC Dose M1 Dose M2

Figure 5.6: Doses obtained with the Monte Carlo solver and the approximated
M, and M5 models.

’ Models H Monte Carlo \ approximated M, \ approximated M, ‘
’ Computation times H ~ 10 hours \ 135.223 sec \ 510.794 sec ‘

Table 5.4: Computational times required to obtain the dose results in the case
of a 2D beam of 10 MeV electrons in water with the different solvers.

One observes a similar behavior as for the 1D case in Subsection 5.3.1. The M;
results is slightly overdiffusive while the Ms results are more accurate. Although
the diffusive effect in multi-D is lower than in 1D.
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5.3.4 Double beam in 2D

As in Subsection 5.3.4, the multi-beam instability is studied through this test case
in 2D. Two orthogonal beams of 10 MeV electrons are injected on the boundary of
a water phantom. This is modelled by the following boundary conditions for the
kinetic model

¥(X,6Q) = 100 exp (—ac (e = c0)’) [exp (—au (1 = 1)) 1, (X)
+ exp (_O‘u (Qo — 1)2) 1p, (X)] ,
By = {X = (z,y), z =0 cm, y € ]0.75 cm, 1.25 cm]},

By, = {X = (z,y), x € [0.75 cm, 1.25 cm)], y=20 cm}.

for all (X,€2) € I'", with ¢g = 10 MeV, o = 200 and o, = 1000 and for the moment
models

Yhm = 100exp (—ac (€ = e0)?) (m(Q) exp (—au (2 = 1)) ) 15, (Xim),
Ui = 100exp (—ac (€ = o)) (m(Q) exp (—au (22 = 1)) ) 15, (Xim),
Vlon = Pl = Opcardom-

The spatial domain and the energy spectrum are identical to the ones of the last
test case in Subsection 5.3.3.

The dose obtained with the kinetic, M; and My models are plotted on Fig. 5.7,
and the computational times are identical to the ones of the previous test case (see
Table 5.4).

As described in Subsection 4.5.2, when using the M7 model, the two beams merge
into one of direction e; + eo. This artificial effect appears not when considering the
two beams seperately, i.e. when using the double M; model.

As in the 1D double beam case, the dose obtained with the M> model presents a
small bump where the beams cross each other. Even if the My model is non-linear,
it is able to differentiate the two beams.

The comparisons with the reference Monte Carlo results show that the dose
obtained with the double M; model is more diffused than the one with the My
model. The dose obtained with Ms model is very close to the one obtained with the
double M5 model except in the small region where the beams cross each others.

5.4 Relaxation method

In order to construct inconditionnally stable schemes preserving the realizability
property, a relaxation method is used. Commonly, such a method leads to construct
numerical schemes having the same structures as the ones based on an approximate
Riemann solver approach. However the relaxation method offers more flexibility
which can be exploited to construct inconditionnally stable schemes.
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Figure 5.7: Doses obtained with the Monte Carlo solver and the approximated
M, M,, double M; and double My models.

5.4.1 Relaxed equations in 1D

The relaxation method described here is based on the work of D. Aregba-Driollet
and R. Natalini ([21, 3, 11, 4]). This method was originally developed for hyperbolic
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equations and afterward completed for parabolic ones.

The relaxation method is first described for 1D problems. Consider the 1D
equation (5.1a). Chose J relaxation directions (\;)j=1,.. 7 € R”. To each relaxation
direction, associate a Lipschitz continuous function M; (1)), such that

J J

M) =1, > AM;(y) =F(). (5.26)

j=1 j=1

Such functions M; are afterward referred to as Maxwellians (as it will represent an
equilibrium). At this point, they are also assumed to be realizable M;(1) € R as
long as ¥ € Ru.

The following system of equations is a relaxation system for (5.1a)

A\ 1 J
O8] — L0 0] = = (Mj (Z ij) — f;) ;o V=1, (5.27)
p T —
7j=1

where 7 > 0 is a relaxation parameter.

In the limit 7 — 0, the solution of (5.27) corresponds to the solution of the
original problem (5.1a). Indeed, formally, multiplying (5.27) by 7 and having 7
tends to zero leads to

J

0 0

f; = M; (ij) ;
j=1

J
then replacing f]Q by M;( > fjo) in (5.27) and summing over j reads exactly (5.1a).
j=1
This result was proven in [21] in the case of scalar hyperbolic equations under
the requirement ([21, 9, 4]) that all the eigenvalues of 9y F (1p)/p are bounded by the

extremal relaxation speeds, i.e.

Spectrum <a¢ F(p"?)) C [min >\pj,max>;j : (5.28)
J j

For the present applications, the following choice was made
J =2, A =1 and My = -—1.

This leads to the following definition of the Maxwellians (which are uniquely deter-
mined by (5.31) with this choice of relaxation parameters)

_ ‘/’JFQFW’) My () = L= FW) (5.29)

M (v) 5

Using Lemma 5.1, one verifies that these relaxation parameters satisfy (5.28) and
using Proposition 5.1, those Maxwellians are realizable when ) € R, is realizable.
The idea to construct numerical schemes is to use the following splitting method.
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1. At the entry of each energy cell €", the solution f; is initialized at the
value of its associated Mazxwellian

fi(e") == My (p(e")) o) := My (¢(e")).

2. The homogeneous relaxed equations are solved, i.e. the part without the
non-linear relaxation term

1 1
8efl - *arfl = 07 aefZ + *amfZ = 0, (530)
p p
One obtains the intermediate values f1”+% and fg”+% from those compu-
tations.

3. The influence of the relaxation term is added. In the limit 7 — 0, this
corresponds to projecting

Pty = 772 4 £z, (5.31)

Remark that the homogeneous equation (5.30) is linear which offers much flexibility
in the choice of a numerical schemes to solve such an equation. In the next sections,
some numerical schemes for solving (5.30) are presented.

Remark 5.3 Using the upwind scheme on (5.30) and rewriting it in terms of
Y, one verifies that the resulting scheme is exactly the approrimate Riemann

solver (5.9) (see also [10, 24, 17]).

Applying the relaxation method to the particle transport equations corresponds
to replacing (5.30) by

1

86(Sf1) — ;&cfl + Mf; =0, (5.328,)
1

85(ng) + ;a$f2 + Mfy =0, (5.32b)

when considering the transport of electrons alone, or by

Oufy —pQ(f1) =0,  —0:f2 — pQ(f2) = 0, (5.33)

when considering the transport of photons and electrons together.

5.4.2 Extension to multi-D

As in 1D, choose J directions of relaxation \; € R3 (for 3D problems or \; € R? in
2D), which are vectors instead of scalars in the multi-D case.
The requirement (5.28) on the \; turns into

F. 2 2
Vn e S, Spectrum (8¢ (¢)> - [mjn )\]—n, max Ajn , (5.34)
p i p j
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where Fy, is defined in (4.7).

The 1D method did not use any 1D argument. One can rewrite the previous
method with vectors \; instead of scalars. Then the method for solving the moment
systems can be rewritten.

1. At each energy step, initialize £ .= M}, where the Mazwellians M7
satisfy

J
> M} =9" € RY, YN @M = F(yp") € R¥4, (5.35)

j=1 J=1
where ® denotes tensorial product.

1
2. Then, compute f;H_Q for each 1 < j < J by solving the homogeneous
relaxed equations, i.e.

Of; — ?j.vxfj -0, 1<j<J (5.36)
when considering (5.1b) or
Aj ,
0c(Sf;) — ;.foj — Mf; =0, Vi=1,..,J, (5.37)
when considering the electron transport (5.2) or

A.Vof —pQ(E) =0,  Vi=1,..,, (5.38)

when considering the coupled photon and electron transport (5.4)

J 1
3. Finally, update p" ! .= . f;H_2.
j=1

For the sake of simplicity, only two dimensional problem are considered but the
method can easily be extended to higher dimensional problems. This method was
tested with the following sets of relaxation parameters:

e (Cartesian relaxation

Relaxation directions A; = (2,0), A2 = (-2,0), (5.39a)
A3 = (0a2)7 Ay = (07 _2)7
Associated Maxwellians M; = i <1,b + &Z‘ F ('z,b)) , (5.39b)
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e Diagonal relaxation

1 1
Relaxation directions AL = 5(2, 2), A= ﬁ(—Q, 2), (5.40a)
1 1
>\3 - ﬁ(_2> _2)7 )\4 = 5(27 _2)7
1 i
Associated Maxwellians M; = 1 (zp + M,F(d))) , (5.40b)
e Star relaxation
Relaxation directions A= (4,0), X2=1(0,4), (5.41a)
A3 = (_47 O)a Ay = (Oa _4)7
1 1
As = ——(4,4), g = —=(—4,4),
5 \/5( ) 6 2( )
1 1
A7 = ﬁ(*‘l, —4), ds=5(4-4),
1 i
Associated Maxwellians M; = 3 (w + M,F(zb)) (5.41Db)

Remark that those relaxation directions A; satisfy the condition (5.34) and their
associated Maxwellians Mj are realizable as long 1) € Ry, according to Property
3.1.

5.5 An explicit Finite Difference (FD) scheme
for linear equations

This section is devoted to constructing unconditionally stable numerical schemes to
solve the (linear) homogeneous relaxed equations (5.30), (5.32), (5.33), (5.36), (5.37)
and (5.38).

The first method, presented in Subsection 5.5.1, is based on the method of
characteristics. Similarily as the approximate Riemann solver, this method can only
be applied when the considered equations contains an hyperbolic operator. Therefore
they are only applied to the transport of electrons when considering whether a CSD
(2.9) or a FP (2.10) collision term. Another alternative, i.e. an implicit solver,
is presented in Section 5.7, and it can be applied when considering more general
collision operators.

5.5.1 A FD scheme for the 1D toy equations

For the sake of simplicity, the numerical scheme is presented on the scalar equation
1
p(x)
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which corresponds to chosing A; = 1 in (5.30). The other cases, i.e. A\ = —1 or
A € R, can be treated similarily. Remark also that the equations composing the
system (5.30) are independent, therefore one can construct a numerical scheme in
the scalar case (5.42) and apply this method to each equation of the system (5.30)
separately.

The density p is considered constant equal p; 1 in each dual cell [z, z741].

The method of characteristic

Using the method of characteristics, ¢ is constant along the characteristic curves
(see the configuration on Fig. 5.8)

d 0
&7/1 (67 y(ﬁ, € ,.ZL')) - 07 (543)
iy(e el x) = b y(el, el ) =2 (5.44)
de ) 9 p($)7 ) ) * *
The characteristic curve the foot of which is z; in e” reads
_ 0
yle, eV, x)) = 21 — S , (5.45)
Pl_%

if the characteristic curve y reaches not the point x;,1 in the interval Je, €], i.e. if

e =l < pp_slyle e, 2) — . (5.46)
The relation (5.45) can easily be inverted
0 0 € — 60
yle, e, x) =z = x(e e, z) =z + ,
pl+%

A convex combination
With those computations, one obtains
n+1

€ — e
7+1 :¢<6n+171’l) :1/} Gnaxl+ .
Pi+3

Approximating ¢ (¢", ) by a piecewise affine function having ¢/} for value at each
node x; leads to the well-known upwind scheme

Ae™ Ae™
f“ = 177A ¢ZTL+7A Ulq,s
e Pryd Bt

and the condition (5.46) corresponds to the Courant-Friedrichs-Lewy (CFL) condi-
tion
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T I T Tiy2 m

Figure 5.8: Characteristic curves when Ae™ < p, +%Ax.

An unconditionally stable scheme

Using the same method, one can construct a numerical scheme non constrained by
the condition (5.46). Consider that the characteristic curve (5.45) can cross more
than one cell (see configuration on Fig. 5.9). Equation (5.45) is modified into

Ky =1 k1 _ ok K
y(67 607 .’Bl) = — lz: il - - (547)
k=0 Prk—1 Pk -1

where the scalars e* and the integer K , are such that

Vk=0,.., K -1, (eF+ — ek :,Ol_k_%A.%,

K -1 K
0
Z PZ—k—%AUC Se—e =< Zpl—k—%Ax'
k=0 k=0

Inverting (5.47) reads

Kl eIt — el e — ekl
yle, e’ x) =2 = 1z, 2) = 2 + Z — |+ —  (548)
=0 Prj+i Plyr;t+1
where the scalars e* and the integer K l+ are such that
) 1 .
Vj:O,...,K;'—l, (e —ej):pl+j+%Aac,
K1 K"
0
Z Pl+j+§A‘T <e—e < ZPHH%A'”

j=0 Jj=0
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One obtains

1/)”“ =1 (e"+1,$1) = €, o+ Z (

; +
QI+l _ eJ) K

pl+_]+*

. n
= Y€ Typr gt PR
LR+

Approximating v (€", z) by a piecewise affine function having ;" for value at each
node x; leads to

(1 — K1)

n+l _
v = Uma¥p g ol ey, = —— (549)
I+K} 41

Ty Li+1 ekt -1 Ek

Figure 5.9: Configuration for the unconditionally Finite Difference scheme

Property 5.1

o If the characteristic curves do not cross more than one cell, this scheme
is equivalent to the original upwind scheme. This corresponds to the case
where the common CFL condition (5.46) is satisfied.

e One verifies that the consistency error is of order 1 in Ax and in Ae™.

e In the end, the scheme (5.49) expresses 1/Jl”+1 as a convexr combination of
Yy for different I'. Therefore it is monotone, Total Variation (TV) stable
and it preserves the realizability (according to Property 3.1).
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Remark 5.4 There are no stability restrictions on this scheme, so it is more
stable than the common upwind scheme. However, the precision of this scheme
when extending the stencil, i.e. when Kl+ > 1, is lower than the one of the
upwind scheme the common CFL restriction.

5.5.2 Extension to multi-D

The 2D linear transport equation read

E/lzz) 7vx¢_0

Again, one can construct a FD scheme by following the characteristic curves (in
2D). Given a cell C’H_%’er% = [z, Z141] X [Ym, Ym+1] which center is X, = (2, ym),
one can find the origin X, = (x,y.) of the characteristic which passes through
Xi.m at energy €” 4+ Ae” (see configuration on Fig. 5.10). From this, one defines a
Finite Difference scheme by approximating the value of ¢ (€, X.) using the values
(€™, Xp m) at the nearest cell centers Xy, around X.. This reads

Pl = w<e”+1 Xim) = (Xe, t")

Lm
‘Ic xl’—&-z ’y — Ym/ +j|
Vit ; 5.50
2;) w1 = 2l [Ymr1 — yor| T (5.50)

Q

if X. € C,+%7m,+%.

/|

Ym/+1 /

e

¢ ——|——4¢

Ty T4

Figure 5.10: A characteristic curve in two dimensions. Configuration for the
2D Finite Difference scheme.

5.5.3 Application to electrons transport

For the relaxed electron transport equations (5.32), one can use a splitting method
and solve first the homogeneous equation and add the remaining terms implicitly
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afterward. This reads

(S™HId — A" MM = g {(1 —o )] -+ alfl’l”_Kl_l] . (5.51a)

(Sn+1[d AenMn—i—l)f nt+l _ gn [( ?’)f27+K;L + al+f2?+Kl++1 , (5.51Db)
o = (=) af = =) ) (5.51c)
Lot gy

where the scalars ¢~ and €™ and the integer K; and K l+ are determined by

- K-1
_ Z pl_k_%AfE, €+ — En _ Z pl+k+%A{L‘, (551d)
k=0
Ky -1 K, K -1 K}
Z Pl f— 1A3:<A€ <Zpl e 1Ax Z pl+k+;Ax§A6"§Zpl+k+;Ax.
2 2
k=0 k=0 k=0 k=0

(5.51e)

When applied to the 2D problem (5.2), this reads

(Sn+lfd AenMn—l—l fl?:rrll Z Z ||$c - l/+z |y — Ym/ +j| Snwlq}—l-i,m’—i-j (552)
=0 j=0 1TU+1 — 2| (Y1 — Y|

when the foot of the characteristic X, is in the cell C,, L1yl
27 2

Proposition 5.3 The schemes (5.51) and (5.52) preserve the realizability prop-
erty from one energy step to another.

Proof The proof is identical to the one of Proposition 5.2. O

5.6 Tests with fast characteristics

The aim of this section is to show the efficiency of the explicit solvers (5.51) in
1D and (5.52) in 2D when the medium contains low density regions. Therefore
those numerical schemes are compared to the reference approximate Riemann solvers
(5.13) and (5.17) for moment equations, which equivals to the schemes (5.51) and
(5.52) with the restrictive condition (5.12). As the purpose of this section is only to
test the accuracy of the numerical methods for fast characteristics, kinetic (in 1D)
or Monte Carlo (in 2D) results are provided only as indication.

The accuracy of the approximation of the moment closures were tested in the
last section. Here, in order to accelerate the computations, only the approximated
closures are used.
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5.6.1 In a 1D medium containing air

For this test case, the domain is chosen to be 12 cm long. The density of th medium
is chosen to be

p({E) = 107° (1[0 cm,2 cm]U[4 cm,6 cm]U[8 ¢m,10 cm] (1})
+1[2 cm,4 cm]U[6 cm,8 cm]U[10 cm,12 cm] (x>) )

which corresponds to a medium composed of 2 cm wide slabs of alternatively air
(pair = 1073) or water (pwater = 1).

A beam identical to the one of Subsection 5.3 is injected on the boundary of the
medium. This corresponds to fixing the boundary conditions (5.24) for the kinetic
model or (5.25) for the moment models.

The kinetic equation (5.19) is solved with the numerical scheme (5.20). The
results with the explicit solver (5.51) (with different energy step sizes) for moment
equations are compared on this test case.

The medium is uniformly meshed with 1200 cells, and 128 cells in pu were used
for the kinetic model. The energy step is fixed by the condition (5.21) for the kinetic
model. For the moment models, the results with two different energy step sizes. The
first energy step size is

Ax

A€ = 0.95pairS"— 2
max | ;|
J

air

(5.53)

It corresponds to (5.12). In that case, the explicit numerical scheme (5.51) is equiv-
alent to the approximate Riemann solver (5.13) as the characteristic curves do not
cross more than one cell (see Property 5.1). The second energy step size is

Ax

A€ = 0.95pypaterS" ————.
max |\
J

water

(5.54)

The explicit numerical schemes (5.51) can be used without any condition on the
energy step size so fixing a fine or a coarse energy step will only affect the accuracy
and the computational time of the method.

The doses obtained with the kinetic scheme (5.20) and the M; and Ms models
with the explicit (5.51) numerical scheme are plotted on Fig. 5.11 and the compu-
tational times are gathered in Table 5.5.

The results with larger energy steps Ae™ = Ae
those with fine ones Ae™ = A€l

When using fine energy steps, one needs around 1000 times more steps than
when using the coarse steps because

A

n
Cwater -1 03

Ae?

air

n

o ater Show good agreements with

This leads to a large difference in the computational times, the explicit solver is
around 900 times faster with coarse steps than with fine ones.
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6 6
sl - 51 -
4x=¥=% ) . 4x-+,*/% i
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2r [ — Kinetic — Kinetic 7

[ |[tTM2finese”
| [XX M2 coarse Ae

[ |[ttMLfinese”
1T XX M1 coarse Ae
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6 6
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Figure 5.11: Doses obtained with the kinetic solver and the M; and M5 solvers
with fine and coarse energy steps Ae™.

’ Model and energy step H Kinetic \ M,y with A€l \ My with Ael ‘

air water

Computation times 860.685 sec | 19.041089 sec 0.073788 sec
Number of energy steps 683219 632468 634

’ Model and energy step H M,y with Ael \ My with Ael ‘

air water

Computation times 64.149026 sec 0.136977 sec
Number of energy steps 632468 634

Table 5.5: Computational times with the kinetic solver (5.20), and the explicit
solver (5.51) for the M; and M, models with a fine Ae?;. and a coarse A€l ...
energy step size.

5.6.2 In a 2D cut of a chest

The density map presented in the last test case contained extremely low density
regions (pair = 1073). The 2D density map in the present test case corresponds to
a cut of a human chest. The aim of this test case is to show that the numerical
schemes are efficient for more practical applications.

The domain is of size 22.3 cm x 29.5 ¢m, meshed with 223 x 295 cells.

A beam is imposed on the boundary. It is modeled by the following boundary
condition

V(X,6,90) = 10%exp (—a€ (e — 60)2) exp (—ozu (1 + 1)2) 15(X),

B = {X—(x,y), x =0 cm, ye[lSCm,2OCm}}.

for all (X, ) € I'", with ¢g = 10 MeV, o = 200 and o, = 1000 and for the moment
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models
VLo = 10% exp (—ae (6" — 60)2> <m(Q) exp (_O‘u (1 + 1)2)> 15(X0m),
/l'b;fo = thg,m = ¢ln;mmax - ORCa'rd(m) .

This case is meant to test the relaxation method and the numerical schemes for the
relaxed equations. Especially the influence of the choice of the relaxation parameter,
i.e. with the caretesian, diagonal or star relaxation directions, is tested on this
problem.

The dose results obtained with coarse energy steps Ae€yqter (5.54) using the
explicit scheme are compared to the result with fine energy steps A€y (5.53).

The isodose curves of 5% (red), 10% (orange), 25% (green), 50% (light blue),
70% (dark blue) and 80% (violet) of the maximum dose are plotted on Fig. 5.12
over the density map in grayscale. The computational times for this test case are
gathered in Table 5.6.

0 0 0 20 0
x [em] x [em] x [em] x fem]

Figure 5.12: Isodose curves in a chest at 5% (red), 10% (yellow), 25% (green),
50% (cyan) and 80% (blue) of the maximum dose with a fine Ae™ (left) and
a coarse Ae" using cartesian (middle left), diagonal (middle right) and star
(right) directions of relaxation.

The isocurves of absolute error compared to the explicit scheme with a fine
energy step Ael;. at 0.2% (yellow), 0.5% (light blue), 1% (red) are plotted on Fig.
5.13.

The dose obtained with the explicit scheme with coarse energy steps Ae) ;..
with cartesian directions of relaxation with the approximated M; and Ms models
are compared to a reference Monte Carlo results of Fig. 5.14, and the computational
times are gathered in Table 5.14.

The shape of the dose obtained with the different relaxation parameters with a
coarse A€ ..., are close to the one obtained with the cartesian relaxation parameters
when using fine A€}, .. The absolute error is smaller than 5.3140% of the maximum
dose when using the cartesian directions of relaxation, than 12.702% with the diago-
nal directions, and than 3.4072% with the star directions. The maximum errors are
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n

‘ Relaxation directions and Ae™ H Cartesian, Ae ‘ Cartesian, A€l ‘

air water
Computation times 5939.6982 sec 20.8869 sec
Number of energy steps 247930 885
| Relaxation directions and Ae” || Diagonal, Aell .. | Star, Ael .. |
Computation times 22.6130 sec 61.2220 sec
Number of energy steps 885 1768

Table 5.6: Computational times with the explicit solver (5.51) with the differ-
ent relaxation directions and the different energy step sizes.

o = =
% [em] * [em] x [em]

Figure 5.13: Isodose curves of absolute error compared to the dose obtained
with explicit scheme with fine energy steps A€, in a chest at 0.5% (red), 1%
(yellow) and 2% (green) of the maximum dose with coarse energy steps Ae™
with cartesian (left), diagonal (middle) and star (right) directions of relaxation.

‘ Solver H Monte Carlo ‘ M; model ‘ M5 model ‘
‘ Computation times H 14 hours ‘ 20.8869 sec ‘ 74.3470 sec ‘

Table 5.7: Computational times with the Monte Carlo solver, and the explicit
solver (5.51) for the M; and M, models using the Cartesian directions of
relaxation.

located in the middle of the medium at about 2 cm and 6 cm depth and on each side
of the beam at the entry of the low density regions (lungs). When using the diagonal
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U 8]
% [am] x [om] x [om]

Figure 5.14: Isodose curves in a chest at 5% (red), 10% (yellow), 25% (green),
50% (cyan) and 80% (blue) of the maximum dose with a Monte Carlo solver
(left), with the explicit scheme with coarse energy steps Ae” for the M; model
(middle) and M, model (right) with cartesian directions of relaxations.

directions of relaxation, the information is transported in diagonal direction. Thus,
when transporting particles along the x-axis, the scheme does not transport them
from one cell to its neighboor. This results in some irregularities which can be seen
in Fig. 5.13. The relaxed models are better when the directions of relaxation are
collinear to the mesh directions (i.e. cartesian directions).

Using a the numerical schemes with coarse energy steps provides a significant
speed-up factor compared to the reference method and it provides a relatively good
accuracy compared to those reference results.

The Cartesian directions of relaxation provides more accurate results than the
diagonal and the star directions of relaxation. Therefore, Cartesian directions of
relaxations are chosen for the next 2D tests.

5.7 An implicit scheme for linear equations

The last approach consists in treating implicitly the non-linear flux term in the
transport equations.
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5.7.1 For the toy problem

On the homogeneous relaxed equations (5.30), such a scheme simply reads

Ae™ Ae™
1 anJrl:an 7fﬂ'ﬂ+1:0
( + Pl_éAﬂf) ( 1 )l ( 1 )l + pl_%Al‘( 1 )lfl )

Aem Aem
1 f7n+1:f7—n fnJrl_O
( +pl+;Aw)(2 ) (f27); +PZ+%A (2)l+1

which can be obtained e.g. by a Finite Difference approach. When applying this
scheme to (5.30) in the relaxation method, this scheme leads to write the following

scheme for ¥
Fn-‘rl Fn+1
Ae™ 1 -1
-2 ( as “)z r, (5.55a)

Az Pyl Pl

FTL+1

1
i = 5 [P + P + @ —wi )] (5.55b)

which equivals to rewriting (5.9) with implicit fluxes.

5.7.2 For the transport equations

When applied to the transport equations of electrons (5.2), this scheme reads

FTL+1 Fn+1
A€ -1
Aig( e )zsw?, (5.56a)

(Sn+1_,d o AenMn—H) ,l'banrl +
Pryl Pl

1
F?;:l 5[ (W) + Fpp™h) — ()t — 1,/1"“)], (5.56b)

Such a discretization can also be applied for the transport of both photons and
electrons (5.4), i.e. to the relaxed equation (5.33). This leads to write the numerical
scheme

n+1 n+1
AL gy ntl Ae" F”Jr* Fvl*l gLy w 557
WRRL Y Ax Prii Pt Z Cyy Lt (5.57a)
F +1 F n+1
Aﬁn el+ el—* ’ ’ ’
AP et + Z B e + BI )
Az pl+§ Pr-1

(5.57b)

n 1 n n n n
for a =~,e Fal_:—l 5[ ("/’al-:_ll) + F(¢o +1) (’lﬂal-:ll Py +1)]a (5.57c)

Mathematical modelling for dose deposition in photontherapy 171



5.7. An implicit scheme for linear equations

: n+1
where the matrices AT™,

e—e?

Antl Bn/,nJrl

Y=

/ /
, BP9t and BIOH! read

n' n+1

n+l _ _n+l n+ln+l A n n'n+1 __ n'
ALy =opcld—sc A€", BIoNT =scl T At
n+1 Sn—H n+1 n' n+1 n'n+l A n'
Al = Ao Id—M"", BYT =sc, A€,
0
a1 _ S"Id
e—e - AE” n,n»
In 2D, this numerical scheme reads
n+1 n+1
AL gy nt1 . B U )
'y—>’y¢’)’l,m + Az -
pl+%,m plf%,m
F n+1 F n+1 n
Ae™ V,m+2 Tim—1% ’ ’
B 2 El 2 _ n ,TL+1 n
+3 = - 2 =2 By sl (5.58a)
Y Iol,m+§ pl,mf§ r=1
F n+1 F n+1
Ae” l+im el—1m
+1 n+1 27 2
A eWYelm + X - (5.58b)
€T pl—l—%,m pl—%,m
n+1 n+1
n (F F n
i Ae el,m—‘,—% el,m—% . Z Bn/’n+1¢ n' —|—Bn/’n+1'lp n'
A - e—e el,m y—e Yi,m’
Y\ Pim+d PLim—4 n=1
1
_ n+1 _ n+1 n+1 n+1 n+1
for a=n,e, Fal+%7m =5 [F(d’alﬂ,m) +F(Wai'y ) — (Yaii1m — Yaim )]s
(5.58¢)
1
n+1 _ n+1 n+1 n+1 n+1
Fal7m+% - 5 [F(’lpal,m+1) + F( alm ) - (wal,m+1 T Yalm )} :
(5.58d)

5.7.3 Computing "’

The numerical schemes (5.56), (5.56), (5.57) and (5.58) can be rewritten under the
form

_ n

=R/,

J(p™ Ty, (5.59)

where .J is a non-linear function of the unknown ™! and R}’ contains all the terms
1/)", for n’ < n+ 1. In order to use the implicit schemes, the function J needs to be
invertible and its inverse needs to be realizable.
In order to compute ™! and to prove the existence of a realizable solution to
(5.59), an iterative method can be used. This method is inspired of [13].
Rewrite (5.59) under the form
L) + D) — R(y

) =R, (5.60)
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where L(zp"“) respectively D("!) and R(1]'), contains all the terms depend-

+1
ing of ’l/)l 1, respectively 1/)"“ and ¢f++11. When applied to (5.56), this reads

Ly = A VP (U) (5.610)

N pl_%Ax 2 ’ )
Ry = 2 Vi + F (Vi) (5.61b)

I+1 - Pl_;'_%Ax 92 ) .

Ae™ 1 1

Dy = |1+ + Pt 5.61c
( l ) ( Al’ (pl_é pl+% l ( )
Ry = . (5.61d)

when applied to (5.56), this reads
Aen ’l/Jn+1 (d)n—&—l)

Lyl = 62
(V1) pl,%Ax 5 ; (5.62a)
n+1 n+1
Aer Yy +F (¢l+1)
n+1 — 2
R(d)l-i-l ) ;AQ? 2 ) (56 b)
Ae™ 1 1
D(lbln—i_l) — Sn-i—l + € + Id—AenMn+1 wn—i—l (5 626)
Az \pt Pyt
R;' = S"r, (5.62d)
and when applied to (5.57), this reads
n n n+1 n+1
nily A€ - (d’v +1> Ac e _F( El—+1)
pF%Am 2 ’ pF%Am 2 ’
(5.63a)
( At n+1+F(,¢ n+1> n ¢n+1+F(¢n+1>)
W) = € Yit+1 Yit+1 Ae el+1 el+1
l+1 - ) )
(5.63b)
Ae 1d 1 1
= ([ e 22 (G ) ) 50
Ae™l 1 1
AL e"ld " n+1+A:i>le 7n+1 ’
Az Pr-i Pyl
P = ( BUntlg, S By 4 B;l::lw’) (5.63d)
=1 =1

Remark that in each case the diagonal term D is linear and can be inverted
numerically. The following iterative algorithm can be used to compute the solution

of (5.59).
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Algorithm 5.1
Initialization: Set

O — gL (5.64)

Iteration: Solve iteratively
¢?+1,(k+1) — D ( + LW, nt1, (kz)) +R(¢zn:11 k’)))7 (5.65)

until the following residual error

HD ¢n+1 (k) (¢n+1 k)) (%fll k))HOO (5.66)

reaches a desired values maximum values rmax 0T until k reaches a mazximum
value kmax-

Proposition 5.4 Suppose 1/)?/ is realizable for alll and alln' < mn + 1.

Then there exists a unique set of realizable vectors (17bn+1){l:1,~~7lmax} satisfying
(5.59) for alll.

Moreover the algorithm 5.1 converges to this solution and 1,
realizable for all l at each step (k).

n+L(k+1) R is

Proof The Jacobian of J is a block matrix which is defined by

0J () _ I OR
( op )lk 9y, - [a¢_1(¢l 1)kl—1+a¢l+1

(1/’1-«—1)516,1—&-1] .

Then using a Gershgorin theorem for block matrices ([25]) leads to write
that all the eigenvalues of the Jacobian of J are bounded by

Sp (8&;&)) C [=r, 4,
r= DI e () + 50
Op " o)
The eigenvalues of the Jacobians 2 61,0 and BR can be bounded using Lemma 5.1.

Comparing those eigenvalues to |||D|||~* Where D is given by (5.61), (5.62) or
(5.63), leads to write that the spectral radius r is strictly inferior to 1. This
implies that the function J is contractant, so it has a unique fixed point, and
Algorithm 5.1 converges to this fixed point.

It remains to verify that if ¢"*) is realizable for all I, then 4 ¥ = (4™ ¥
remains realizable.

By assumption 1" = wnﬂ’(o) is realizable. As R} is a positive combination
of realizable vectors, it is also realizable.

Then, by iteration, if ¢n+1 %) is realizable for all [, then L(zﬁnJrl ) and
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(¢n+1 (F) ) are realizable (according to Proposition 5.1), and it remains to prove
that D! preserves realizability.

In the case of the toy problem (5.55), D = ald with « > 0, therefore
the realizability is obviously preserved. In the case of the electron transport
(5.56), it was proven in Proposition 5.2. And in the case of coupled photons
and electrons transport (5.57), it can be proven by reproducing the proof of
Proposition 5.2. O

Remark 5.5 The iterative method proposed in Algorithm 5.1 can be seen as
a Jacobi method with non-linear extra-diagonal terms L and R. Similarily, a
Gauss-Seidel method for this non-linear problem can be written. It consists in
solving alternatively

(D = D7 Ry 4 L) + REEEETY)) L (5.67a)
n k — n (k n (k
it = pot (R 4 L) 4 Ry Y)) (5.67b)
instead of (5.65) in Algorithm 5.1. This algorithm was tested experimentally

and converged to the desired state. However, it was not proven to be convergent
at the theoretical level.

5.8 Tests on the implicit solver

The aim of those test is to study the implicit scheme (5.57). Especially, two conver-
gence rates are studied: the convergence of Algorithm (5.1) according to the number
kmax of iterations to reach the resdual rpy.x, and the convergence of the nummerical
scheme according to the cells size Ae™ and Ax.

Two test cases are proposed, a 1D electron beam and a 2D photon beam.

5.8.1 A 1D electron beam

This test case is identical to the one in Subsection 5.3.1, but only the implict solver
(5.57) is used. However, as the implicit numerical scheme is more flexible than the
explicit one, all the physics of the electronic collisions described by Equation 5.4 was
included for this test case.

The objective of this subsection is only to study the convergence rates. Dose
results obtained with Algorithm 5.1 are presented in the next subsection.

Convergence of Algorithm 5.1
The number of spatial cells is fixed at 600 and the energy step is fixed by
Ae" = 5S" Az, (5.68)

with an initial energy ema.x = 1.2¢g = 12 MeV and a final energy at ey, = 1073
MeV.
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The iterative method of Algorithm 5.1 requires a criterium to stop. Either the
number of iterations kg, is fixed or the residual (5.66) is reached.

As a first test, the number of iterations kpay is fixed at different values, ¢.e. 10,
30, 50 and 70, and the residual r™*max is plotted as a function of the energy step
n on Fig. 5.15. As a second test, the maximum residual ry.y is fixed at different
values, i.e. 0.1, 0.01, 0.001 and 0.0001, and the number of iterations k required to
reach this residual is plotted as a function of the energy step n on Fig. 5.16.

200 T T T T T T T T T T T 1le+10 " T T T
- 5 levosf
c - .
5150 <
— LS
g © let06
= 3
= 100f- 3
5 £ 10000
£ z
501 <
> L 100F 4
0, i . 1 . 1
0 B 100

50
Stepn
Figure 5.15: Number of iterations k& Figure 5.16: Final residual r™Fmex as

as a function of the energy step n for a function of the energy step n for a
a given maximum residual 7myax given number of iterations kyax

During the first steps (up to n = 8), the values of 1 on the boundary (see (5.25))
is very low and the fluence v inside the medium is negligible. Therefore the values
of k and of r™*max are also very low.

In the first steps where the values of 1 is non-negligible, Algorithm 5.1 requires
a large number of iterations to converge. At those energy the energy derivative
O = (Y™ — ") /A" is large and the intialization P TH0O) = 4" of Algorithm
5.1 is inaccurate which forces the algorithm to make more iterations to converge.

The convergence rate progressively raises, i.e. the final residual r™*max or the
number of itarations k£ reduce.

Finally, near the end of the simulation, the particles leave the system by reaching
an energy lower than threshold ep;,. As the fluence ¢ drops, the energy derivative
too and the algorithm requires less iterations to converge. This explains the final
drop in Fig. 5.15 and 5.16.

Convergence of the numerical scheme

Based on the construction of the implicit scheme (5.57), one may expect the trun-
cation error to be of order 1 in Az and in A€”™.

The energy step size is fixed by the condition (5.68).

No analytical solution is known for equations (5.4). Therefore the solution obtain
with the implicit scheme with different grid sizes are compared to a reference that
was computed with this same scheme with a large number of cells, i.e. [, = 9600.
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The number of spatial cells [.x is chosen to be 300, 600, 1200, 2400 and 4800
cells and for the reference solution 9600 cells.

The convergence rate of the numerical scheme is represented through the discrete
L? error between the reference solution 1 computed with 9600 spatial cells and the
less refined results. This error is plotted on Fig. 5.17 as a function of Az. On this

1le+08

Error

i xx Error of the implicit scheme| 1
— Error of order 1

T | —— T

0,001 0,01
AX

Figure 5.17: Discrete L? error compared to the most refined solution as a
function of Ax.

test case, one obtains an experimental convergence rate in Ax of 1.1046894.

5.8.2 Comparison with the explicit solver

This test case is identical to the 1D test case containing slabs of air of Subsection
5.6.1. The same parameters are used, 7.e. 1200 spatial cells, the same beam (5.25),
and the energy step Ae™ is fixed either to A€} or (5.54) or to A€l (5.53).

The aim of this case is only to compare the explicit (5.51) and implicit (5.56)
numerical schemes. For this purpose, only the M; results are shown.

The maximum residual (5.66) for the implicit scheme (5.56) is fixed at rpax = 103
and the maximum number of iterations is fixed kp.x = 10000. Experimentally this
number of iterations was never reached, meaning that the maximum residual was
always reached.

The doses obtained with the M; model with the explicit (5.51) and implicit
(5.56) numerical schemes are plotted on Fig. 5.18 and the computational times are
gathered in Table 5.8 and 5.9.
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D/N

++ Implicit with fine steps
| [ xx Implicit with coarse steps

% =2 4 & _ 8

X (cm)

Figure 5.18: Doses obtained with the M; model with the explicit and implicit
schemes with fine and coarse energy steps Ae™.

’ Numerical scheme H Explicit with A€, \ Implicit with A€, ‘

Computation times 63.592346 sec 118.435718 sec
Number of energy steps 632468 632468

Table 5.8: Computational times with the explicit (5.51) and implicit (5.56)
solver with a fine energy step size Ae”

air:®

| Numerical schemes || Explicit with Ael,., | Implicit with Ael ., |
Computation times 0.073788 sec 1.409635 sec
Number of energy steps 634 634

Table 5.9: Computational times with the explicit (5.51) and implicit (5.56)

solver with a coarse energy step size A€}l ...

The difference between the dose results with the explicit and implicit schemes
with a fine energy steps is very small. This shows that both schemes converge to
the same results, which was expected.

As for the explicit scheme, the results with a larger energy step Ae™ = A€} ;cr
show good agreements with those with a fine Ae™ = A€, .

The implicit and explicit schemes with coarse steps present an error of the same
order compared to the results with fine energy steps.
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The implicit scheme requires an interne loop to solve the scheme. It is more flexi-
ble (it can be used on equations without hyperbolic operators), however it introduces
additional computational costs and errrors that can be observed on this test case.
Remark that with the maximum residual chosen for this test case, i.e. Tmax = 102,
the error introduced by the iterative method is small enough such that the dose
results are comparable to those of the explicit solver which does not introduce such
an error.

5.8.3 A 2D photon beam

For this test case, photons are injected in a 2D homogeneous water phantom instead
of electrons. The size of the medium is 2 cm x 10 cm, and a 0.5 ¢cm large beam of
500 keV photons is injected on the left boundary. This is modeled by the boundary
condition

(X, 6,Q) = 100 exp (—ac (e~ e)’) exp (—au (1 = 1)°) 1p(X), V(X,Q) €T,
B = {X:(m,y), x =0, y €[l cm,2 cm]}
with €p = 500 keV, a = 20000 and «, = 10000 and for the moment models

U = 10exp (—ac (" = e0)’) (m(Q) exp (—au (2 = 1)°) ) 1p(Xim),

¢Z[} = ,(p’lnma)um = ’l‘b?mmax = ORCard(m) :

First results

The dose obtained with the M; and Ms model with the implicit scheme (5.58) are
compared to a reference Monte Carlo results on Fig. 5.19 and the computational
times are gathered on Table 5.10.

’ Solver H Monte Carlo ‘ M solver ‘ M, solver ‘
’ Computation times H 14 hours ‘ 49.78699 sec ‘ 215.0480 sec ‘

Table 5.10: Computational times with the implicit solver with the Cartesian
direction of relaxation.

The doses along the axis y = 1 cm is plotted Fig. 5.20 and along the axes x = 2
cm and x = 8 cm on Fig. 5.21.

The total cross section for photons is much lower than the one for electrons.
This implies that the photons collide much less than electrons and therefore travel
longer distances without being deflected.

This can be observed on the Monte Carlo results on Fig. 5.19. However, the M;
and My results with the implicit scheme are almost identical and are very diffused
in the direction transverse to the beam contrarily to the Monte Carlo results. This
is due to the relaxation parameters chosen (5.39).
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Dose Monte Carlo

10

Figure 5.19: Doses obtained with the Monte Carlo solver (top) and the ap-
proximated M; (middle) and M, (below) models.

0,2}-| — Monte Carlo
++M1

XX M2

0 ! | ! ! ! !

0 2 4 6 8 10

X (cm)

Figure 5.20: Dose obtained with the Monte Carlo solver and the approximated
My and M5 models along the axis y = 1 cm.

Transverse diffusion

In practice, the relaxation method can be used under the stability condition (5.28)
on the relaxation speeds. However, in 1D, the relaxation method is known to be
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cm
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Figure 5.21: Dose obtained with the Monte Carlo solver and the approximated
My and M5 models along the axes x = 2 cm and z = 8 cm.

overdiffusive when the relaxation speeds \; are too large compared to the eigenvalues
of the Jacobian of the flux dyF (1).

Bounds of the eigenvalues of the Jacobian of the fluxes

The relaxation speeds were chosen to be of norm |\j| = 1/p which was enough to
satisfy (5.28) according to Lemma 5.1. However, when 1) is the moment vector of
an imperfect beam in the direction e; modeled by

W= / Q) exp(—a, (21 — 1))dQ,

then the spectral radius of the Jacobian of the flux Fo transverse to the direction of
the beam is zero. Indeed, define

A = 0yFa(v),

B = a)‘Fz(’(ﬁ): SZQQIII(Q)®m(Q)exp()\Tm(Q))dQ
/ Qom() ® m(2) exp(—as(Q — 1))d€,

C = o= / (Q) exp(ATm(Q2))de

_ /52 m(Q) @ m(Q) exp(—a, (2 — 1))do.

Then the eigenvalues «; (associated to the eigenvector V;) of the Jacobian of the
flux F2 can be bounded

BW; = «CW;, W_C_1Vi7
BW,.W, — /92 W) exp(—au(Q1 — 1))d = 0,

CW. W, = /S Q(m(Q)TWi) exp(—a,(Q — 1))dQ > 0.
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Therefore all the eigenvalues «; of the Jacobian of the transverse flux are zero.

In a more general way, those eigenvalues can be computed in the case of the M;
model. Consider that 1! is colinear to e; (otherwise just use a rotation to work
in such a reference frame). Using the form (4.26) of the closure, the fluxes in the
direction e; and in the transverse direction ey read

v o= (¢ ¢'),
0 ln 1
Fa(y) = (wl v l(l—X2)n+(3x2 )“"‘ w'lffb,
Iy (Fu(y)) = (% X}) (5.69)

Vi = 9u(¥'n) = (n1, ng, n3),
Vo = 0Oyo (wo l(l —x2)n+ (3x2 — 1)(¢1'n)¢1]>,

2 |12
= % [(1 —x2)n+ (3x2 — 1) (%f’)fl] - gf;(]' X2 <n + 3%) :
M = 0, (ﬁo [(1 —x2)n + (3x2 — 1) (%ﬁ)flb
- X;’Zl‘ ® (—n n 3%)
- (75% 2 \511|4> |

Chose a reference frame such that ¢! = 9fe; with ¢} > 0. In this reference
frame, the Jacobian of the flux F} along the direction e; reads

0 1 0 0
x2=Nixy xp 0 0
Oy (F1(¢)) = 0 0 el g :
1
0 0 0 3;32@1
and so the spectrum of the Jacobian of the flux is
Sn(N1) = Sp(9y (F()er))
<3X2 —1 3x2—1
2N} 7 2N}
X2+\/X +4(x2 — Nixh \/x +4x2—N11 ))
5 .
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Now computing the Jacobian of the flux in a transverse direction, e.g. es reads

0 0 1 0
0 0 20
6¢ (Fz(d))) = 1—x2+Nixh  3ya—1 0 o |

2 2NT
0 0 0 0

and so the spectrum of the Jacobian of the flux is

Se(N1) = Sp(0y (F2(¥)))

- Jlx%mlx’g Ly \ll><2+N}x’2 bty
- 9 9 2 y 2

Now, in order to come back to the computations in any reference frame, one can
simply use a rotation R such that Ri! = tble;. One has

Op (Fa(¥)) = Oy pyter) (Fu(¥®, Riber))
= Rzaﬂ’FRTn (¢0, |'¢1|61) R;,

. 1 Opgs
R2 - ( 0R3 R )

The spectrum of such a matrix can be bounded using the previous computations

N

b, by], (5.70a)

b_(NYn (1 — 6) min S;(|N|) + 6 min S,,(|N)), (5.70D)
by (NYn) = (1—60)maxS;(IN|)+6maxS,(|N|),  (5.70¢c)
Nln
6 = ™

Remark that those bounds b_ and b4 are not the exact minimum and maximum
eigenvalues of the Jacobians of the flux, which could be computed analytically
through (5.69). Although computing numerically such eigenvalues using the an-
alytical formulae introduces errors which can be non-negligible, while computing
the bounds in (5.70) is easier. Furthermore, those bounds b_ and b, are sufficient
for the present applications. Indeed, one verifies that they are zero when considering
the flux of a perfect beam in the transverse direction of this beam.
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The modified relaxation parameters

Now one can propose new relaxation parameters by replacing those bounds in the
definition of the Cartesian parameter of relaxation, e.g.

Relaxation directions A1 = (b1,0), A2 = (b2,0), (5.71a)
)\3 = (0, b3) , A = (0, b4) ,
b F)\
Associated Maxwellians My = 2(|b’1|1—i—¢|b2|) (o] }I- 5D’ (5.71b)
b F)\
Mo = 2<|b’1|2+¢|b2|> PO A
b F)\
Ms = 2<|bL|3+ﬁb4|> O
b F)\
Ma = 2<|bL|4+¢|b4|> O A

All the schemes based on the relaxation methods require that the Maxwellians
M; € Rm are realizable as long as ¥ € Ry,. In practice, this implies that there is
an additional requirement on the bounds by, bo, b3 and b4.

For the M; model, those requirements can easily be computed using (3.41), it
reads

A 2

RIS

|bi 1A )2 ‘\bi! 1 5
— + N —N N
( >t |\ “ 12 *

and therefore

Ai
|bz‘ > max (07 bmin (N17 ’/\|>> ’
—B— VP —ar

bin (N1, n) := ,

(%

1
. B=5 (Ntn— NL(N?n)), 5= (N'n)? = [N?n]2,

_ 1—‘N1|2
N 4

This leads to fix the bounds

bi(¥) = max (1075 b (NVher), bun(N'ier)),
bo(p) = min(=107%, b (N'e1), —bmin(N',=e1)),
by(p) = max (1075, by(N' es), bain(N',e2)),
bi($) = min (=107 b (N ea), —bun(N',—e2)),

where the constants 10~% are chosen arbitrarily low to avoid divisions by zero.
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The new numerical scheme

Using the Maxwellians (5.71) leads to rewrite the fluxes

Rl = ,i‘bnﬂ [ty @ e+ L e
ll+ 2l+
L R — )]
e 1|i|bn+1+l|[|bzf FL e + 51 L (e
IO 102 | (Bl — W00
by, = max (b)), blwm{m)), byrts = min (b)) ba(]))
by = max (ba( ) b)) T = min (e ) ba (L))
in the implicit numerical scheme (5.58) which turns into
Ry, = —Li(™,) — La(eb) il ) + D(ypth) (5.72)
—Ri(y ) = Ra(pil ), (5.73)

where the rest term reads

n n

n o n'n+1 n' n'n+1 n n'n+1 n'

Rl,m - (Z ny%fy Q’b'ﬂ,m’ Z Be~>e ¢€l,m B’y~>e w’?’l,m ’
n’=1 n’=1

the operators L1, Lo, R; and Ry read

L1(¢?_+11,m) = (Clll/"y?jll’m —a1Fq <¢7?+11m) C11l)e?f117m —a1Fq ( e?fllm)) )
Lo( Z:;l,l) = (021,57?;1_1 —asF2 <¢7?:L1 1) C2¢e§f;},1 — a2F2 (¢e?:,21,1)) ;
Riifl) = (et + asFu ($a15) 0 estbeliil + asFu (velif )

R2(¢%1+1) = (041/’71,m+1 + asF <¢’7l,m+1) ) C41/’€Z:z£rl + asF (Il)eln:ii-l)) :

With this particular choice of bounds b;, the operator D is not necessarily linear.
Indeed it reads

D( Z;;l) = ((Azil,y (Cl “+co +c3 + C4)Id) ,”n:;l
+(ar — az)Fa (] 01) + (az — as) F2(])),
(Agié (Cl “+co +c3 + C4)Id) ntl + AniIG’l/J,ynJrl

€l,m

a1 — az)F1(thef) + (a2 — an)Fa(tefs))
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which is non-linear when a; # a3 or as # as. In those computations, the scalars a;
and ¢; read

Ae" |b71wlr11 ol 1
= z 2 — bn-i-
ST o T A A
27 7_5777’1 7_§’m
Ae” Vst 1] )
a frd 30y b} o —a bn+
Y o S N
" 2 aby 2
Ae" |b;LJlr—il m| 1
a - 2 Ca = qQ bn-‘r
e e S A
’ 27 ’ 2
|bn+1 ‘
= Ae™ 4l m+3 S |b”+1 |
BV Ea S S L L
" 2 aby 2

The new operator D is non-linear and is therefore not trivial to inverse. In order
to use Algorithm 5.1 with those operators, D is decomposed into a linear and a
non-linear part under the form

D(p) = Di(y) — De(v), (5.74)
Di(y) = ((Azilﬂ, +(c1+ca+ez+ea+ a)Id) Py,
(A25E + (e + o+ es 4 ca+ Q)Id) e + AT, )

De() = (atpy — (a1 — a3)F (14 )e1r — (az — as) F(1y)e2,
athe — (a1 — a3)F(the)er — (a2 — as) F(vpe)e2)

where the coefficient « is chosen such that the operator D, preserves the realizability.
In practice, the following coefficient « is chosen

a = lay — az| + |az — a4

Finally, Algorithm 5.1 is rewritten by replacing (5.65) by

n+1,(k — n n+1,(k n+1,(k
P = D (RE, 4 L) + Lo )
+D () + Ra () + R )

One verifies that this modified algorithm is still convergent and preserves realizabil-
ity.

Computing the eigenvalues of the Jacobian of the flux is more difficult, and this
method was only tested for the M7 model.

The dose results with the modified scheme

Using this modified algorithm on the 2D photon beam test case provides the dose
result on Fig. 5.22 with the computational times in Table 5.11.
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Dose Monte Carlo

Dose M1

Figure 5.22: Doses obtained with the Monte Carlo solver (top) and the approx-
imated M; model with the original Cartesian (middle) and modified (below)
relaxation parameters.

‘ Solver H Monte Carlo ‘ M, solver ‘ modified M; solver ‘
‘ Computation times H 14 hours ‘ 49.78699 sec ‘ 204.1239 sec ‘

Table 5.11: Computational times with the implicit solver with the Cartesian
parameters of relaxation and the modified ones.

The dose along the axis y = 1 cm is plotted on Fig. 5.23 and along the axes
x =2 cm and z = 8 cm on Fig. 5.24.

The dose results with the modified relaxation parameters are much closer to the
reference Monte Carlo results. The dose is not diffused in the tranverse direction
which is the expected results. The plots along the transverse direction show that
the diffusion phenomenum is accurately modeled when using the modified relaxation
parameters.

Due to the noise in the Monte Carlo and the normalization by max D, the M;
dose curves with the modified relaxation parameters are slightly above the Monte
Carlo reference.

Remark that the computational time is higher with the modified relaxation pa-
rameters. When dividing the operator D in two parts (5.74) in order to enforce
the preservation of the realizability, a parameter ald was artificially added on both
sides of (5.73). This method stabilizes the algorithm, but it reduces the convergence
rate which explains the difference of computational times. The computational times
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Figure 5.23: Doses obtained with the Monte Carlo solver and the approximated
M; model with the Cartesian and the modified relaxation parameters along
the axis y = 1 cm.

— MCx=2cm — MCx=8cm ' ‘ '
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Figure 5.24: Doses obtained with the Monte Carlo solver and the approximated
M; model with the Cartesian and the modified relaxation parameters along
the axes r = 2 cm and x = 8 cm.

with this method is still much lower than with the Monte Carlo reference.
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Chapter 6
Dose optimization

6.1 Introduction

The final objective of the present work is to provide a method to optimize the source
of particles such that the resulting dose is maximum in the tumor cells and minimum
in the rest of the medium.

New emerging techniques in external radiotherapy such as the adaptative ra-
diation therapy (ART, see e.g. [11]), the image guided radiation therapy (IGRT,
see e.g. [12]) or thecommon intensity modulated radiation therapy (IMRT, see e.g.
[4, 3, 13, 11]) require fast numerical optimization of pre-computed dose between two
irradiations.

In particular, several techniques of IMRT present optimization problems which fit
with the present framework. One technique of IMRT, called volumetic modulated arc
therapy (VMAT), consists in having the source of particles turn around the patient.
In this process, the intensity of the source is modulated using blades shading part
of the beam. This purpose of this modulation is to obtain a uniform maximum dose
deposited in the tumor and a dose below a certain threshold in the organs (see [5]
for the standard applied in France on the maximum dose deposited per organ).

The main objective of such an optimization procedure is to find one possible
source to irradiate the tumor without damaging the organs at risk (OAR). In prac-
tice, the optimal source is not always seeked because of time constraints but good
potential dose distributions are sufficient.

In this chapter, basic techniques of optimization (based on [17, 10] and applied
to dose optimization e.g. in [7, 9, 8, 1]) are presented and adapted to the present
radiotherapy problem. Such optimization algorithms typically consist in solving
iteratively the direct and the adjoint problem, the computational costs of which
may be significant. In order to reduce such computational costs, the optimization
procedure is typically based on a coarse spatial mesh. Then the dose with the
optimized source resulting of the optimization algorithm is recomputed on a finer
mesh. Finally, a physician accepts, or not, a posteriori the optimized dose to be
delivered.

For the sake of simplicity in the present work, the spectrum of the beam, 7.e. the
energy distribution of the source, is assumed to be optimizable while the direction
of the source is fixed and directed to one point in the medium.
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6.2. Problem statement

The optimization method presented in this chapter is valid only when consider-
ing optimization problems under linear PDE constraints. The numerical approach
described in the previous chapter is based on the My equations which are non-linear,
even if the original kinetic equations were linear. In the present chapter, the numer-
ical schemes developped in the previous chapter are used, but they are interpreted
here only as a numerical approach, assumed to be accurate enough, for solving linear
kinetic equations, and all the optimization procedure is written at the kinetic level,
that is an optimize-then-discretize method.

6.2 Problem statement

The particle motion is governed by the kinetic equation (1.11) with a LBCSD colli-
sion operator (1.34) modelling the electron collisions. For writing purposes, this is
rewritten under the form

Ay —Qy = 0 in the interior [€min, €max] X Z X S2,
v = b on the boundary [€min, €max] X ', (6.1a)
V(€max, 2, 2) = 0 in Z x S?,

where ¢ = (e, ¥,)T and b = (¥?, wg)T and the operators A and @ are given by

Ay = (Ve V), (6.1Db)
QY = (p(Gyoy = PY)(Wy),  p(Qrpesp(te) + Gome())T,  (6.1¢)

and the operator Qrpcsp, Ga—p and P, are recalled here

QLBCSD(¢6) = ae(sd}e) + (Ge%e - Pe)("vz}e)a (6~1d)
Gapltn) = [ [ anp(e e, YDl 2, )iV, (610
Py (%c) = UT,a¢a- (Glf)

The aim of this chapter is to define a theoretical framework for optimization
and to propose a numerical method to optimize a source ¢ such that the resulting
dose is as close as possible to an optimal dose D € L?(Z) a priori given. More bio-
logically relevant objectives are available. For instance, the linear-quadratic model
[15] describes the impact of radiations on cells through the fraction of cells surviv-
ing to the treatement. An meaningful objective consists in maximizing the fraction
of tumor cells killed while minimizing the fraction of healthy tissue damaged, this
optimization problem is studied in [1].

The objective functional J is the function to minimize. It is chosen to be the
L?(Z) distance to the optimal dose D with an additional regularization term. It has
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the form
@) = [ (D) - )’ (w)as (6.2
+ /: / ) Q";("”) (b (@ e, Q) (wh) (e, 2, )

teb(z, €, Q) () (e, 7, ) ) ddade,

where the dose is written D(1)) as a function of ¢ and it is defined in (1.64). The
coefficients cp > 0 and ¢ > 0 (for a = 7, e) are positive scalars chosen according
to the problem to solve and will be defined later.

The optimization method presented in this chapter is written in a general frame-
work where several parameters are left free and optimizable. However, for practical
applications, there are commonly more constraints on the sources. One may easily
reproduce the computations and the techniques presented here with different con-
straints on the source 1°. In the numerical experiments of Section 6.5, the sources
are chosen to be always directed to one point P inside the medium, and to be com-
posed only of electrons (it is fixed at 1* = (0,4?)) or only of photons (it is fixed
at b = (wg, 0)). This can be interpreted either by a particular choice of the op-
timization parameter or by a straightforward adaptation of the method presented
here.

6.3 Preliminaries
First, some notations are defined. Then the control-to-state operator sending a

source 1 onto the solution 1 of (6.1) is studied, and a first existence result of a
solution to the optimization problem is provided.

6.3.1 Notations

The following inner products defined in Chapter 1 are recalled
Waradi = [ [ [ taler. 9ha(e.x. Q)dade,
€min ZJS
(Vo Ao = / o / |Q.n() |95 (e, 2, Q)AL (€, 2, Q) dQdwde,
b oy\b cmax b b
(Wl ALYy, = / | /F 9@k w QN (6,7, Q) ddade,

and by extension the following inner products and norms are defined

WA= (1 Ay)i + (e, Ae)is (0,2 = (@8, A0)_ + (w8, AD)y_,
(wbv /\b)B+ = (T/fga)\g)m + (1/}27)‘Z)b+7
|alli =/ (Yas Ya)is 18- = /(W8 ¥8)b_, 18 1o, = /(W8 ¥ )b,

[l =@, 1Ple. = @), [Pl =/ (¥, ¥) B,
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The well-posedness of the problem (6.1) was shown in Theorem 1.3 under condi-
tions on the the physical parameters S, o7, 07¢, 0y, 0y e and e _e.

Assumption 6.1 In all this chapter, the density p, the stopping power S and
the cross sections o y_s, Oy—e, 0T, Tese and o are assumed to satisfy the
requirements for the problem (6.1) to be well-posed.

Furthermore, the solution v of (6.1) is assumed to be non-negative (1 > 0
and 1. > 0) as long as the source 1’ is non-negative (1/}2 >0 and ¢ >0).

6.3.2 The control-to-state mapping
For writing purposes, the following operator is defined.

Notation 6.1 The operator =, afterward called control-to-state mapping, is the
operator sending a source 1)° onto the solution v of (6.1)

=._ { (LQ([Eminaemax] X F_))z
= wb

LQ([EminaemaX] X Z X 52))23

b (6.3)

—
—

Remark that in practice, the image set of =, i.e. the set of solutions 9 of (6.1) is a
subset of (L?([émin, €max] X Z x S?))? as each solution 1 of (6.1) satisfy

>0, ”(A - Q)(w)HI =0, “w“B <00 and ¢(€ma><a$79) =0.

The following properties of the control-to-state mapping = are required in order
to prove the existence of a unique optimal source.

Proposition 6.1 The operator = is continuous linear and bounded.

Proof This was proven through Theorem 1.3 under the conditions (1.47), (1.57a)
and (1.57b) on the stopping power S and the cross sections o7, 07, Oy—sry,
Oy—e and oe_e. See also [6, 7, 16]. d

On can rewrite the objective functional using this operator.

Notation 6.2 The minimization of J is studied only under the constraints
(6.1). Thus, the function to minimize is the reduced objective functional j

J@h) =T (2. ¢").

6.3.3 Existence and uniqueness of a minimizer

Standard techniques of the litterature (see e.g. [17, 10]) provide the existence of a
unique optimal solution to the problem (6.1).
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Define two positive functions U, > 0 and U, > 0 over [emin, €max] X I'” and
denote

(Lz([eminv 6max] X F_))?Ld = {¢b € (LZ([Eminy 6rnax] X F_))2a
st. for a=~v,e, 0< w(’; < Uy on € [€min, €max) X F_}.

The following existence result provides the existence of a solution to the opti-
mization problem.

Theorem 6.1 [17] The functional j has a unique minimizer in the admissible
set (L?([emin, €max] X T7))2,.

Proof The operator = is continuous linear and bounded (according to Proposi-
tion 6.1) and the reduced objective functional j is convex and coercive (quadratic)
over the non-empty closed convex subset (L?([emin, €max] X F*))g 4 of the Hilbert
space (L?([emin, €max] X I'7))2. Then the result follows from Theorem 2.14 of
[17]. O

6.4 Computing the optimal solution

A method to compute the optimal source ¥° € (L?([emin, €max] x ['7))2,; minimizing
the convex functional j under the PDE constraint (6.1) is seeked. Numerical method
to optimize such a source typically requires the computation of the Fréchet derivative
of the objective functional j. For this purpose, the Lagrange multiplier method is
used. Define the Lagrangian

L P NA) = T, 80) + (A= Q) N+ (e —wh X)), (64)

associated to the problem of minimizing J under the constraint (6.1).

In order to find the optimal solution ®, one typically computes the Fréchet
derivative of L according to each of its variables 1, 1/®, A and A\°, obtains the deriva-
tive of j after those computations and then finds a descent direction.

6.4.1 The adjoint equation
In order to compute the Fréchet derivative of L, the adjoint of the operator A and
Q) are computed.
The adjoint of the advection operator
Computing the adjoint of the operator A reads
(AP, N = (b, AN — (¥, N+ (¥, N)B,
where the operator AT is given by

ATN = (—QV.\, —QV.A)".
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The adjoint of the collision operator

Computing the adjoint of ) reads
(@ N1 = 0,Q N1 = [ [ Slewin)telemin 2, DAelemin, 7. DU,

where the operator Q7 is given by

Q"x = (p(GT,, — PIY\) +pGT_.(Ne), pQTpesp(Ae))’

and the operators Q7 5o Gzﬁﬁ and PI read
QipcspAe)(6,2,9Q) = —=S()BAce(e,2,Q) + (Ge_ye — PL)(Ae) (6, 2,9),
GT L ()6 2,Q) = / /SZ o(e, e, QO Ag(¢, 2, Q)Y de
PI(Aa)(62,9Q) = P;n(u;\a)(e,x,ﬁ).

The adjoint equation

Define the following problem

ATA—-QTN = ¢ in the interior [emin, €max] X Z X S2,
A =0 on the boundary [€min, €max] X ', (6.5)
M émin, ,Q2) = 0 for (z,Q) € Z x S2.

Similarily to Theorem 1.3, one can prove the following.

Theorem 6.2 Suppose that the source q satisfies
q € (L*([emin, €max] X Z % S%))2,

and that Assumption 6.1 is valid.
Then the problem (6.5) has a unique solution \ satisfying

A € (L*([emin, €max] X Z x S?))2,
(AT - QT)()‘) € (L*([emin, €max] X Z x §%))?,
€ (L*([emin, €max] X T7))?,
€ L*(Z x S%.

)\‘ [emin 75max] xI'—

)\e(emaxa oy )

Proof This can be proven by adaptating the proof of Theorem 1.3. See also
[6] and applications to radiotherapy problems in [7, 16]. O

For writing purposes, the following operators are defined.

Notation 6.3 Similarily to the control-to-state mapping, define the operator
that sends a source q € (L?([émin, €max] X Z x S?))? onto the solution \ of (6.5)

(L2([€min;€max] X Z X 82))27

Ei= { (L*(emin, max] X 2 x 5%)° Y (6.6)

—
q
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=k

and the operator =* adjoint to =

[1]

i { (L2([emin, €max] X Z % 52))2 = (L2([émin, €max] X T'7), 6.7)

q A|[emin,emax]xf‘* )2‘

*

According to their definitions, the operators Z* and E are related to each other

through

Vg € (L2([€min7€max] X Z X 52))27 E*(Q) = E(Q)“emin,emax]xF*'

See further study of the trace operator e.g. in [16].

6.4.2 Computing the derivative of j

The Lagrange multiplier method provides a method to compute the Fréchet deriva-
tive of j. In the following, dx denotes the Fréchet derivative according to X.
Fréchet derivating the Lagrangian (6.4) according to A, A®, 1 and 9 read

L, 9" AN () = (A= Q)®), h)y,
dy LW AN (R) = (=o' k)

dy L AN (R) = (AT = Q)N +epee(D(W) = D), h) = (A=A h)s_
O\ ), — /Z /S e r(min, 7. QN emin, . )l

Ay L, 0°, A\, X0 (h) = (P’ =\, h)p_,

¢ 0
Cb:(& &

and the coefficient ¢, is computed by derivating the dose (1.64) according to v, and
using (1.31) leads to

where

ce(e) = </ /2(6 — Yoo (e,€,0.) + €ocele, €, Q.Q)dVde
ep JS
S(e) +/ / 6’0’]\/[72(6, e’,Q.Q’)dQ’de).
ep /52

Fixinbg dyL = 0 and dy»L = 0 means imposing the constraints (6.1), that is
Y =E@°).

The remaining terms leads to the computation of the derivative of j. Computing
the derivative of L according to ¢ and ¢ read

dpL(, ¥*, A\ A0 (h) = dyJ(E(¢P)
dyp L(, %" A A (h) = dy J(E(0

and computing the derivative of j read

dpj(")(h) = dypJ(E@"), W) (h) + dpJ (EW),¢°) dpEW)(h). (6.8)
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In order to compute the derivative d» j(wb), compute ?, A and A\’ such that
LW, YN A") =0, dypL(,¥" A N°) =0, dyL(¥, "\ A") =0,  (6.9)
then (6.8) can be rewritten
dyp g () (h) = dyp L(v, °, A, A) (B) = (P9 = A°, ). (6.10)
The optimal source v’ is characterized by the following theorem.

Theorem 6.3 The unique admissible source ¥* € (L2([emins €max] X '),
minimizing j satisfies

VT/’b € (L2([5minu €max] X Fi))gd’ dwbj(l/}b)(d;b - wb) <0. (6.11)

Proof This theorem is Lemma 2.21 in [17] reformulated for the present radio-
therapy problem. See also [2, 10]. O

The equations (6.9) and (6.11) form the so-called first order necessary optimality
conditions. They can be rewritten under the following form

(A-Q)@) (62,0 = 0 for (€,2,0) € [emin, €max] X Z X S2,
Ple,z,Q) = PPle,z,Q)  for (e,2,9Q) € [emin, €max] X '™,
P(emax, 7, Q) = 0 for (z,9) € Z x S2,
(6.12a)

(AT = QT)(N)(e,7,2) = cp(@)ecle) (D - D)) (x)
) for (€,7,9Q) € [emin, €max] X Z X 52, (6.12D)
AMe,z,Q2) = 0 for (e,2,9) € [emin, €max] X I'T,

X(emin,x,Q) =0 for (x,Q) € Z x S2,

S‘b = 5‘|[emin,emax]><l"—a (612(3)
Vp® € (L2([emins €max] X [7))24, (P — AP b —ypYp <. (6.12d)

6.4.3 A projected gradient method

The numerical approach is based on an iterative method. At each iteration, a descent
direction is seeked.

Definition 6.1 The direction g defined by
gi=—(y’ =X

1s called the steepest descent direction.
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Using (6.10), one observes that this direction satisfies

dyj(°)(9) = —lgll7 < 0.
Therefore, using the definition of the derivative of j, one obtains

J(¥° +89) — j (")

36 >0 s.t. 5

<0,

and in particular the value of j at the point ¥® + d¢ is lower than at the point 1°.
For writing purposes, the following notation is defined.

Notation 6.4 The projection of a function ¥° € (L?([emin, €max] X Y7 ))? into

the admissible set (L*([emin, €max] ¥ F*))gd is denoted

proj @bb(e’m’Q) = ( proj 7/’2(6756,9)7 proj ?/)g(ﬁa%g)) 5
ad [0,U (e,2,9)] [0,Ue(€,2,92)]

for all (e,x,9Q) in [€min, €max] X I'~, and where proj c denotes the projection of

[a,b]
¢ onto the interval [a,b]
a if c<a,
proj c=4¢ ¢ if cé€]la,b],
[a.b] b if c¢>b.

The following algorithm was proven to converge to the desired optimal solution
in [17, 10, 2].

Algorithm 6.1 (Projected gradient, [2])

Initialization: Provide an initial source (y?)(©).
(%)

Iteration: Iterate the following steps 1 to 6 until the following residual Ty

reaches a desired value
ript = [ @N® = 2B < roprma,
or until k reaches a mazimum value Koptmax-
1. Compute the fluence
P == (™) (6.13)

by solving (6.12a).

2. Compute the dose
DD = p (y+1)).
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3. Compute the ajoint
A = B (ceep (D - D*D)) (6.14a)
by solving (6.12Db).

4. Compute the steepest descent direction

g(k+1) _ (cb(wb)(k) _ )\(k—i-l)) .

5. Find the optimal step size stV i.e. the scalar in )0,1] such that

sEHD) = argmin TV (),

s€]0,1]

() = j(pfgj((wb)(k”rsg(k“)))-

6. Compute the new source

(Q/)b)(k‘-i-l) _ prgj(wb)(k) + 8(k+1)g(k+1).

In practice, Step 5 of algorithm 6.1 requires some more computations because
computing the optimal step size is non trivial. For simplicity here, a bisection
algorithm is used.

Algorithm 6.2 (Bisection)
Initialization: Set

gL g gD ;

Iteration: Iterate

b Lot ) _{ gktLn) 4 27% if j(k+1) (S(k+1,n—l)> >j(k+1) (S(k—l—l,n))

(
s =
glk+1n) _ 2n1+1 otherwise

until the number of iterations n reaches a maximum value Npis max or until the
following residual
_ D) (S(k-l—l,n))‘

Tl()?s) _ ‘j(k—l—l) (S(k+1,n+1)>

reaches a threshold Tp;s max-

6.4.4 Numerical approximations

The My models presented in Chapter 4 and the numerical schemes of Chapter 5
require several approximations to be applied to the present optimization problem.
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Solving the direct and adjoint equations

At each iteration of Algorithm 6.1, the direct equation (6.1) is solved, i.e. Z(3®) is
computed for some source 1¥° € (L?([émin, €max] X ['7))2,, and the adjoint equation
(6.5) is solved, i.e. E(q) is computed for some source q € (L?([emin, €max] X Z X S?))2.

The adjoint equation (6.5) has a similar form as the direct equation (6.1) and one
easily adapts the schemes presented in Chapter 5 to the adjoint equation. However,
one remarks that the source term cccp (D - D(k+1)) in the adjoint equation (6.5)
is non-signed. The M; and M, models described in Chapter 4 are only valid under
realizability condition which equivals to requiring the positivity of the solution to
the kinetic equation. In order to use the My models on the adjoint equation, such
equation is solved separately for the positive and negative part of the source in (6.5),
i.e.

A=At -7, (6.15a)
M =E (CGCD max (0, D — D(k+1))) , (6.15b)
AT =FE (cecD max (O, —(D — D(k“)))) . (6.15¢)

The scheme (5.58) is used to solve (6.1) and an adaptation of this scheme is also
used to solve the adjoint equation under the form (6.15).

In practice, the M; or the Ms equations are solved instead of the kinetic equa-
tions. The My equations are non-linear while the kinetic equations are linear and
the optimization process described in the present chapter requires linear PDE con-
straints. Thus, the moment method and the discretization (5.58) are used here only
as a numerical approximation of the operators = and E. In practice, the present
method using the My model can not converge to the desired solution. However,
these approximations are assumed to be sufficiently accurate approximations of the
kinetic solution for the desired accuracy of the optimal source 1® to be attainable.

The boundary conditions

In practice, it is difficult to relate directly the kinetic boundary conditions to the
moment ones (see discussion in Subsection 2.5.2).
For simplicity, at the discrete level, the boundary conditions

Y= T/Jb on [Emina 6max] xI'™, A=0 on [Emina 6max] x 't

are replaced by

’lnb?,m = /52 m(Q)&b(fn, Xl,ma Q)an )\Zm — ORCaTd(m), fOI’ Xl,m S aZ,
where
b _
7b _ ¢ (671'7 Q) on [emim Emax] x T s
w (67 Z, Q) - { 0 on [emjn,ema_x] X 1’\+’

These approximations are assumed to be accurate enough for the present applica-
tions.
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6.5 Numerical experiments

Two test cases are studied. The first one is a 1D test where a source of electrons
alone (without photons) is optimized in a 1D medium composed of water (p = 1).
In the second test, a source of photons alone (without electrons) is optimized in a
2D medium.

The coefficients %, used in the regularization term of the objective functional
(6.2) are fixed at 2 = 1072 (for a = v, €) in the whole domain. In order to simulate
more practical problems, three types of media are differentiated which lead to fix
the coefficient ¢p and the optimal dose D:

e the tumor (T) regions : ¢p(x) = cpr =20 D(xz) = 10,
e the organs at risk (OAR) : ¢p(z) = ¢p,oar = 100 D(zx) =0,

e the healthy (H) tissues : ¢cp(z) =cppy =1 D(z) =0.

The constraints U are chosen such that all the beams on the boundary of the
medium target a chosen point P in the medium. In practice, this corresponds to
choosing the following projection

pr;)j(q/}b)(‘rv 6 Q) = (1/}2/7 wg)(‘rv €, Q)(S (Q - d) )

P—x

d=———"_
1P — =]

(6.16)

which can be interpreted at the moment level by imposing the following projection
on the moment (¢%)? of order i of ¥

proi(ul) { (o) )™ if - ((v5)'d) >0,
RUa 0 otherwise

In Subsection 4.5.2, artificial effects caused by the My models when multiple
beams cross each others were exhibited. This problem emerging with the non-linear
My models was addressed in Subsections 4.5.2, 5.3.2 and 5.3.4 by solving (6.13) for
each source of particles and then sum their influences together. The same method
can be used here. Once the source (¢*)*) is computed, one can solve (6.13) for each
source seperately. In 1D, this corresponds to computing the doses obtained with the
sources at each end separately, as in Subsection 5.3.2. In 2D, the boundary is splitted
into the four sides of the medium, and the dose obtained with the source on each
side of the medium is computed seperately. Remark that several sources emerging
from the same side still cross each other in the same point, so this method does
not solve the multi-beam problem, but this only reduces its effect. This method
is afterward referred to as multi-My model. One may decompose the boundary
differently depending on the expectations on the optimal sources.
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6.5.1 1D electron source optimization

A 10 c¢m long 1D medium composed of uniform water (p = 1) is meshed with 80
cells. The energy bounds are fixed at epax = 12 MeV and e = 1073 MeV, and
the energy interval [emin, €max) 1S meshed such that

€ = €max, = — S(e")Awx.

The target point P is located inside the medium, which means that the sources
at both ends are always directed inside the medium.

The tumors are located in the slabs [1 cm,2 cm] and [8 cm, 9 cm], an organ at
risk is located in the middle of the medium [4.5 cm,5.5 cm| and the rest of the
medium is composed of healthy tissues.

Only electrons are used in this test case, the source of photons is always fixed at
0. The initial boundary conditions for electrons are given by

(Wi = 100exp (—ac (€~ e0)?) (m() exp (o (1= 1)) ),
(W) = 10Pexp (—ac (" = o)) (m(p) exp (—a, (1 +1)%) ).

with €g = 10 MeV, o, = 1000 and a. = 200. It models two opposite beams of 10
MeV crossing each other.

The maximum residual for the implicit solver (5.58) is fixed at ryax = 10° and the
maximum number of iterations is fixed at kmy.x = 500. The residual for the bisection
algorithm 6.2 is fixed at rp;smax = 10° and the maximum number of iterations at
Npis,max = 30. Finally the residual for the optimization algorithm 6.1 is fixed at
Topt,max = 5.10° and a maximum number of iterations Eopt max = 20.

The doses obtained in the end of this optimization process with the multi-M;
and the multi-Ms model are represented on Fig. 6.1. The computational times to
obtain those results and the total number of times the equations (6.13) and (6.14)
were solved numerically are gathered in Table 6.1. The spectra (energy distribution)
of the optimized sources with the two methods are represented on Fig. 6.2.

’ Models H multi-M; \ multi- M, ‘
Computation times 23.280 sec | 68.424 sec
Total number of equation solved 611 537

Table 6.1: Computational times to obtain the optimized doses with the ap-
proximated multi-M; and multi-Ms; models.

The optimized doses obtained with the multi-M; and the multi- M5 models have
very similar shapes. The highest values of the dose are located in the middle of the
two tumors, while the minimum is in the middle of the medium, in the organ at risk.
The value of the dose in the organ at risk is around 30% of the maximum dose. It
is therefore non-zero but at the minimum value of the dose in the medium.

The spectra of the optimized sources with the two models also have very similar
shapes. Contrarily to the different sources used in the test cases of Chapter 5,
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Figure 6.1: Optimized doses obtained with the approximated multi-M; and
multi-M; models.

the optimized sources have very smooth spectra which are minimum in 0 MeV and
maximum around 11 MeV. Therefore most of the electrons are injected with a high
energy, but the quantity of electrons of lower energy injected and their impact on
the dose are non-negligible.

In Subsection 5.3.2, the doses obtained with the M; and Ms models were found
to be different when the sources for the two models were identical and modelling
a beam of 10 MeV electrons. Further experiments showed that such discrepancies
vanish when considering sources of lower energy. This explains the similarities in
the doses with the two models on Fig. 6.1 when considering the diffused optimized
sources.

6.5.2 2D photon source optimization

The following test case is inspired of one proposed e.g. in [14, 1].

A 40 cm x 40 cm 2D medium composed of uniform water (p = 1) is meshed
with 40 x 40 cells. The energy bounds are fixed at epax = 1.2 MeV and epin = 1073
MeV, and the energy interval [€min, €max] is meshed such that

€ = €maxs et = n — 0.01S(e")Ax.

The medium contains a C-shaped tumor, an organ at risk enveloped in the C-
shaped tumor and the rest of the medium is composed of healthy tissues. The
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Figure 6.2: Spectra of the optimized sources obtained with the approximated
multi-M; and multi- M5 models.

medium is represented on Fig. 6.3, the light blue region corresponds to the tumor,
the red region to the organ at risk and the dark blue region to the healthy tissues.
The point P targeted by the source is located at (10 cm, 20 cm), i.e. in the center
region of the tumor. It is indicated with a black plus on Fig. 6.3.

For this test case, the source of electrons 90 is fixed at zero. The sources of
photons provided at the initial step of the optimization algorithm are chosen to be
given by

W) = 10%exp (—ac(e" = €0)?) (mexp (—au(l — 2.d(Xim))?) ) 24: 15, (Xim)s
=1

B, = {X €R? st. ze[5em15cm], y=0 cm} ,
By, = {X €R? st. ze€[5cm,15cm], y=40 cm},
By = {X €eR? st. z=40cm, ye€[0cm,5 cm]} ,
By, = {X €R?, st. z=40cm, y € [35cm,40 cm]} ,

where g = 1 MeV, a, = 1000, o = 200 and the direction d(X) is given in
(6.16). This boundary condition corresponds to four beams targeting either the
two branches of the C-shaped tumor or the center of the tumor.

The residual for the solution of the implicit solver (5.58) is fixed at ryax = 103
and the maximum number of iterations is fixed at kpax = 1000. The residual for
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[ T T T T T T T
0 10 20 30 40

Figure 6.3: Representation of the 2D domain for the optimization test case:
in light blue the tumors, in red the organ at risk and in dark blue the healthy
tissue.

the bisection algorithm 6.2 is fixed at 745 max = 10° and the maximum number of
iteration at Kpismax = 10. Finally the residual for the optimization algorithm 6.1 is
fixed at ropt max = 5.10° and a maximum number of iteration Eopt max = 10.

The doses obtained in the end of this optimization process with the multi-M;
and the multi-Ms models are represented on Fig. 6.4. The computational times to
obtain those results and the total number of times the equations (6.13) and (6.14)
were solved numerically are gathered in Table 6.2.

’ Models H multi- M, \ multi- M, ‘
Computation times 2h 52min 9sec | 10h 5min 13sec
Total number of equation solved 1009 235

Table 6.2: Computational times to obtain the optimized doses with the ap-
proximated multi-M; and multi- M5 models.

This test case is extreme as the organ at risk is enveloped in the tumor region.
Therefore, finding a position for source such that it irradiates not the organ at risk
is complicated.

The optimized doses with the multi- M and multi- M5 models have similar shapes.
As all the sources on the boundary target the point P, the dose around this point is
very high. In the organ at risk, the dose is lower but non-zero. The maximum value
of the dose in the organ at risk is located in the region the closest to the point P.
It reaches 65% of the maximum dose.

The largest discrepancies in the dose between the two models are away from
the maximum point P. The dose inside the organ at risk decreases faster away
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Figure 6.4: Isocurves of optimized dose obtained with the approximated multi-
M; (left) and multi-Ms (right) models at 25% (green), 50% (light blue), 60%
(dark blue), 70% (purple), 80% (pink), 90% (red) of the maximum dose, over
a representation of the domain in gray scale, in white the organ at risk, in gray
the tumor and in black the healthy tissues.

from P when using the multi-Ms model than when using the multi-M; model. At
the contrary, in the two branches of the C-shaped tumor the dose is higher with
multi- M5 model than with the multi-AM; model.

As in the 1D case, the source on the boundary is diffused in energy and, here in
2D, also in space. The M; and M5 models were shown to provide similar dose results
when considering a photon beam in 2D in Subsection 5.8.3. The (small) differences
in Fig. 6.4 are therefore due to the non-linear effects emerging when multiple beams
cross each other.

6.6 Discussion

The My approximations present several drawbacks that makes their use for op-
timization problems difficult. The major drawback of those models is their non-
linearity which creates parasite effects polluting both the accuracy and the stability
of Algorithm 6.1.

The use of the method of moments for optimization is although possible when
using methods circumvented such issues at the numerical level. In the present case,
splitting the computations in several parts was found to provide senseful results.
Such methods make the computation possible, but their accuracy remain discussable
as it does not remove entirely the artifical non-linear effects, especially for the M;
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model which is more sensitive to such effects.

The Py closures presented in Subsection 4.7.1 are linear and they represent a
viable alternative to My closures for applications to optimization problems (see e.g.
[8] for application of the Py models to dose optimization). However, in order to
obtain an acceptable accuracy on the dose results with those models, the number
of moments N needs to be larger than when using My models which considerably
raises the computational costs.

Algorithm 6.1 is a basic optimization technique. The convergence rate, the
stability or the computational cost of this algorithm can be improved. For instance,
quasi-Newton methods (see e.g [10]) typically have a better convergencce rate than
gradient methods.

The optimization algorithm presented in this chapter is not sufficient for practical
applications with medical purposes. In practice, the dose is required to be more
homogeneous in the tumor and there are more constraints on the dose in the organs
at risk. For instance, for non small cell lung cancer, one requires that every part of
the heart receives at most 35 Gy (the gray is the unit of the dose given by 1 Gy =
1 Jkg™! = 6.24.10'2 MeV.kg™!) and the total dose deposited in the heart is below
40 Gy. This type of refinement of the present method can be adressed by modifying
the objective functional 5. However, such modifications lead to complications in the
optimization process.

Furthermore, in practice, the point P targeted by the beams is also optimizable,
and in certain cases with heterogeneous densities, this point may not be located
inside a tumor.

The present (basic) optimization technique already provides senseful results but
those techniques needs to be extended and improved to be applied to more practical
problems.
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Conclusion and perspectives

Conclusion

The present thesis aims to propose numerical approaches for dose computation and
optimization in the field of radiotherapy that are competitive in terms of accuracy
and numerical costs compared to reference methods such as [6, 14].

The present work is based on linear transport models for photons and electrons.
Studying the physics of the predominant interactions lead to constructing collision
operators for a kinetic model. Then, the well-posedness of the resulting equations
was studied.

Numerical methods obtained by discretizing directly such kinetic equations re-
quire considerable numerical costs. Those computational costs were reduced by
using the method of moments. However, several difficulties emerge when using this
method. The moment equations have more unknowns than equations and therefore
require an additional closure equation. The entropy-based closures, so-called My
closures, was preferred in this manuscript. One of the novelties presented in this
manuscript was the construction of an approximation of the entropy-based closure
for the second order moment equations, i.e. the Ms closure, in three dimensions of
space. This approximation is based on the study the domain of definition of the My
closure, so-called realizability domain. The main characteristics of the My models,
i.e. the realizability and the hyperbolicity were focused on during the construction
of this approximation.

Standard numerical schemes applied to such moment equations present stiff
terms which may considerably slow down the computations when the considered
medium contains low density regions. Numerical methods for dose computation
adapted to the entropy-based moment models were constructed, with a special focus
on the preservation of the realizability property, and efficient even when considering
low-density media.

Finally, a numerical approach was proposed to optimize a source of radiations,
i.e. such that the dose is as clase as possible to a desired dose. Those numerical
methods, both dose computation and optimization, were tested on practical test
cases and showed good agreement with reference results.
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Perspectives

The following points were introduced in this manuscript. A deeper understanding
of these problems would lead to improving the numerical techniques of dose compu-
tation and optimization described in Part III.

Realizability and "Generalized moment problem"

The moment models with entropy-based closures are only valid under realizability
constraints. This means that all the moments need to be weighted integrals of the
same positive function. There exist practical characterizations of the realizability
property in 1D (see Section 3.3.2), and such characterizations lead to constructing
a new type of realizable closure for high order moment equations (see [8, 9, 11, 10]
and Subsection 4.7.2). In the general case of arbitrary order moments on the unit
sphere, there is no practical characterizations of the realizability property, and only
few results are known. Practical realizability conditions exist for moments up to or-
der two. Some criteria exist for moments of higher order, although they are technical
and difficult to use and they are a priori not applicable in the whole realizability
domain.

Perspectives:

e Define a practical criteria of realizability for moments on the unit sphere of
higher order than two.

e Define a realizable and hyperbolic closure for high order angular moment
models for multi-dimensional problems that is easy to compute numerically.

Boundary conditions for the moment models

The boundary conditions for kinetic equations are typically chosen by fixing the flux
of particles entering inside the medium. Angular moments are obtained by integrat-
ing a kinetic equation over all directions of flight 2. Prescribing the incoming flux on
the boundary for the kinetic model is not enough to construct a flux for the moment
equations. As the moment equations are hyperbolic, one typically choose boundary
conditions for the moment equations based on the theory of hyperbolic equations
(see e.g. [4, 1, 5]).However, those conditions are not directly related to the underly-
ing kinetic boundary conditions. Furthermore, kinetic effects may appear near the
boundary (see e.g. [3, 7, 2]) and they are not well modeled with standard moment
boundary conditions in particular cases.

Perspective: Define practical boundary conditions for moment equations with an
entropy-based closure based on underlying kinetic boundary conditions.
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Dose optimization using the entropy-based moment mod-
els

Typically, dose optimization algorithms are obtained through a variational approach
at the kinetic level. The moment approach is only seen as a numerical method to
solve a kinetic equation. The existence and uniqueness of a minimizer were proven
at a kinetic level. However, no such results are known at the moments level, except
for the linear Py models.

The method based on the non-linear M; and Ms models showed good experimental
results on simple test cases.

Perspectives:

e Improve the dose optimization algorithm based on moment models with entropy-
based closure.

e Adapt this method to more practical problems.

Numerical methods for the moment equations

The numerical schemes presented in this manuscript are of order 1. Higher order
numerical schemes can be developed based on the present approaches. Furthermore,
the numerical scheme (5.57) applicable to the transport of photons and electrons
together is based on an iterative algorithm. This method was solved directly using
basic techniques which introduce both numerical errors and numerical costs.

Perspective:
e Complete the numerical approach to apply it to more realistic models.
e Construct higher order numerical schemes for the radiotherapy equations.

e Improve the numerical method to raise the convergence rate of Algorithm 5.1.

Biological effects

As a first approach, the effects of the radiations on the tissues is often assumed
to be a function of the dose, e.g. the linear-quadratic model ([12]) states that the
proportion of cells surviving to the radiations is of the form exp(—aD — 8D?). This
approach is simple to use and one needs not to compute the whole fluences (1, ¥),
because only the dose is required. This model is empirical, however in practice, the
biological effects of the radiations on the cells follow a more complicated model.

Furthermore, other effects neglected by this empirical approach are non-negligible
in particular cases, e.g. the bystander effect ([13]) is non-local because it affects the
cells neighboring those receiving the radiations.

In the present framework, a better understanding of those effects would lead to
proposing a radiobiology-based objective functional J in the optimization algorithms
of Chapter 6.
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Perspective: Complete the present model to include the biological effects of the
radiations on the cells.
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